
NORTHWESTERN UNIVERSITY 

 

 

 

Biofunctionalization and Hazard Assessment of Semiconducting Nanoelectronic Materials 

 

 

 

 

A DISSERTATION 

 

 

 

SUBMITTED TO THE GRADUATE SCHOOL 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS 

 

 

 

for the degree 

 

 

 

DOCTOR OF PHILOSOPHY 

 

 

 

Field of Materials Science and Engineering 

 

 

 

By 

 

Nikhita Mansukhani Kogar 

 

 

 

EVANSTON, ILLINOIS 

 

 

 

March 2017 

  



2 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Copyright by Nikhita Mansukhani Kogar 

All Rights Reserved 



3 

 

 

ABSTRACT 

Biofunctionalization and Hazard Assessment of Semiconducting Nanoelectronic Materials 

Nikhita Mansukhani Kogar 

 Semiconducting nanoelectronic materials, including single-walled carbon nanotubes 

(SWCNT) and transition metal dichalcogenides (TMDs) possess interesting optoelectronic 

properties that could enable next-generation electronics, sensing technologies, and biomedicine. 

In this thesis, biomolecule-assisted dispersion and assembly of these nanomaterials are explored 

for human toxicity, environmental hazard potential, and applications in supramolecular 

hydrogels.  

 Liquid-based exfoliation of hydrophobic nanomaterials requires the presence of a 

surfactant in aqueous solution. Surfactant-assisted exfoliation of nanomaterials is a highly 

scalable and applicable processing method, but often results in dispersions of poor quality or 

yield. Here, we survey a library of nonionic, biocompatible block copolymers, known 

commercially as Pluronics and Tetronics, that are capable of stabilizing MoS2 in aqueous 

solution. We determine that Pluronic F87 results in the highest concentration MoS2 dispersion. 

This poloxamer is applied to the dispersion of a range of emerging 2D materials, establishing a 

facile aqueous exfoliation method for further studies.  

 Using the same biocompatible block copolymer found in the previous study, we establish 

a library of MoS2 nanomaterials with highly refined physicochemical properties. The library of 

MoS2 nanomaterials is comprised of Pluronic-dispersed MoS2, aggregated MoS2, and lithiated 
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MoS2. In a study of their inhalation risk in humans, it is found that aggregated MoS2 induces an 

inflammatory response after acute exposure. None of the MoS2 nanomaterials are found to 

induce fibrosis of the lung after subchronic exposure. In the natural aquatic environment, 

Pluronic-dispersed MoS2 nanomaterials are comparatively more stable and more likely to 

interact with surface media than lithiated-MoS2. Furthermore, the hazard potential of SWCNT is 

investigated. Specifically, we demonstrate that electronic type has little bearing on the lung 

inflammatory response of SWCNT. These results are essential to the establishment of safe 

handling practices for nanomaterials and are of interest from a regulatory perspective. 

 Finally, biomolecule-assisted assembly is studied in the form of an optothermally 

responsive SWCNT–DNA supramolecular hydrogel (SMH). In this SMH, SWCNT are dispersed 

in aqueous solution by helical wrapping of single-stranded DNA. DNA base pairing is employed 

to form a SWCNT network, thereby providing the cross-linking force necessary for gelation. The 

mechanical strength of this SMH is proportional to the SWCNT concentration, and can be tuned 

accordingly. The SMH is fully thermo- and NIR- reversible and therefore has potential for 

applications in sensing and responsive materials. 
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Visualization of collagen deposition in the lung, using Masson’s trichrome staining. Collagen 
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Chapter 1 - Introduction 
 

Nanomaterials are defined as having at least one dimension of approximately 1 to 100 

nanometers, and are known for their unique optical, mechanical, electrical, and chemical 

properties due to their structure at the nanoscale. These nanomaterials take many forms, 

including noble metal nanomaterials, peptide or polymer-based nanoparticles, and carbon 

nanomaterials.
1,2

 Here we focus on semiconducting, direct bandgap nanoelectronic materials for 

their unique optoelectronic properties, including highly efficient light absorption and 

photoluminescence. These properties could be used for solar cells, light emitting diodes, and 

other next-generation electronics. They are also important to biomedical applications, such as 

photothermal therapy, imaging, and sensing. Since the bandgap of the material plays a large role 

in determining these properties, we chose to study nanoelectronic materials that span the 

biologically-relevant bandgap energy ranges in the infrared and visible regions. The interactions 

of these nanoelectronic materials with biomolecules, such as DNA and biocompatible polymers, 

are useful for novel methods of aqueous-phase dispersion and assembly techniques.  

Because new classes of nanomaterials and new polytypes within existing classes are 

discovered every year, it is essential to continue assessing the human and environmental hazard 

risks to prepare for possible exposure by airborne and aquatic pathways.
3
 In particular, it is 

helpful to understand the role of specific physicochemical properties in toxicity and 

environmental risk in order to develop deeper understanding regarding the interactions of 

biological media with nanomaterials. These studies provide strategies for the safe handling of 

nanoelectronic materials and will prove valuable when they enter the market.  
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1.1 Broad Challenges 

 The nanoelectronic materials addressed here are largely hydrophobic. Thus, additives are 

necessary to obtain pristinely dispersed nanomaterial suspensions in aqueous solutions. Liquid-

phase exfoliation of semiconducting two-dimensional nanomaterials represents a scalable path 

towards mass production for optoelectronic applications in solar cells, light-emitting diodes, and 

biomedicine. Chemical exfoliation, although one of the most scalable methods to date, utilizes 

harsh chemical conditions, toxic ion intercalants, and triggers a phase change of 2D materials 

that encumbers their optoelectronic properties. On the other hand, the use of biomolecules, 

including biocompatible block copolymers, is an especially scalable and cost-effective method 

that avoids these drawbacks but is hindered by notoriously low yield and high polydispersity of 

exfoliated nanomaterials. Liquid-phase exfoliation using biocompatible block copolymers has 

not been optimized for high yield and concentration, thus obstructing potential applications. 

 Once scalable, optimized methods of dispersion are achieved, it is imperative to consider 

the hazard potential of nanoelectronic materials and their derivatives as it relates to human 

toxicity and environmental fate and transport. It is important to consider what types of 

nanomaterials pose exposure risk to humans and the environment and their probable pathways. 

Subsequently, the challenges lie in pinpointing the relationships between physicochemical 

properties of the nanomaterials and their observed toxicity and environmental fate to inform safe 

handling practices and regulation. 

 Lastly, from an applications perspective, biomolecule-nanomaterial complexes tend to 

form based on non-covalent interactions, and therefore often respond to environmental and 
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engineered stimuli. This trait is useful for drug delivery, imaging, and more, though many 

applications have not yet been realized. In particular, the interaction between single-walled 

carbon nanotubes and DNA has not been harnessed in its simplest form to create supramolecular 

hydrogels, which have potential in responsive, 3D printed bioinks, sensing, and more. 

1.2 Outline of Thesis 

 This thesis explores the broad challenges associated with biofunctionalized 

nanoelectronic materials, namely single-walled carbon nanotubes (SWCNT), transition metal 

dichalcogenides (TMDs), and hexagonal boron nitride (hBN). These materials were chosen for 

their direct bandgaps, which makes them efficient light absorbers and emitters in the 

biologically-relevant visible and infrared regions. Herein, progress in three research areas is 

reported: (i) the optimization of dispersion techniques using nonionic, biocompatible block 

copolymers, (ii) the hazard potential of these materials in terms of human toxicity and 

environmental fate and transport, and (iii) potential applications in responsive materials.  

In Chapter 3, high-concentration MoS2 dispersions are explored using biocompatible, 

nonionic block copolymers. A survey of 19 different poloxamers reveals that MoS2 

concentration is highest using one particular poloxamer, Pluronic F87, which has an intermediate 

PEO molecular weight and a large PPO molecular weight. These results provide researchers with 

an optimized dispersion method for MoS2 and a deeper understanding of its interactions with 

poloxamers. This method is extended to several more emerging 2D nanomaterials, namely 

molybdenum diselenide (MoSe2), tungsten diselenide (WSe2), tungsten disulfide (WS2), tin 
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selenide (SnSe), and hexagonal boron nitride (hBN), thus providing a diverse palate of aqueous 

2D nanomaterial dispersions for further studies. 

Next, we assess the hazard potential of nanoscale MoS2 and SWCNT in terms of human 

toxicity and environmental fate and transport. In Chapter 4, we evaluate the most probable 

exposure pathway for nanomaterials, inhalation, by studying the toxic potential of these 

nanomaterials in the lung. This is accomplished by both in vitro and in vivo studies that elucidate 

relationships between nanomaterial physicochemical properties and hazard potential. We find 

that three forms of MoS2 do not induce inflammation or fibrosis after sub chronic exposure and 

that the electronic type of SWCNT is not related to toxicity. Regarding their environmental fate 

and transport, surfactant-stabilized and chemically exfoliated MoS2 exhibit different behaviors 

that will be of importance for regulatory purposes. 

Finally, in Chapter 5, one possible application of semiconducting nanoelectronic 

materials is explored. A novel supramolecular hydrogel (SMH) is constructed using SWCNT and 

DNA. The cross-linking force of this SMH arises from DNA base-pairing, which is a highly 

tailorable and responsive interaction. Moreover, the mechanical properties of the SMH are 

tunable by modulating the SWCNT concentration. The SMH are thermally and optically 

responsive to near infrared light. Their optothermal reversibility is demonstrated by rheological 

measurements. Thus, these SMH present opportunities in stimuli-responsive materials, sensing, 

and 3D printing. 
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Chapter 2 - Literature Review 

 

2.1 Materials Overview 

An overview of the materials used in this thesis will be provided in this section. A brief 

description of structure, properties, synthesis methods, and proposed applications will be given 

for each material/nanomaterial. Emphasis will be placed on proposed applications involving 

biofunctionalized semiconducting nanomaterials.  

2.1.1 Graphitic Nanostructures 

Graphene oxide (GO), formerly known as graphite oxide or graphitic acid, was the first 

graphitic nanostructure synthesized in 1859 by exposing graphite to potassium chloride and 

fuming nitric acid.
4
 Although nanoscale thickness could not be quantified by the technology at 

the time, researchers were intrigued by its unusual physicochemical properties. Many years later 

in the late 20
th

 century, related graphitic nanostructures such as the carbon nanotube and 

fullerene were discovered and began to be widely explored for their interesting electrical, 

mechanical, and optical properties.
5,6

 However, a new movement in graphitic nanostructures and 

two-dimensional (2D) materials began with the isolation of graphene by Geim and Novoselov in 

2004, earning them the Nobel Prize in Physics in 2010.
7
 Graphene has since been recognized as 

the “mother of all graphitic forms,” i.e. the 2D building block of fullerenes, carbon nanotubes, 

and graphite, and has given rise to an entire family of graphene nanomaterials that are widely 

studied today, such as halogenated graphene compounds (fluorographene, chlorographene) and 

other elemental graphene analogues (borophene, silicene, germanene, stanene, and phosphorene).   
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Figure 2.1: 2D Graphene (far right) is considered the mother of all graphitic forms, 

including 0D fullerenes (left), 1D carbon nanotubes (middle) and 3D graphite (right).
8
 

Graphene is a single-atom thick monolayer of sp
2
 bonded carbon atoms in a honeycomb 

lattice (Figure 2.1). Many individual graphene layers of only 0.4nm in thickness stack on top of 

one another and employ van der Waals interactions to form graphite, though the properties of 

graphene and graphite have stark differences. First, from a physical standpoint, graphene has 

enormous theoretical specific surface area (2620 m
2
 g

−1
) and excellent mechanical properties 
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with a Young’s modulus of 1 TPa.
9,10

 Moreover, graphene has a highly unusual electronic band 

structure wherein the conduction and valence bands touch, making it a zero-gap semiconductor. 

As a result, graphene has very high electric conductivity; its low-temperature electron mobility 

of 2 × 10
5
 cm

2
 V

−1
 s

−1
 at a carrier density of 10

11
 cm

-2
 is more than 1 million times that of 

copper.
11

 Graphene also has exceptionally high thermal conductivity, in the range of 4800-

5300 W m
-1

 K
−1

, which far exceeds that of the best bulk crystalline semiconducting thermal 

conductor, diamond, at 1000-2200 W m
-1

 K
−1

.
12

 

These superlative properties have made graphene a highly attractive material for many 

applications. In the realm of electronics, graphene has been incorporated into high frequency 

transistors with operating frequencies in excess of 100GHz, fueling the possibility of integration 

into mainstream, next-generation electronics.
13,14

 Graphene is also an exceptional thermal 

management material, which is important for increasingly smaller devices with higher power 

densities.
15

 Beyond electronics, it has been incorporated into composite materials, paints, and 

coatings where it can serve as a barrier, reinforcement, or transparent conductor material.
16–18 

Many graphene hybrid materials, including graphene-metal nanoparticle systems, graphene-

polymer composites, and hydrogels have been created in the interest of highly tailorable 

properties and wide applicability.
19–24 

It has also been used as a photocatalyst, sensing material, 

and bioimaging agent.
25–28 

 

However, despite all the unique attributes of graphene, it lacks one important electronic 

property: an electronic bandgap. Roughly speaking, this energy gap between the top of the 

valence band and bottom of the conduction band, present in semiconductors and insulators but 

not in conductors, is essential for many applications in electronics and optoelectronics, imaging, 
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biomedicine, catalysis, and beyond. Most notably, the presence of a bandgap is essential to the 

modern field-effect transistor as it enables switching of current. In electronics, the lack of a 

bandgap in graphene has led to low on-off ratios and in some cases, an inability to effectively 

switch off a device. As such, this work focuses on semiconducting nanoelectronic materials as 

will be further outlined in the next sections. 

2.1.2 Introduction to Semiconducting Nanoelectronic Materials 

Energy bands form when atoms, ions, or molecules interact in solids. The highest 

occupied energy band is called the valence band, and the lowest unoccupied band is called the 

conduction band. If the valence or conduction band is partially filled, the material is necessarily a 

metal. On the other hand, if the valence band is full, the material is a semiconductor or 

insulator.
29

 The bandgap (Eg) is the energy difference between the top of the valence band and 

bottom of the conduction band and is characterized by an energy value usually measured in 

electron volts (eV). The somewhat arbitrary distinction between semiconductors and insulators 

lies in the value of the bandgap. While there are no established thresholds, semiconductors tend 

to have smaller bandgaps (0-3.5 eV) compared to insulators (>3.5 eV). Still, pure crystalline 

semiconductors will not conduct electricity without thermal excitation of some electrons to the 

conduction band in the case of intrinsic semiconductors, or free electrons or holes provided by a 

dopant in extrinsic (doped) semiconductors.
30

  

The value and nature of the bandgap are critical components in determining the thermal, 

electrical, and optical properties of semiconductors and insulators. For example, the energy of 

the bandgap dictates the longest wavelength (or lowest energy) photon that the material can 

absorb. However, the nature of the bandgap has a role to play as well. A bandgap can be direct or 
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indirect in reciprocal or “k-space,” meaning that the valence band and conduction band extrema 

either have the same momentum or are shifted with respect to one another in the Brillouin zone. 

When a bandgap is direct, as shown on the left in Figure 2.2, electrons can be excited to the 

conduction band by absorption of a photon, among other processes, leaving behind a hole (i.e. a 

positive charge carrier) in the valence band. However, when the bandgap is indirect, absorption 

of a photon must be aided by absorption or emission of a phonon, a collective vibrational mode 

of the atoms forming the solid (analogous to the vibrational modes of molecules) to complete the 

transition.
30

 Thus, light absorption in indirect bandgap materials is far less efficient and more 

dependent on temperature than in direct band-gap materials, since there are fewer phonons at low 

temperature. This consequence of an indirect bandgap has far-reaching consequences where the 

optical properties of materials are concerned, namely that photon absorption and emission 

processes are affected.  

 

Figure 2.2: Schematic of direct (left) and indirect (right) bandgap structures. Bandgap is 

denoted as Eg. Curves representing conduction and valence bands are plotted as a function 
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of k, the wave vector that defines crystal momentum. For indirect band gaps, photon 

(green) absorption must be assisted by a phonon (red) to excite an electron from the 

conduction to valence band. Band structure is shown as a function of the wave vector k. 

The direct opposite of light absorption is recombination, which encompasses radiative 

recombination, Shockley-Read-Hall recombination, and Auger recombination, and describes the 

processes by which electrons excited to the conduction band eventually lose energy and stabilize 

back to the valence band. We will focus on radiative recombination, wherein a photon is emitted 

when an electron relaxes from the conduction band to the valence band. Radiative recombination 

is a highly applicable process, but is only significant in direct bandgap semiconductors due to the 

low probability of phonon absorption to complete recombination in indirect bandgap 

semiconductors. Radiative recombination can be stimulated by applied voltage at a p-n junction, 

which forms the basis of light-emitting diodes. It can also occur in response to an absorbed 

photon, giving rise to photoluminescence in the form of fluorescence or phosphorescence.
29

 

Photoluminescence by fluorescence is the process by which an electron absorbs a photon of 

higher energy than the bandgap, thereby exciting an electron to the conduction band. The excited 

electron then undergoes non-radiative relaxation towards the bottom of the conduction band and 

eventually recombines with the hole in the conduction band, emitting a photon. The photon 

emitted has similar energy to the bandgap, and is necessarily lower energy (higher wavelength) 

than the incident photon. This process is roughly outlined in Figure 2.3. Fluorescence occurs on a 

short timescale (<0.1µs), while phosphorescence occurs on a longer timescale due to a slightly 

more complicated mechanism. Here we will focus on the fluorescence mechanism of 

photoluminescence only. 
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Figure 2.3: Schematic of photoluminescence mechanism. Absorption of a photon with 

energy larger than the bandgap excites an electron to the conduction band. After non-

radiative recombination processes, the excited electron relaxes to the ground state, emitting 

a photon. 

Thus, the presence of a direct band gap is essential for efficient absorption of light and 

photoluminescence, optical properties that enable solar cells, light emitting diodes, and 

biomedical applications such as photothermal therapy, wherein absorbed light translates to 

localized heating of a region to kill malignant cells. It can also be used for simultaneous imaging 

and light-triggered targeted release: absorbed light prompts the release of a therapeutic and 

triggers fluorescence that can be translated into an image. For biomedical applications, it is 

especially important to consider the wavelength of absorbed light to avoid damage to a living 

system or biomolecules. In particular, there are “biologically transparent” windows in the near-

infrared and infrared, prompting studies on materials that absorb and emit in those regions.
31,32

 

Materials that absorb efficiently and emit in the visible region are also useful for these purposes, 

along with the potential to be powerful imaging agents.
33,34

 Thus, in this work, we study direct 
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bandgap nanomaterials that span the biologically-relevant bandgap energy range, the infrared 

and visible, as shown in Figure 2.4. 

 

 

Figure 2.4: The electromagnetic energy spectrum shown in electron volts (left) and 

wavelength (right). This thesis concerns direct bandgap materials that span a wide range of 

bandgap energies, including the biologically relevant visible and infrared regions. 

2.1.3 Single-Walled Carbon Nanotubes 

Carbon nanotubes are a seamless roll of the sp
2

 hybridized carbon atoms of graphene. 

They may be one or more layers thick, which will classify them as single-walled carbon 

nanotubes (SWCNT) or multi-walled carbon nanotubes (MWCNT). Since their isolation, 
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graphene and carbon nanotubes have captured the interest of both theorists and experimentalists 

because of their extraordinary electronic, mechanical, optical, and chemical properties. Among 

these interesting properties are extremely high charge carrier mobility, inherent strength, and 

transparent conduction.
35–40

 These properties among others have made them an attractive 

material for use in many technological industries, including medical diagnostics and 

therapeutics.  

Each SWCNT structure has a well-defined diameter on the order of 1-2nm, and can 

exhibit either semiconducting or metallic behavior depending on its structure.
41

 The simplest 

way to describe the complete structure of the nanotube is through its chiral vector (Ch). The 

chiral vector is determined based on the integers (n, m) and the basis vectors a1 and a2 of the 

honeycomb lattice of graphene, as shown in Figure 2.5.
42

 The chiral vector is therefore defined 

as: 

𝑪ℎ = 𝑛𝒂1 + 𝑚𝒂2 

It is commonly referred to simply as a pair of indices (n, m) for convenience. These indices 

uniquely determine the apparent structure of the nanotube; tubes are designated “armchair” if 

n=m  or “zigzag” if m=0 based on the appearance of the lattice. They also determine whether the 

resulting nanotube structure is metallic or semiconducting. If  |𝑚 − 𝑛| = 3𝑘, where k  is an 

integer, the nanotube is metallic, while if |𝑚 − 𝑛| = 3𝑘 ± 1, the nanotube is semiconducting.
43,44

 

Finally, the diameter of the nanotube is defined as: 𝑑 =
𝑎

𝜋
√𝑛2 + 𝑛𝑚 + 𝑚2, where a is the 

magnitude of the basis vectors a1 and a2 and is equal to 0.246nm. As such, SWCNT diameters 
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fall in the range of 0.67-12 nm. The length of a SWCNT, however, can reach up to several 

microns, making for an astronomically high aspect ratio.  

 

Figure 2.5: Schematic showing the 2D graphene lattice with an overlay of the possible 

carbon nanotube species. Each possible type of nanotube is denoted by chiral vector indices 

(n,m). The number below the chiral vector denotes the number of possible caps of the 

nanotube, which increases with diameter.
43

 

The structure of the nanotube is also the key to determining its optical properties. It has 

been shown that for semiconducting nanotubes, the bandgap energy is roughly inversely 

proportional to the diameter. Thus, SWCNT have bandgaps in the range of 0-1.2eV, which falls 

in the infrared region.
41

 Since individual nanotubes exhibit one-dimensional behavior, their 

density of states (DOS) is significantly different from conventional three dimensional materials. 

In particular, instead of a continuous DOS, the DOS of a single SWCNT has “spikes” that arise 

from their one-dimensional nature.
45

 These irregularities are called Van Hove singularities, the 
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positions of which are determined by the nanotube structure, and can be slightly altered based on 

surface functionalization.
46

 The electronic transitions between the Van Hove singularities, such 

as |c1-v1| and |c2-v2| (where c and v represent energy levels in the conduction and valence bands, 

respectively), are otherwise known as E11 and E22. The “E” is replaced with “S” or “M” for 

semiconducting or metallic, respectively, if the conductivity of the SWCNT is of particular 

concern. A brief schematic of the one-dimensional DOS of an individual SWCNT is shown in 

Figure 2.6. The Van Hove singularities in the conduction and valence bands give rise to 

electronic transitions E11 and E22. In this figure, the E11 absorption creates an electron-hole pair, 

or exciton, which then non-radiatively relaxes to the c1 and v1 state (signified by the dashed 

arrows). The electron then emits light and falls back down to the v1 band, reuniting with the hole, 

thereby giving rise to the photoluminescence in SWCNT. It should be noted that this mechanism 

is only possible in semiconducting SWCNT, as the hole formed in the valence band would be 

quickly filled by another electron in metallic SWCNT.  
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Figure 2.6: Schematic of the 1D density of states (DOS) of an individual nanotube, showing 

the Van Hove singularities in the conduction and valence bands. Solid arrows denote the 

electronic transitions involved in photoluminescence spectroscopy, wherein a photon 

promotes an electron from v1 to c1, whereupon an electron-hole pair (exciton) is formed, 

which undergoes non-radiative relaxation (dashed arrows), and then ultimately the 

electron emits light and falls back down to the v1 band (E11 solid arrow).
45

 

These electronic transitions can be observed using optical absorption and fluorescence 

spectroscopy, and used to determine the type and purity of the nanotube.
47

 Optical absorption 

spectra of SWCNT are marked by sharp peaks that arise from electronic transitions over a broad 

background, which can be attributed to the π plasmon.
 
The optical absorption peaks are therefore 

useful in determining the type, purity, and dispersion state of the SWCNT. In addition, since 

only well-dispersed SWCNT in solution contribute to the optical absorption peak, bundling can 

be observed in the spectra when the peak broadens or lowers in intensity.
48–50

 Since some overlap 

between electronic transitions may occur in absorption spectroscopy, depending on the 

polydispersity of the sample in question, assignment of chiral indices to peaks is not completely 
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reliable. However, photoluminescence spectroscopy eliminates any potential for overlap, paving 

the way for optical absorbance-based structural assignments of SWCNT. By creating a 

photoluminescence map such as that shown in Figure 2.7, the presence of all SWCNT that do not 

fall under the categories of n=m or m=0  can be quantitatively determined from the peaks.
51–53

 

 

Figure 2.7: Photoluminescence maps showing normalized fluorescence intensity for 

specifically defined SWCNT species. The top map shows a CoMoCAT SWCNT sample, 

and the bottom map shows a HiPco SWCNT sample.
52

 

 



40 

 

 

2.1.4 Two-Dimensional Materials Beyond Graphene  

Encouraged by the success and widespread applications of graphene family nanomaterials, 

researchers began to explore all possible 2D structures beyond graphene and its derivatives to 

find 2D materials that possess non-zero bandgaps. Existing classes of 2D materials such as 

transition metal dichalcogenides, layered oxides, and layered hydroxides garnered renewed 

interest. Even more classes of 2D materials were established, such as MXenes and ultra-thin 

metal structures. These studies have led to a vast library of 2D materials that is briefly 

summarized in Figure 2.8.
54

  

 

Figure 2.8: 2D Materials Family. Materials that are air stable at room temperature are 

shown in blue; probably air stable are shown in green, unstable in air but may be stable in 

inert environments is shown in pink. Materials shown in grey have been successfully 

exfoliated into monolayers, but there is little further information regarding properties and 

applications. Adapted from Geim, et al Nature 2013.
54

  

Besides the graphene family of materials touched upon in Section 2.1.1, 2D 

chalcogenides and 2D oxides are large classes of 2D materials that present countless 

opportunities in semiconducting nanoelectronic materials. In this work, we focus on the air-

stable 2D transition metal dichalcogenides and hexagonal boron nitride (hBN) for the following 

reasons. First, these materials provide a range of bandgaps that span the ultraviolet, visible, and 
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infrared spectrum. They are also very chemically stable, exhibiting no degradation upon contact 

to water or air. Finally, the bulk forms of these materials are similar to graphene in two ways: 

they are made up of weakly bonded 2D layers, and are generally hydrophobic. Strong covalent 

bonds are present in plane, and many layers are held together by van der Waals interactions to 

form a bulk solid. Because of their hydrophobicity, these materials require encapsulation or the 

presence of surfactant to remain stable in aqueous solution. These characteristics allow for facile 

solution processing in the same ways as graphene and CNT. In the coming sections, an overview 

of these materials and their solution processing techniques will be provided.  

2.1.5 Transition Metal Dichalcogenides 

Transition metal dichalcogenides (TMDs) are a large group of materials with the generalized 

formula MX2, where M is a transition metal in Groups IV-X, and X is a chalcogen atom 

(typically S, Se, or Te). Since many TMDs are composed of multilayers bonded by van der 

Waals forces, they are easily cleaved along the basal planes into 2D structures. Although there 

have been over 40 reported, TMDs are just a subset of the wider chalcogenide family, including 

many monochalcogenides and trichalcogenides that can also exist as 2D structures.
55

 The 

numerous compounds in the chalcogenide family exhibit a diverse range of crystal structures and 

subsequently material properties, and have been reviewed several times in recent years.
56–59

 In 

general, 2D TMDs consist of a single plane of metal atoms between two separate layers of 

chalcogen atoms in an X-M-X format and adopt one of two possible crystal structures: trigonal 

prismatic coordination with hexagonal closed packing (2H) or octahedral coordination with 

trigonal symmetry (1T). Although one phase may be thermodynamically preferred for each 

TMD, in many cases both are stable but exhibit different physicochemical properties.  
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Herein, we focus on four of the most stable and consequently most widely studied TMDs: 

MoS2, WS2, MoSe2, and WSe2. These materials exhibit bandgaps in the visible to near-infrared 

region and a host of interesting physicochemical properties that will be outlined below.
60

 

Molybdenum Disulfide (MoS2) 

The bulk multilayer form of MoS2, known as the natural mineral molybdenite, has a long 

history of use as a solid lubricant that is nearly unparalleled in its lubricity, temperature 

resistance, and stability. Recently, much focus has landed on 2D MoS2, which naturally adopts a 

hexagonal structure with similarities to graphene (Figure 2.9A) though it is comprised of three 

atomic layers. Both the 2H and 1T phases (Figure 2.9B) are stable in 2D form, though the former 

is a semiconductor and the latter metallic. One of the most scalable methods of MoS2 exfoliation, 

chemical exfoliation by ion intercalation, causes a phase change from 2H to 1T that can be 

reversed by thermal treatments.
61

 In 2D form, MoS2 is notable for its mechanical strength, 

stability, and layer-dependent optoelectronic properties.
62,63

 In particular, 2H MoS2 monolayers 

are direct band-gap semiconductors with an Eg of 1.2eV that exhibit strong 

photoluminescence.
61,64,65

 The photoluminescence in bilayers and trilayers is significantly 

weakened, and the band gap eventually widens and shifts to indirect in bulk form (Eg, 

bulk=1.9eV). As such, 2D MoS2 is a promising candidate for optoelectronic applications, such as 

transistors, photodetectors, photovoltaics, and batteries.
66–71

 MoS2 heterojunctions with carbon 

nanotubes, WSe2, and pentacene have been used to enable unprecedented advances in 

semiconductor devices such as p-n junction diodes.
54,72,73

  It has also been used as a fluorophore, 

imaging agent, and photothermal ablation agent in the visible region.
34,74,75

 Moreover, atomic-
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scale studies of 2D MoS2 have allowed chemists to further understand its role in established 

hydrodesulfurization reaction pathways and water purification treatments.
76,77

  

 

Figure 2.9: Structures of 2D transition metal dichalcogenides (A) 2H crystal structure and 

(B) 1T crystal structure. Here transition metal atoms are shown in green, chalcogen atoms 

shown in yellow. Top views and side views (bottom). Drawn with CrystalMaker9. 

Tungsten Disulfide (WS2) 

Tungsten disulfide (WS2) occurs as the natural mineral tungstenite, which has a layered 

structure and is known for its superlubricity similar to MoS2. Also like MoS2, it adopts the 2H 

structure and is a direct-gap semiconductor in monolayer form that exhibits strong 

photoluminescence.
78

 Importantly, it exhibits ambipolar behavior and electronic properties that 

are well suited to photocatalysis.
79

 WS2 has been shown to be an extremely efficient catalyst for 

hydrogen evolution reactions with the potential to replace conventional, expensive platinum 

catalysts.
80–83

 Besides clean energy applications, WS2 has been used in bone tissue engineering, 

nanoelectronic devices, water purification, and lithium-ion batteries. It has also been used as a 

multi-functional theranostic agent for dual-mode CT and photoacoustic imaging-guided 

photothermal therapy
77,79,81,84–87
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Tungsten Diselenide (WSe2) 

Tungsten diselenide is a layered semiconductor that shares its hexagonal crystal structure 

with MoS2 and WS2. It is also a direct band-gap semiconductor in monolayer form with Eg or 

2.02eV, but distinguishes itself from MoS2 and WS2 in its charge carrier properties.
88

a 

Interestingly, it can be doped to be either n-type or p-type (i.e. have electron or hole charge 

carriers), while MoS2 can only be made n-type.
89

 This unique characteristic of WSe2 is important 

for optoelectronic applications, where both p- and n-type materials are necessary.
90

 In fact, the 

first high hole mobility monolayer field-effect transistors were constructed with 2D WSe2.
91

 

Furthermore, the p- and n-type behavior can be dynamically tuned by electrostatic means, giving 

rise to monolayer p-n junctions that could enable next-generation flexible photovoltaics and 

light-emitting diodes.
92–95

 WSe2 is also useful in heterostructure archetypes, such as MoS2-WSe2 

alloys and WSe2 gold-plasmonic hybrid structures that exhibit greatly enhanced 

photoluminescence.
96,97

   

Molybdenum Diselenide (MoSe2) 

Molybdenum diselenide (MoSe2), like WSe2, is known for its electrically tunable ambipolar 

behavior in mono and few layer form that is highly applicable to optoelectronic applications.
98

 

Remarkably, unlike other 2D TMDs, 2H-MoSe2 (the most abundant phase) undergoes 

metallization at high pressure without undergoing a structural change.
99

 It has also been applied 

to laser technologies, used as a catalyst for the hydrogen evolution reaction, and shown 

remarkable electrochemical biosensing of mycotoxins, a potent toxin commonly found in many 

agricultural products.
100–103
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2.1.6 Hexagonal Boron Nitride (hBN)  

The most stable crystalline form of boron nitride, hexagonal boron nitride (hBN), is 

analogous to graphene and thus for the purposes of this review considered a GFN. Bulk hBN has 

a long history of use in industry as a thermal management material and lubricant in cosmetics, 

steels, paints, and sealants, among others.
104

 Each layer is composed of alternating B and N 

atoms in a honeycomb lattice (Figure 2.10), possessing a lattice constant of ≈0.25 nm and a 

bandgap of 5.9 eV, and is arguably the most studied 2D material after graphene.
105

 hBN is a 

white solid that is sometimes known as “white graphene,” though it is electrically insulating. 

However, hBN possesses excellent thermal conductivity, mechanical properties, lubrication 

properties, proton mobility, and chemical stability.
106–110

 hBN is also a natural hyperbolic 

material, in which the dielectric constants are the same in the basal plane but have opposite signs 

in the normal plane.
111–114

 This makes h-BN a promising substrate material for graphene-based 

nanoelectronics.
115

 In addition, many fascinating properties were predicted theoretically for such 

in-plane heterostructures, such as minimum thermal conductance and robust half-metallic 

behavior.
116–119

  

Besides graphene nanoelectronics, 2D hBN is suited to several applications. It has been used 

as a lubricant, a strengthening material in composites, and thermal management material for 

high-temperature applications.
107,120–123

 It may also prove useful for hydrogen technologies such 

as fuel cells and water electrolysis due to its excellent proton transport rates.
110
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Figure 2.10: Structure of hexagonal boron nitride top and side views. Boron (blue) is 

bonded to nitrogen (purple) in a hexagonal lattice analogous to graphene. As seen in the 

side view, it is atomically flat. Drawn with CrystalMaker9. 

2.2 Solution Processing of Nanoelectronic Materials 

2.2.1 Overview of Synthesis Techniques 

The most widespread synthesis methods of SWCNT are growth processes that produce 

highly polydisperse populations, i.e. the final SWCNT product contains tubes with a wide variety 

of chiralities and diameters. The majority of commercially available SWCNT are synthesized 

using the following methods: laser ablation, arc discharge, or, most commonly, high-pressure 

carbon monoxide disproportionation (HiPco) and chemical vapor deposition (CVD).
124

 HiPco 

relies on the pyrolysis of metal carbonyls in the presence of other hydrocarbons, optimized for 

high yield of SWCNT in a high pressure carbon monoxide environment. CVD processes are 

ultimately dependent on the catalyst that encourages the decomposition of and subsequent 
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formation of SWCNT from a carbon-containing gas, typically methane. The most commonly 

used CVD process is CoMoCAT, in which solid supported catalysts of cobalt and molybdenum 

nanoparticles are used to separate hydrogen from carbon and seed the growth of SWCNT.
125

 As 

such, it should be noted that these processes inevitably contain some residual metal catalysts and 

non-SWCNT carbonaceous material impurities in their final forms. These processes result in 

powdered SWCNT, which require exfoliation and purification for solution-phase handling of 

SWCNT.  

On the other hand, many 2D materials can be produced by both bottom-up and top-down 

methods, due to the natural occurrence of their bulk forms. Graphene was first isolated by the 

micromechanical cleavage of graphite, or “scotch-tape” method, which has been extended to 

many 2D TMDs.
7,126

 This method of isolating 2D materials is known for producing high-quality 

materials at very low yield. However, more recent methods have improved yield and scalability. 

Bottom-up production methods include epitaxial growth on silicon carbide (SiC), chemical vapor 

deposition (CVD), and molecular assembly, among others, which yield high-quality graphene 

but at a high price.
90,127–129

 These bottom-up production methods require a substrate to produce 

2D materials in the solid state and therefore will generally serve electronics applications, such as 

the production of transistors, conductive layers, and other nanoelectronics. Despite the 

drawbacks, CVD has resulted in a realistic route for the commercialization of graphene, with 

reported 30-inch graphene films grown on flexible copper substrates in a roll-to-roll process.
130

 

Liquid-phase exfoliation, on the other hand, is suitable for many more of the applications 

mentioned previously but produces 2D materials of lower size and quality.
131–133

 However, 

liquid-phase exfoliation is inexpensive and highly scalable, and therefore represents another 
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realistic route for the commercialization and mass-production of 2D materials.
 
In addition, 2D 

TMDs can be isolated from their bulk forms by laser ablation, electrochemical cleavage, and ion 

intercalation.
64,80,134–141

 These synthesis and isolation processes are summarized as a function of  

quality and price of final material in Figure 2.11.
142

 In this work we focus on liquid exfoliation 

for its superb scalability, facile processing techniques, and compatibility with aqueous systems.  

 

Figure 2.11: The production methods of graphene, which cover a wide range of quality, 

size, and price. These trends hold true for the production of 2D materials beyond graphene 

(TMDs, hBN).
142

 

2.2.2 Chemical Exfoliation 

 Chemical exfoliation of nanomaterials encompasses any process that changes the 

chemical structure during the exfoliation process or exfoliates by ion intercalation. For SWCNT, 

a common chemical exfoliation procedure is the addition of oxygen-containing functional groups 

to the surface, such as carboxylic acid.
143–145

 This procedure requires exposure to harsh 
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conditions, such as incubation with concentrated nitric or sulfuric acid followed by 

ultrasonication. These carboxyl groups are more reactive than pristine SWCNT and therefore 

bring the possibility of further covalent functionalization with many different moieties. For 

example, the carboxyl groups can be further modified to amino groups by exposure to 

ethylenediamine.
146

 In the cases described above, polar oxygen or nitrogen groups provide pH-

dependent negative surface charge and colloidal stability in aqueous solutions. Since SWCNT 

are relatively inert, oxidation is one of only three chemical reactions reported that use the surface 

chemistry of SWCNT for covalent functionalization.
147

   

 

Figure 2.12: An example of chemical exfoliation of SWCNT. SWCNT are commonly 

modified with carboxyl groups using acid treatments (1a). These carboxyl groups can be 

further modified in a variety of ways. Shown here, an amino group is attached by virtue of 

ethylenediamine functionalization (1b).
146

 

  The first and still widely used method of chemical exfoliation in 2D nanomaterials is the 

Hummers’ method to oxidize graphite into graphite oxide, as mentioned in Section 2.1.
4,148

 It is 

generally accepted that this method introduces oxygen-containing functional groups to the 

surface of graphite: hydroxyl (-OH) and epoxy (-O-) functional groups decorate the basal plane 

while the edges become rich with carboxylate (-COOH) groups. The addition of these functional 

groups disrupts the π-π stacking between the sheets of graphite and allows for easy exfoliation of 
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the graphite oxide into graphene oxide (GO). Furthermore, the presence of these groups can be 

tuned by oxidation/reduction processes.
149–151

 Like oxidized SWCNT, GO does not require a 

surfactant to remain stable in aqueous solutions.
152

 It can also be converted back to graphene-like 

materials through reduction processes, including exposure to hydrazine and its derivatives, 

Vitamin C, highly alkaline environments, and solvothermal methods.
10,153–156

 However, the 

distinction between this reduced graphene oxide (rGO) and pristine graphene is necessitated by 

the few remaining oxygen-containing functional groups and structural defects, as well as the fact 

that some properties are never fully recovered.
157

 

 For 2D materials beyond graphene, ion intercalation is an alternative chemical exfoliation 

method that is widely used. In this method, a small metal cation (e.g. Li
+

, Na
+
, K

+
) intercalates 

between layers and drives the exfoliation by interfering with van der Waals interactions. This 

process is shown in Figure 2.13.
137

 Pre-treatment with hydrazine results in larger flake size 2D 

materials.
158

 Chemical exfoliation of TMDs can also be achieved by electrochemical methods, 

using an electrochemical bias to introduce ionic intercalants into bulk layered materials.
135,159
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Figure 2.13: Ions, shown as yellow spheres, are intercalated between layers in bulk 

materials. Upon agitation, usually in the form of shear, sonication, or thermal forces, the 

layers exfoliate in solution.
137

 

The main drawback of chemical exfoliation is that it tends to change the physicochemical 

properties of the nanomaterial. For instance, carboxylation of SWCNT affects the NIR-

absorption and photoluminescence properties. Ion intercalation of TMDs introduces defects and 

triggers a transformation from the semiconducting 2H to metallic 1T polytype.
55

 This change in 

crystal structure can be partially reversed by thermal treatment, though complete reversal has not 

yet been demonstrated.
160,161

 

2.2.3 Organic Solvent Exfoliation 

 Organic solvent exfoliation offers another surfactant-free process of exfoliation due to the 

hydrophobic nature of SWCNT and TMDs.
162

 Using non-polar solvents allows for the interlayer 

van der Waals bonding to be disturbed by the energy provided by ultrasonication alone. 

However, the choices of solvent and sonication method greatly affect the dispersion quality, 

flake size, and yield. These trends can be explained by matching solvent and solute solubility 
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parameters such as solvent boiling point, surface tension, and Hansen parameters.
163

 Figure 2.14 

shows optical characterization of MoS2, WS2 and hBN exfoliated in a wide range of organic 

solvents. The more promising solvents were n-methyl-2-pyrrolidone (NMP) for MoS2 and WS2 

and isopropyl alcohol (IPA) for hBN. Photographs of the dispersions, their optical absorption 

spectra, and Lambert-Beer plots are shown in Figure 2.14E-F.
162

 Although graphene, SWCNT, 

and other 2D materials can also be exfoliated in a wide range of organic solvents, organic solvent 

exfoliation produces a low yield of finely dispersed nanomaterials compared to aqueous solution 

processing.
131,164–168

 Furthermore, organic solvents are often incompatible with biomedical 

applications and some post-synthetic separation methods, such as density gradient 

ultracentrifugation (DGU).  
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Figure 2.14: MoS2, WS2, and hBN were dispersed in a wide range of organic solvents. Their 

optical absorption (A/l) is plotted as a function of solvent surface tension γ in (A)-(C). 

Photos, individual optical absorption spectra, and Lambert-Beer plots are shown in (D)-

(F). In (D)-(F), MoS2 and WS2 are dispersed in NMP, while hBN is dispersed in IPA.
162
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2.2.4 Aqueous Solution Processing 

In the absence of chemical exfoliation, the nanomaterials addressed here require 

amphiphilic additives to remain finely dispersed in water. The hydrophobic regions of the 

amphiphiles adsorb to the surface of the nanomaterial, while the hydrophilic regions extend into 

solution, thus providing steric hindrance or electrostatic repulsion to prevent re-aggregation. The 

nanomaterials under consideration here can be dispersed by a wide range of ionic surfactants, 

including sodium dodecyl sulfate (SDS) and sodium cholate, and non-ionic surfactants, such as 

Pluronics/Tetronics, Tween20, and more.
169

 They can also be effectively dispersed by many 

biomolecules, such as DNA, bovine serum albuminium (BSA), polyssacharides, lignin, 

nanofibrillate cellulose, and others, all of which provide the opportunities for biomedical 

interactions and applications.
62,170–173

  The dispersion efficiency, yield, and quality are highly 

dependent on the type of surfactant and its interaction with the nanomaterial surface. Processing 

parameters, namely ultrasonication power and duration, and centrifugation speed and duration, 

also greatly affect the dispersion outcomes. 

   In this work we focus on non-ionic surfactants, Pluronics and Tetronics in particular, for 

their biocompatibility and efficacy in dispersing nanomaterials. Pluronics and Tetronics consist 

of one central hydrophobic polypropylene oxide block and two or four hydrophilic polyethylene 

oxide chains, as shown in Figure 2.15. There are many types of Pluronics and Tetronics, owing 

to the different PPO and PEO chain lengths. Pluronics have been shown to effectively disperse 

graphene and carbon nanotubes.
46,133,174
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Figure 2.15: Structure schematic of Pluronic (top) and Tetronic (bottom) biocompatible 

block copolymers.
174

 

 For 2D nanomaterials, drawbacks of aqueous surfactant-assisted exfoliation by 

ultrasonication include relatively small lateral flake size, polydispersity in size, and poor 

scalability. However, shear mixing and ball milling have provided alternatives. These techniques 

are significantly more scalable than ultrasonication, with working volumes on the order of liters 

to hundreds of liters. Shear mixing is carried out by introducing high shear forces instead of 

ultrasonication, followed by centrifugation to remove unexfoliated material. It was shown to be 

an effective method to disperse graphene, MoS2, WS2 and hBN in NMP and in aqueous solution 

containing sodium cholate by Paton, et al. and Varrla, et al.
131,141

 Ball milling, on the other hand, 

is a process by which dry powders or liquid mixtures are ground and blended together by 

blending media such as steel or ceramic balls. The exfoliation of 2D nanomaterials takes place as 

a result of shear forces and mechanical collisions. Ball milling has been used as a pre-treatment 

to ultrasonication as well as a stand-alone exfoliation method for hBN, graphene, and MoS2.
175–

178
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2.2.5 Solution-Based Sorting Methods 

Density Gradient Ultracentrifugation (DGU) was originally pioneered to, and is still 

commonly used to, non-destructively separate bio-macromolecules by density. Its first 

application to the polydispersity problem in SWCNT represented a major breakthrough in 

nanomaterial science.
179,180

 Using DGU, SWCNT were first separated by diameter and electronic 

type.
181

 Since then, the method has been expanded to isolate single chiralities, narrow length 

distributions, and enantiomers of SWCNT, and sort double-walled carbon nanotubes (DWCNT) 

by the electronic type of the outer nanotoube.
182–186

 It should also be noted that DGU has been 

successfully used to sort nanotubes dispersed in DNA, ionic surfactants,
 

and non-ionic 

biocompatible block copolymers (Pluronic).
180,181,183,187

  

  In fact, these surfactants make separation by DGU of SWCNT possible. In DGU, small 

differences in buoyant density caused by physical structure and interaction with a surfactant 

allow for the separation of different species of carbon nanotubes after sedimentation to their 

respective isopycnic points in an aqueous density gradient. As an example, Figure 2.16 shows  

centrifuge tubes following DGU-assisted diameter sorting and DGU-assisted electronic type 

sorting of SWCNT and their respective optical absorption spectra, indicating successful 

sorting.
188

 This technique of isopycnic DGU has also been extended to 2D materials, namely 

graphene, MoS2, hBN, and rhenium disulfide, where DGU was used to successfully sort these 

materials by thickness.
189–192

 In addition, sedimentation-based DGU, where nanosheets are 

separated by sedimentation rate, has proven useful to isolate single- and few-layer black 

phosphorus.
193,194
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Figure 2.16: (a) Centrifuge tube of small diameter-sorted SWCNT dispersed in SC. The 

smaller diameter tubes settle at higher points, allowing for fractionation by diameter. (b) 

Optical absorption spectra of the corresponding bands in (a). (c) Shows centrifuge tube of 

large-diameter sorted SWCNT dispersed in SC and sodium dodecyl sulfate (SDS). (d) 

Optical absorption spectra of the semiconducting and metallic bands shown in (c).
188

 

2.3 Toxicity and Human Health Hazard of Nanomaterials 

2.3.1 Toxicity of Single-Walled Carbon Nanotubes 

While SWCNT have great potential for future commercialized applications in many 

arenas, including electronics, composites, and biotechnology, their toxicity must be thoroughly 

addressed before such advancements can take full form. Carbon nanomaterials are hydrophobic 

by nature, and thus have a strong tendency to aggregate in air or aqueous solution.
188,195

 This 

makes the issue of toxicity complicated, as many different parameters of SWCNT must be 

considered, including covalent functionalization, non-covalent functionalization, dispersion state, 

size, etc. Shortly after the isolation of SWCNT, many researchers found that intratracheally 

administered SWCNT elicited fibrosis and respiratory distress in animals.
196

 These results raised 

suspicion that SWCNT were emulating toxic asbestos, because they share a similar aspect ratio, 

and reduced SWCNT length resulted in reduced toxicity, furthering the comparison.
197,198
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Toxicological studies have focused on polydisperse SWCNT formulations, which exhibit 

pulmonary hazard potential based on material attributes such as the method of production, metal 

and carbon impurities, tube length, reactive carbon surfaces, surface defects and 

functionalities.
188,196,199–215

 Experimental studies on SWCNTs in rodents have also shown that 

bolus installation as well as aerosolized inhalation exposures can induce acute lung injury as well 

as subchronic granulomatous inflammation and fibrosis in the lung.
196,200–212,214–217

 This includes 

a demonstration that crude, as-purchased (AP) and purified (e.g., eliminating metal 

contamination) SWCNTs can trigger pro-fibrogenic effects in the lung, regardless of the 

synthesis method.
208,210

 

However, nanoscale-dispersed SWCNT and graphene elicit a minimal toxic 

response.
205,207,218

 The key to these nanoscale dispersions is the choice of surfactant. In these 

studies, biocompatible block copolymers, known commercially as Pluronics and Tetronics, were 

used to disperse SWCNT and graphene.
133

  Figure 2.17 shows that SWCNT dispersed in 

Pluronic F108 does not induce inflammation in the lungs of mice or elicit mitochondrial reactive 

oxygen species (ROS) in vivo. Additionally, cell death was not increased in alveolar epithelial 

cells when compared to untreated cells, while cells treated with asbestos or particulate matter 

less than 2.5µm in diameter (PM2.5) showed clear signs of distress.
205

 This study and others have 

found that SWCNT are taken up and cleared by tissue macrophages. These results have been 

confirmed, although there are conflicting reports on SWCNT biodistribution and clearance 

mechanisms.
219

 C
13

 labeled SWCNT in an aqueous solution of 1%w/v Tween 20 were found to 

distribute throughout the entire body, with major accumulation in the liver, lungs, and spleen, 

with relatively long circulation times on the order of a day.
220

 Other reports found that SWCNT 
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were circulated in vivo for up to five months, excreted through the kidney when shortened past a 

certain threshold, and do not translocate into organism body compartments in large 

quantities.
221,222

 On the other hand, when functionalized with certain lengths of polyethylene 

glycol (PEG), SWCNT are circulated in the blood for about a day, minimally retained in the liver 

and kidney, and cleared from the main organs in approximately two months by the fecal and 

renal pathways.
223,224

 When functionalized with a chelating molecule and dispersed in aqueous 

solution with Tween 20, SWCNT are rapidly cleared from systemic blood circulation through the 

kidneys with an approximate half-life of three hours.
225

 These widely varying reports suggest 

that surface functionalization, dispersion, size, and administration route are all important aspects 

to consider in SWCNT toxicity, and that further studies are needed to determine the mechanisms 

of SWCNT toxicity.
221,223–226
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Figure 2.17: Nanoscale dispersions of SWCNT do not elicit a toxic response, as compared 

to untreated cells, particulate matter less than 2.5µm in diameter (PM2.5), and asbestos 

dispersed in PBS (white) or Pluronic F108 (black). A) Mitochondrial ROS was measured in 

A549 cells (alveolar epithelial cells) that stably express an oxidant sensitive GFP probe that 

is localized to the mitochondrial matrix. After 24 hours cell death was assayed using an 

ELISA that detects fragmented DNA (B), bronchiolar lavage (BAL) fluid protein level was 

measured (C) along with BAL fluid cell count (D) and plasma thrombin-antithrombin 

complex (E).
205

 

2.3.2 Toxicity of Transition Metal Dichalcogenides and Hexagonal Boron Nitride 

Since hBN and many TMDs are used in their bulk form for lubrication products in the 

market place, most toxicity reports to date focus on bulk forms of these materials. hBN and the 

TMDs discussed here demonstrated good in vivo biocompatibility by the U.S. Public Health 
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Service.
227

 No fatalities or adverse health effects were observed in rats and guinea pigs following 

inhalation exposure to the bulk materials.
227

 The low toxicity of these materials is attributed to 

low chemical reactivity and low solubility in body fluids. The available data on the toxicity of 

2D materials beyond graphene is comparatively limited, though the literature is constantly 

growing.
228

  

 In one of the most comprehensive toxicity studies of 2D TMDs to date, Teo et al. 

investigated the toxicity of three TMDs that were chemically exfoliated by n-butyllithium ion 

intercalation. The TMDs investigated—MoS2, WS2, and WSe2—were exposed to human lung 

epithelial cells (A549) in a dose-dependent manner for 24 hours. They were then compared to 

control cultures that were not exposed to TMDs and assessed for viability using MTS and WST-

8 assays. All three materials showed low cytotoxicity up to 100µg/mL. In higher doses than 

100µg/mL, WSe2 began to affect viability while MoS2 and WS2 did not (Figure 2.18). Another 

study of chemically exfoliated MoS2 nanosheets found that the specific lithium intercalating 

agent had an effect on in vitro cytotoxicity, namely that tert-butyllithium and n-butyllithium 

exfoliated MoS2 were more toxic than methyllithium intercalated MoS2.
229

 Lastly, Narayan et al. 

conducted a study on organic-solvent exfoliated MoS2. MoS2 was exfoliated in DMF, then 

filtered, rinsed, and redispersed in DI. Exfoliated MoS2 were not toxic to rat pheochromocytoma 

cells (PC12) and rat adrenal medulla endothelial cells (RAMEC) based on sulforhodamine B 

(SRB) cytotoxic assays and electrical impedance spectroscopy.
230

 In fact, these encouraging 

results have led researchers to use WS2 and MoS2 as combined photothermal and therapeutic 

agents for the treatment of cancer.
231,232
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Figure 2.18: Percentage cell viability of human lung epithelial cells (A549) as measured 

with (A) MTS assay and (B) WST-8 assay following 24 hours of exposure to varying 

amounts of exfoliated TMDs. The percentages are normalized to control cells that were not 

exposed to TMDs.
233
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 Similar to TMDs, hBN nanomaterials show considerably benign cyctotoxic effects 

compared to carbon nanomaterials. However, this is based on literature concerning boron nitride 

nanotubes, not 2D hBN, as 2D hBN has not yet been investigated for cytotoxicity. As shown in 

Figure 2.19, boron nitride nanotubes (BNNT) are not toxic to human embryonic kidney cells 

(HEK293) as measured by Annexin V-FITC/propium iodide assay, in stark comparison to multi-

walled carbon nanotubes.
234

 Though this study halted hBN exposure at 3 days, others have 

shown low levels of toxicity and high rates of proliferation in cells exposed to BNNT for up to 9 

days.
235–237

 

 

Figure 2.19: Boron nitride nanotubes (BNNT) are not cytotoxic. (a) BNNT do not inhibit 

cell proliferation and (b) have no effect on viability in HEK293 cells.
234

  

2.4 Environmental Fate of Nanomaterials 

In addition to human exposure, it is highly likely that some portion of engineered 

nanomaterials that reach a landfill will make their way into the surrounding environment.
238

 A 

broad and detailed insight of the environmental implications of nanomaterials will require 

knowledge of their release and transport through environmental media, partitioning, chemical 

and physical transformations, bioaccumulation, and effects on environmental organisms and 

ecosystems.
229,239–244

 This can be accomplished with detailed research on the environmental 
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chemistry of bulk materials and of particulate materials to predict the behavior of their 2D and 

1D counterparts.
238,245–252

 In the following sections, we touch on what is known about the 

environmental implications of the semiconducting nanoelectronic materials under consideration 

in this work. 

2.4.1 Environmental Fate and Transport of Carbon Nanotubes 

 Once CNT are released into the environment, their impact on the environment and 

ecosystem can be predicted by their mobility, colloidal stability, and degradation pathways. 

Transport studies in packed-bed columns indicate that the transport of CNT through aqueous 

systems is highly dependent on the surface functionalization and aggregation state of the CNT as 

well as the attributes of the porous media being studied.
253,254

 Notably, however, it has been 

reported that dodecylbenzene sulfonic acid, sodium salt (SDBS) stabilized SWCNT were quite 

mobile in porous media systems, suggesting that hydrophilic encapsulation escalates aqueous 

transport.
255

  

Carbon nanomaterials pose the risk of transformation and degradation into other 

materials, such as carcinogenic polycyclic aromatic hydrocarbons (PAH) or comparatively 

benign carbon dioxide (CO2). This risk particularly increases during their transportation and 

transformation.
256

 Though the oxidation of CNT requires harsh conditions and is therefore 

unlikely in the natural environment, photooxidation is possible. Photooxidation is particularly 

notable in carboxylated SWCNT, where SWCNT can produce reactive oxygen species (ROS) 

that further modify their surfaces. However, CNT are also readily degraded by naturally 

occurring enzymes and organelles, thereby diminishing their environmental risk when such 

enzymes are present.
257

 SWCNT were degraded and further oxidized by two enzymes, 
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horseradish peroxidase and neutrophil myeloperoxidase, and one type of organelle that forms 

when a phagosome fuses with a lysosome.
258–261

  

2.4.2 Environmental Fate and Transport of Transition Metal Dichalcogenides 

There is limited data on the environmental fate and transport on the wider TMD family. 

Most studies to date focus on nanoscale or bulk MoS2. In terms of dissolution processes, 2D 

MoS2 will dissolve based on its participation in oxidative and reductive pathways. The products 

of these dissolution pathways are generally non-biopersistent and do not elicit pathogenic 

responses in the lung or pleura.
262

 Similarly, recent work on few-layer MoS2 shows dissolution 

over time due to the usage of environmental and biological simulant fluids.
228

 These soluble 

products are formed due to the photo-induced corrosion process, where the edge sites and defect 

sites are the primary degradation targets.
63

  

In addition, TMDs can undergo “bacterial leaching”, where biooxidation to soluble metal and 

sulfur species (e.g. sulfate) by bacterial specialists such as Thiobacillus ferrooxidans, 

Leptospirillum ferrooxidans and Thiobacillus thiooxidans occurs in the natural environment.
263

 

Leaching can be direct, wherein physical contact between bacteria and a mineral surface is 

required, or indirect, which is facilitated by ferric ion generated by bacteria. Though nanoscale 

studies of bacterial leaching have not been conducted, the leaching products of bulk MoS2 

oxidation are mainly sulfuric acid and molybdic acid (H2MoO4).
264

 Smaller particle size MoS2 

samples undergo faster oxidation leaching.
264

 The indirect biooxidation of molybdenite can occur 

through a mechanism where thiosulfate is first produced and then oxidized by ferric iron in a 

series of reactions, generating tetrathionate (S4O6
2-

), disulfane-monosulfonic acid (HSSSO3
-
) and 
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finally sulfate (SO4
2-

).
265

 Environmental stability and biooxidation of WS2 is also similar to 

MoS2.
266

  

Though not much is known about the ecotoxicity of bulk or 2D TMDs, we can look to the 

relevant literature concerning ecotoxicity of other engineered 2D nanomaterials. In 2014, 

Conway et al. reported that phytoplankton absorbed engineered nanomaterials (CeO2) in less 

than 1 hour and had negative impacts on marine mussels in seawater environments.
267

 It has also 

been reported in the past that elevated levels of molybdenum (Mo) can result in a physiological 

copper (Cu) deficiency, which may have negative consequences.
268

 All this suggests that without 

careful application of these nanomaterials, they could eventually accumulate in the environment 

and have long-lasting effects on the aquatic life. However, no comprehensive risk assessment 

work has been conducted for nanoscale MoS2 materials to date.  

2.5 Introduction to Supramolecular Hydrogels 

 One promising avenue of research concerning semiconducting nanoelectronic materials is 

their incorporation into hydrogels and supramolecular hydrogels (SMH) for a variety of 

applications, including responsive materials, biomedicine, and mechanical reinforcement.
269,270

 

Many nanomaterials, including graphene, graphene oxide, CNT, metal nanoparticles and TMDs 

have been incorporated into hydrogels and supramolecular hydrogels to impart functionality or 

strength.
271–275

 In this section, we provide a brief background on supramolecular hydrogels, 

particularly those that are stimuli-responsive and/or comprised of CNT and biomolecules, such 

as DNA, polypeptides, and polysaccharides.  
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2.5.1 Synthetic and Supramolecular Hydrogels 

 Hydrogels are three-dimensional networks of hydrophilic cross-linked polymers with soft 

solid characteristics similar to biological tissues.
276–278

 They are capable of retaining large 

amounts of water, which typically occupies more volume than the gelators in a hydrogel 

construct. Hydrogels can be divided into two major categories: synthetic hydrogels and 

supramolecular hydrogels (SMH). The distinction between the two lies not in the types of 

materials used, but in the nature of the cross-linking. In general, synthetic hydrogels are cross-

linked by non-reversible covalent bonds between repeating units of polymers. Many types of 

polymers can form synthetic hydrogels, including natural polymers, neutral polymers, and ionic 

polymers, among others. Some examples of polymers commonly used to form synthetic 

hydrogels are shown in Figure 2.20.
279

 While synthetic hydrogels have been investigated for 

several applications, the permanent, covalent cross-linking often leads to brittle structures that do 

not allow for self-healing, reversibility, or stimuli-responsive behavior.
269,280

  

 

Figure 2.20: Representative chemical structures of commonly used neutral and charged 

polymers for synthetic hydrogels.
279
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On the other hand, SMH combine the desirable characteristics of synthetic hydrogels 

with reversible cross-linking. In contrast to synthetic hydrogels, the cross-linking forces in SMH 

are necessarily non-covalent and thus modifiable by environmental and engineered stimuli. As 

such, SMH have been widely studied for their applications in disease diagnostics and therapy in 

the form of bioimaging, sensing, drug delivery, and tissue engineering.
273,281,282

 In the coming 

sections, the large number of available SMH will be categorized according to pertinent 

characteristics. A brief description of rheometry experiments to measure the mechanical 

properties of SMH will also be presented. 

2.5.2 Types of Supramolecular Hydrogels 

 SMH are categorized according to the non-covalent interaction taking place, the type of 

building block or gelator, the size of the gelators involved and their largest possible network, as 

outlined in Figure 2.21. The non-covalent interactions employed for cross-linking in SMH are 

hydrogen bonding, metal-ligand coordination, host-guest interactions, and electrostatic 

interactions (Figure 2.21a). There are many gelators that can engage in each of these 

mechanisms, each with their own strengths and drawbacks. For example, hydrogen bonding is 

especially amenable to constructing biological supramolecular hydrogels with pH-

responsiveness. Biomolecules such as DNA readily engage in hydrogen bonding, and indeed 

have formed pH-responsive SMH.
283,284

 However, the major disadvantage of hydrogen bonding 

is its ease of dissociation upon contact with polar solvents including water.  
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Figure 2.21: Types of supramolecular hydrogels. SMH are classified in terms of (a) non-

covalent interaction: (i) hydrogen bonding, (ii) metal-ligand coordination, (iii) host-guest 

recognition, and (iv) electrostatic interaction. (b) Classification based on size of network 

and components: (i) macrohydrogel, (ii) mircohydrogel, and (iii) nanohydrogel. (c) Classes 

of SMH according to the type of building blocks/gelators: (i) molecular hydrogel, (ii) 

supramolecular polymeric hydrogel and (iii) supramolecular hybrid hydrogel.
269

 

 Besides non-covalent interaction and size, SMH are also categorized by the type of 

building block or gelator involved (Figure 2.21c). SMH may be comprised of molecules such as 

peptide amphiphiles or synthetic molecules functionalized with supramolecular motifs. In a 

similar manner, SMH can be formed by covalent functionalization of polymers with 

supramolecular motifs, forming the basis for supramolecular polymeric hydrogels. Lastly, 

supramolecular hybrid hydrogels are those that contain an inorganic component in the gelation 

mechanism, such as metal nanoparticles, carbon nanomaterials, quantum dots, and others. This 
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classification does not include nanomaterial containing composite hydrogels where the 

nanomaterial is not actively engaged in the hydrogel network, though there are many instances of 

this type of hydrogel in the literature. 

2.5.3 Rheology  

Since SMH tend to be weaker than typical solids, their mechanical properties cannot be 

tested in conventional ways, namely tensile and compressive testing to failure. As such, 

rheometry is an obvious choice to measure the resistance to flow, thereby potentially 

characterizing much more than the mechanical properties. Roughly speaking, rheology is the 

study of flow of matter, and is generally applied to liquids and soft solids. Hydrogels in general 

have solid-like rheology and do not flow, despite being predominantly comprised of water.
285

  

 In a typical rheometry experiment, a sample is held between two parallel plates and an 

oscillatory strain (or stress) is applied by one of the plates, as shown in Figure 2.22. The 

deformation (strain) is measured at the same time by the force exerted on the other parallel plate. 

The elastic storage modulus (G′, or the elastic component) and elastic loss modulus (G′′, or the 

viscous component) can be measured as a function of applied stress or oscillation frequency. G′ 

and G′′ are the real and imaginary components of the complex modulus. For a material to be 

considered solid, G′ must exceed G′′ until the yield strain when the network starts to fall apart. In 

measurements of G′ and G′′ as a function of frequency, G′ generally exceeds G′′ over the entire 

range of frequencies. Other geometries of rheometry experiments, such as cone-plate, and 

concentric cylinders, are also used for various purposes depending on the nature of the sample in 

question.
286
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Figure 2.22: Typical parallel-plate setup of a rheometry experiment. A sample is placed 

between two parallel plates and an oscillatory strain is applied to measure 

deformation/flow. 
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Hersam, M.C. Aqueous High Concentration Dispersions of Nanoscale Two-Dimensional 

Materials Using Nonionic, Biocompatible Block Copolymers. Small 2016, 12, 294-300. 
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Chapter 3 - High-Concentration Aqueous Dispersions of Nanoscale 

Two-Dimensional Materials Using Nonionic, Biocompatible Block 

Copolymers  

 

3.1 Introduction 

Layered two-dimensional (2D) nanomaterials have attracted significant attention due to 

their large surface areas, nanometer-scale thicknesses, and superlative properties.
70,287,288

 Since 

the isolation of graphene in 2004, many classes of 2D nanomaterials have been isolated and 

studied, including chalcogenides, nitrides, oxides, and other elemental analogues of graphene 

such as 2D silicon and black phosphorus.
289,290

 These nanomaterials display a wide range of 

interesting mechanical, optical, electrical, and chemical properties, enabling their use in 

electronics, catalysis, spintronics, and related applications.
291,292

 Of particular interest is the 

transition metal dichalcogenide (TMD) molybdenum disulfide (MoS2) because of its widespread 

commercial availability and semiconducting direct band gap in monolayer form.
293,294

 In 

addition, nanoscale MoS2 possesses other attributes including high charge carrier mobility, 

visible photoluminescence, optical transparency,
 
piezoelectricity, and superlubricity.

126,160,295–300
 

Moreover, the semiconducting electronic structure of MoS2 makes it a favorable candidate in the 

fields of sensing and electronics over graphene, which is intrinsically a zero band-gap 

material.
295,301–304

 MoS2 also holds promise in solution-based applications, although its potential 

in this area has not yet been fully realized. For example, aqueous dispersions of MoS2 have been 

proposed as biological imaging agents, drug delivery vehicles, and photothermal agents, as well 

as the basis for electronic and electrocatalytic aplications.
305,306 
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 In order to realize this myriad of applications, scalable methods of exfoliation are needed 

that will maintain the 2H semiconducting structure and desirable electronic properties of MoS2 

while simultaneously limiting any deleterious biological or environmental effects. Historically, 

atomically-thin layers of 2D nanomaterials have been isolated by mechanical exfoliation using 

adhesive tape, which produces high quality flakes but with limited throughput.
126,294,295

 In 

addition, some 2D nanomaterials can be grown using chemical vapor deposition (CVD), wherein 

monolayers are produced with high purity and with a greater potential for scalability than 

mechanical exfoliation or colloidal chemical synthesis.
90,129,307–310

 However, CVD-synthesized 

monolayers often need to be transferred from their growth substrate using harsh etchants and 

polymer coatings. These chemical treatments and polymer-based transfer techniques can result in 

structural damage and/or surface contamination to the resulting films.
311

 

Solution processing offers a path forward to scalable production of 2D nanomaterials. 

Current methods, however, present a number of limitations with respect to their potential use in 

both electronics and biomedical applications. For example, chemical exfoliation can be achieved 

via ion intercalation most commonly lithium ion intercalation.
312,313

 However, for MoS2, this ion 

intercalation process involves harsh, toxic chemicals and significantly changes the electronic 

properties of the final nanomaterial due to a phase change from the semiconducting 2H-MoS2 to 

the metallic 1T-MoS2 polytype.
90,129,160,307–315

 Efoliation by ultrasonication in aqueous and 

organic solution has been demonstrated in a manner that preserves the original semiconducting 

2H-MoS2 phase, but to prevent agglomeration, ionic surfactants (e.g., sodium cholate) in 

aqueous solution or nonionic polymers in organic solvents have been used.
83,162–164,316

 The 

charged residues from ionic surfactants compromise electronic, electrochemical, and biological 
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applications, while previously studied nonionic polymer dispersions have not been optimized for 

high yield and concentration, thereby also hindering applications in the biomedical field.  

 In this study, we demonstrate the exfoliation and stable dispersion of a suite of 2D 

nanomaterials in aqueous solution using biocompatible, nonionic poloxamers as a surfactant. A 

survey of 19 different poloxamers (i.e., Pluronics and Tetronics) reveals the effect of varying 

composition of block copolymer on the dispersion efficiency of MoS2. Size characterization 

analysis by scanning electron microscopy (SEM) and atomic force microscopy (AFM) shows 

that the resulting dispersions contain flakes that are primarily less than 10 layers in thickness. 

Furthermore, X-ray photoelectron spectroscopy (XPS) and high-resolution scanning transmission 

electron microscopy (STEM) confirm the unchanged stoichiometry and high crystalline quality 

of the resulting solution-processed MoS2.  These exfoliation and dispersion conditions are found 

to be generally applicable to a wide range of 2D nanomaterials including molybdenum diselenide 

(MoSe2), tungsten diselenide (WSe2), tungsten disulfide (WS2), tin selenide (SnSe), and boron 

nitride (BN), thus providing a diverse palate of aqueous 2D nanomaterial dispersions for 

fundamental studies and emerging applications. 

3.2 Experimental Section 

3.2.1 Nanomaterial Dispersion Conditions 

For nanomaterials dispersed in Pluronics and Tetronics, 300 mg ± 5 mg bulk powder was 

added to 8 mL 2% w/v block copolymer solution in deionized water inside a 15 mL conical 

polypropylene tube. This mixture was then ultrasonicated using a horn ultrasonicator with a 3 

mm diameter probe (Fisher Scientific Model 500 Sonic Dismembrator) while being chilled in an 
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ice water bath. For all samples, excluding those used for X-ray photoelectron spectroscopy, the 

sonication power was maintained at 16-18 W (25%).  

For MoS2 dispersions, the resulting slurry was then centrifuged under a variety of 

conditions (see Table 3.1) to eliminate poorly dispersed MoS2. For all other 2D materials, only 

centrifugation condition D was used (60 minutes at 5,000 rpm). Centrifugation was carried out in 

an Eppendorf Model 5424 Microcentrifuge using a 45º fixed-angle rotor (FA-45-24-11). The 

slurry was centrifuged in 1.5 mL aliquots in conical Eppendorf tubes, of which the top 1 mL was 

carefully decanted using a 20-gauge needle and syringe for further studies. Seven different 

centrifugation conditions were tested as shown in Table 3.1. All data shown in the results and 

discussion section correspond to dispersions that were centrifuged for 60 minutes at 5,000 rpm 

(centrifugation condition D).  

 

Table 3.1: Centrifugation processing parameters used in this dispersion study. 

For the preparation of lithiated MoS2, 3.0 g of MoS2 bulk powder was mixed with 3 mL 

of n-butyllithium solution (Sigma-Aldrich) in an inert argon atmosphere glove box. This mixture 

was stirred continuously for 48 hr, then filtered and rinsed with 60 mL hexane to remove residual 

Centrifugation 

Time (min)

Centrifugation 

Speed (rpm)

Relative 

Centrifugal 

Force (g)

Relative 

(speed)2(time)

A 10 500 23 1

B 10 1000 94 4

C 10 5000 2348 100

D 60 5000 2348 600

E 10 15000 21130 900

F 75 5000 2348 750

G 60 10000 9391 2400
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n-butyllithium. The filter containing pre-exfoliated LixMoS2 was then removed from the glove 

box and immersed in 750 mL deionized water and exfoliated using 1 hr of bath sonication. This 

step was followed by a brief centrifugation to remove any unexfoliated MoS2 flakes and 

aggregates. In order to remove any remaining hexane and lithium, the solution was dialyzed 

against deionized water for 7 days in a 20,000 Da molecular weight cut off (MWCO) membrane. 

3.2.2 Removal of Pluronic from Dispersion 

Polymers such as Pluronic and Tetronic can compromise electrical performance of 

materials and hinder size characterization. As such, we have used two methods to overcome this 

issue. The first method was tested in relation to a MoS2 Pluronic F87 dispersion on a surface 

rather than in solution. Following deposition of the MoS2 Pluronic F87 dispersions onto SiO2 

wafers by drop casting, the substrate was annealed for 60 min at 275°C in air to remove the 

Pluronic.  

The second method involved flocculation by the addition of isopropyl alcohol (IPA) in a 

4:1 volume ratio. When the mixture was left overnight, the MoS2 flakes visibly settled out of 

solution. This destabilization illustrates the reversibility of the interaction between MoS2 and the 

surfactants and the ability to remove the surfactant from the surface. Although it is difficult to 

verify that flocculation by IPA completely removes Pluronic from the MoS2 surface, the 

aggregation of the flakes suggests that the interaction between Pluronic and MoS2 is reversible. 

Furthermore, imaging by AFM and STEM before and after these procedures strongly 

suggests that Pluronic is effectively removed by these procedures. As described in the following 

sections, AFM was performed on annealed SiO2 substrates; STEM was performed on aggregated 
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samples of MoS2 deposited onto holey grids. The annealing and aggregation steps improved the 

resolution of AFM and STEM, respectively, presumably due to the removal of Pluronic.   

3.2.3 Inductively Coupled Plasma-Mass Spectroscopy 

Small aliquots (5 to 100 µL) of each Pluronic- and Tetronic-dispersed MoS2 solution and 

Pluronic F87-dispersed BN, WS2, SnSe, MoSe2, and WSe2 using centrifugation condition D were 

added to 300 or 450 µL concentrated trace-grade nitric acid (Sigma-Aldrich) in lightly-capped 15 

mL conical polypropylene tubes and heated for at least 12 hr at 65 ºC. 50 µL or 75 µL of ICP-

MS multi-element internal standard was then added to the solution for a final concentration of 10 

ppb. The solution was diluted to a final concentration of 2% nitric acid using deionized water (10 

or 15 mL total). External standards were prepared to span 0.488 ppb to 1000 ppb of the elements 

of interest by mixing varying quantities of Mo, W, Sn, and B standards (Inorganic Solutions), 

150 µL nitric acid, and 25 µL internal standard. Each external standard was diluted to a final 

volume of 5 mL with deionized water. All samples were measured under the same conditions on 

a ThermoFisher X Series II ICP-MS. The accuracy of the external standard concentration was 

checked by linear regression of the ICP-MS signal (R
2 

> 99.999).  

The concentration of the undiluted specimens was then determined by using the 

appropriate dilution factor and the formula weight ratios. Repeated experiments revealed a ~10% 

uncertainty in the concentration measurements as a result of small differences in sonicator probe 

placement, contamination of the supernatant by poorly exfoliated material, and digestion 

conditions for ICP-MS. 
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3.2.4 Extinction Coefficient and Concentration Measurements 

For the extinction coefficient measurement, PF87-dispersed MoS2 was concentrated 

using a centrifugal evaporator (GeneVac HT-4X) to a final concentration of 0.47 mg/mL, 

measured by ICP-MS as described in the previous section. The optical absorbance spectra of the 

concentrated solution and several dilutions of the solution were taken using a Cary 5000 

spectrophotometer (Varian, Inc.) operating in dual-beam mode with a reference sample of 2% 

w/v Pluronic F87. The spectra were corrected for scattering using a linear background 

subtraction. Subsequently, the wavelength at which the best correlation was found between the 

optical absorbance and concentration following Beer’s Law was chosen for the mass extinction 

coefficient. Simple linear regression modeling was used to find the mass extinction coefficient of 

Pluronic F87-dispersed MoS2 according to Beer’s Law (R
2
 > 99.9999). These data are 

represented in Figure 3.2B, wherein the mass extinction coefficient for Pluronic F87-dispersed 

MoS2 was measured as α600=2104 ml/mg/m.  

For all remaining centrifugation conditions, concentration was estimated using the mass 

extinction coefficient of Pluronic F87-dispersed MoS2. Optical absorbance spectra were taken as 

described above with a dilution factor 10-100 into 2% w/v aqueous solutions of the block 

copolymer as necessary to remain in the linear response region of the spectrophotometer. A 

reference sample of 2% w/v of the aqueous block copolymer used in the dispersion was 

subtracted from the spectra to correct for any contribution to the absorbance. 

3.2.5 Scanning Transmission Electron Microscopy (STEM) 

Pluronic F87-dispersed MoS2 was flocculated by mixing with isopropanol in a 1:4 

volume ratio.  The mixture was then vacuum filtered and rinsed with an equal amount of 
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deionized water to remove residual Pluronic F87 and isopropanol, and finally redispersed in 

water. This aggregated sample was then deposited by drop casting onto holey grids. STEM 

images were collected using the High Angle Annular Dark Field (HAADF) detector in a probe 

Cs-corrected JEOL JEM-ARM operated at 80 kV.  HAADF-STEM images were obtained with a 

convergence angle of 26 mrad and the collection semi-angles from 50 to 180 mrad. The probe 

size used was about 0.09 nm with a probe current of 22 pA. The HAADF-STEM images were 

filtered using DeConvHAADF filter by using the Maximum Entropy Method. 

3.2.6 Size Characterization  

Various Pluronic and Tetronic dispersions were dialyzed against 2% w/v sodium cholate 

(SC) for 48 hours to prepare for atomic force microscopy (AFM). Silicon wafers with a 300 nm 

oxide layer were then functionalized with (3-aminopropyl)triethoxysilane (APTES) after which 

individual flakes were deposited as described previously.
190

 This same process can be modified 

to produce continuous films of MoS2 on silicon by increasing the incubation time or 

concentration of MoS2 during deposition. To remove residual Pluronic, samples were annealed in 

air for 60 min at 275°C. AFM images were taken using a Bruker Dimension FastScan AFM in 

tapping mode.  

MoS2 samples for SEM were prepared by drop-casting onto SiO2 wafers.  The resulting 

samples were imaged using a Hitachi 4800 SEM. 

3.2.7 X-Ray Photoelectron Spectroscopy (XPS) 

Thin films were formed using vacuum filtration on nitrocellulose membranes (Whatman) 

and were measured immediately after drying in air. Bulk samples were deposited directly onto 

copper tape for measurement. XPS spectra were taken using a Thermo Scientific ESCALAB 
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250Xi. Spectra of MoS2 samples were then corrected for background and fitted for the following 

peaks between 220 and 245 eV: Mo 3d
 
satellite (233 eV), Mo 3d3/2 (230 eV), Mo 3d5/2

 
(227 eV), 

and S 2s (224 eV), and the following peaks between 160 and 170 eV: S 2p3/2 (162.2 eV) and S 

2p1/2 (163.4 eV).  Additionally, XPS measurements were taken on BN, WS2, SnSe, MoSe2, and 

WSe2 bulk samples and 2D nanomaterial dispersions to verify that sonication in Pluronic does 

not alter the chemical structure by way of oxidation, covalent interaction, or contamination.  

3.3 Results and Discussion 

Pluronics and Tetronics are biocompatible nonionic block copolymers that can be used as 

surfactants in aqueous solution due to their amphiphilic nature. They are comprised of 

hydrophobic polypropylene oxide (PPO) chains and hydrophilic polyethylene oxide (PEO) 

chains in different lengths and ratios. As shown in Figure 3.1, Tetronics consist of two PPO 

chains covalently linked in a cross shape by ethylenediamine, with four identical PEO chains 

attached to the end of each PPO chain.  On the other hand, Pluronics are based on a single PPO 

chain with two PEO chains attached on either end. These surfactants disperse well in aqueous 

solutions and are available with a wide range of PPO and PEO chain lengths. They have been 

previously employed to disperse and mitigate the toxicity of carbon nanomaterials including 

graphene and carbon nanotubes.
133,205,317

 Pluronics have also been used to sort carbon nanotubes 

and molybdenum disulfide by physical structure and electronic type using density gradient 

ultracentrifugation.
174,191,318

 Thus, in addition to presenting a scalable method of producing two-

dimensional nanomaterials, biocompatible surfactants facilitate the deployment of these 

materials in biomedical applications. 
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Figure 3.1: Schematic depiction of (A) Pluronic and (B) Tetronic block copolymers on the 

surface of a single-layer MoS2 flake. The amphiphilic Pluronic/Tetronic block copolymers 

adsorb non-covalently to the surface of MoS2 and prevent the agglomeration of the 

exfoliated flakes by acting as a surfactant and providing steric repulsion. 

Figure 3.1 illustrates the hypothesized interaction between MoS2 and Pluronic/Tetronic 

where the PPO chains non-covalently adsorb to the surface of MoS2 through hydrophobic 

interactions. The hydrophilic PEO chains extend into solution thereby stabilizing the dispersion 

by lowering the surface tension and providing steric repulsion.  The relative lengths of the PPO 
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and PEO chains will influence these amphiphilic interactions and thus lead to variations in 

exfoliation and dispersion efficiency as will be quantified below. 

The naming convention for each Pluronic and Tetronic identifies its state at room 

temperature and the molecular weight of its PPO and PEO chains. Specifically, Pluronics are 

labelled with a letter that represents their physical state at room temperature (i.e., flake, paste, or 

liquid), followed by a set of two or three digits. The last digit of each Pluronic number 

corresponds to the relative percent of PEO in the product. Additionally, the first one or two 

numbers multiplied by 300 is the approximate molecular weight of the PPO chain. Similarly, the 

last digit of each Tetronic name multiplied by 10 represents the percentage of PEO weight, while 

the earlier digits multiplied by 45 provides the molecular weight of the hydrophobic central 

block. Therefore, the molecular weights of the PEO and PPO components of Pluronics and 

Tetronics are determined using the total molecular weights provided by the source company 

(BASF) and the aforementioned naming convention. Overall, a total of 14 Pluronic solutions and 

5 Tetronic solutions were tested to elucidate the effect of varying PEO versus PPO length on the 

exfoliation and dispersion efficiency of MoS2. 

 Initially, 300 mg of MoS2 powder (Sigma-Aldrich) was weighed in a 15 mL conical tube, 

followed by the addition of 8 mL of 2% w/v Pluronic or Tetronic solution. The mixture was then 

ultrasonicated for 1 hr at 25% amplitude (~16 W) while cooled in an ice water bath. Following 

ultrasonication, a series of centrifugation conditions were tested for the highest stable 

concentration of MoS2. Through a series of early trials, it was determined that centrifugation 

affected the final dispersion concentration significantly more than the initial mass of Pluronic or 

Tetronic block copolymer. As such, centrifugation was carried out in a tabletop centrifuge using 
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a variety of conditions with speeds ranging from 500 rpm to 15,000 rpm, and spin times of 10 

min to 75 min (see Section 3.2 for more details). All data depicted here correspond to solutions 

centrifuged at 5,000 rpm for 60 min, as this centrifugation condition effectively removes 

aggregates without significantly decreasing overall yield. Solutions were then carefully decanted 

using a 20-gauge needle and syringe. Optical absorbance measurements were taken immediately 

following centrifugation, and corrected using a linear background subtraction. A subset of these 

measurements and their corresponding solutions are shown in Figure 3.2A and B. For BN, WS2, 

SnSe, MoSe2, and WSe2 dispersions in Pluronic F87, the same ultrasonication procedure was 

followed, and centrifugation was carried out at 5,000 rpm for 60 min. Lithiated molybdenum 

disulfide (LixMoS2) was also prepared by ion intercalation and dialysis for a comparison of 

concentration (see Section 3.2 for experimental details).  
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Figure 3.2: (A) Optical absorption spectra showing the range of concentrations possible by 

dispersing MoS2 in Pluronics under identical dispersion conditions. Photographs of 

corresponding solutions shown in the inset. (B) Beer’s Law plot of Pluronic F87 MoS2 

dispersion optical absorbance as a function of concentration as measured by ICP-MS. (C) 

Concentration map of MoS2 in Pluronics and Tetronics. The color map is based on 

interpolation of the experimental Pluronic data, while the actual experimental values are 

shown by colored circles, and the actual Tetronic experimental values are represented by 

colored squares. 
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Concentration was inferred from optical absorbance spectroscopy and inductively 

coupled plasma mass spectrometry (ICP-MS), which allows part-per-billion sensitivity. Samples 

were digested in >69% nitric acid at 65°C overnight, diluted with deionized water and internal 

standard to appropriate concentrations, and measured by ICP-MS promptly. The presence of the 

metal or metalloid was measured in several samples, averaged to eliminate experimental error, 

and then used to determine the total concentration stoichiometrically.  For MoS2, these results 

were largely consistent with the excitonic peak heights of background subtracted optical 

absorbance spectra. As such, both optical absorbance and ICP-MS were correlated to produce the 

final concentration values as shown in Table 3.2. The same method was applied to determine the 

mass extinction coefficient as shown in the Beer’s Law plot in Figure 3.2B. As seen in the 

optical absorbance spectra (Figure 3.2A), two sharp absorption peaks are present in the range of 

620 nm to 675 nm. According to the photoluminescence spectra, MoS2 absorbs and emits visible 

wavelengths, namely photoluminescence emission peaks correspond to the excitonic transitions 

A1 at 670 nm and B1 at 627 nm.
126 

The direct band gap is responsible for photoluminescence in 

MoS2, which grows stronger with reduced flake thickness. Therefore, since the MoS2 dispersions 

obtained here are polydisperse in thickness, photoluminescence will only occur after post-

processing by density gradient ultracentrifugation, wherein single-layer flakes of Pluronic-

dispersed MoS2 can be isolated.
191

 The survey of Pluronic and Tetronic block copolymers 

resulted in a wide range of final concentrations, as shown in Figure 3.2C.  In this plot, the actual 

experimental concentration values of the Pluronic and Tetronic solutions are represented by the 

colored circles and squares, respectively, while the underlying color map is based on an 

interpolation of the Pluronic data set. Additionally, Tetronics are plotted at half of their actual 
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PEO and PPO values since their structure is similar to two Pluronic chains connected at their 

midpoint. The two-dimensional color map shown in Figure 3.2C was obtained using Matlab.  

 

Table 3.2: Concentration of molybdenum disulfide dispersed in aqueous block copolymers. 

Centrifugation condition D experimental concentration values were interpolated over a 

two-dimensional grid using the function “griddata” and plotted without any negative interpolated 

values of concentration. The function “griddata” was used with the Matlab “v4” method, which 

is based on a biharmonic spline interpolation method. This method was originally used to 

interpolate irregularly spaced satellite altimeter data in order to produce detailed and accurate sea 

surface topography maps.
319

 Briefly, the interpolating surface is comprised of a linear 

combination of Green functions centered at each data point. The amplitudes of the Green 

functions were found by solving a linear system of equations. In three dimensions, this technique 

Molecular 

Weight (Da)

Total PEO PPO A B C D E F G

F108 14600 80% 20% 0.905586 1.07246 1.049697 0.094802 0.029104 0.038404 0.021209

F127 12600 70% 30% 0.960633 1.13599 1.11838 0.118488 0.052211 0.037079 0.044098

F38 4700 80% 20% 0.990135 1.055862 1.004323 0.082299 0.067463 0.035069 0.041912

F68 8400 80% 20% 1.006469 1.20003 1.150438 0.092431 0.024289 0.037232 0.020885

F77 6600 70% 30% 1.237479 1.344519 1.286472 0.115185 0.042462 0.037119 0.036249

F87 7700 70% 30% 1.452986 1.545518 1.510053 0.132203 0.056106 0.042002 0.038602

F88 11400 80% 20% 0.881903 1.044469 0.975908 0.10926 0.038961 0.034716 0.032851

F98 13000 80% 20% 0.786295 0.9074 0.91603 0.123528 0.042032 0.032581 0.033508

L62 2500 20% 80% 0.887935 0.92998 0.822836 0.028008 0.000586 0.024145 6.96E-05

L64 2900 40% 60% 1.162612 1.483893 1.353759 0.030333 0.003461 0.025849 0.001197

P103 4950 30% 70% 1.078127 1.549958 1.391158 0.126893 0.055794 0.035954 0.038348

P104 5900 40% 60% 1.403682 1.407833 1.291485 0.120032 0.053083 0.0358 0.034953

P123 5750 30% 70% 1.168744 1.26763 1.462092 0.110966 0.057351 0.030681 0.028938

P84 4200 40% 60% 1.338088 1.402606 1.340568 0.10709 0.03449 0.038927 0.01723

T304 1650 40% 60% 1.765 1.841833 1.730883 0.123055 0.00599 0.047758 0.042967

T904 6700 40% 60% 1.285377 1.423092 1.391896 0.118388 0.075885 0.039561 0.055299

T908 25000 80% 20% 0.805743 0.999247 0.964132 0.125291 0.036897 0.032214 0.032113

T1107 15000 70% 30% 1.024512 0.77877 1.137384 0.109634 0.051441 0.034427 0.043384

T1307 18000 70% 30% 1.227529 1.198875 1.167544 0.118769 0.04812 0.036619 0.033619

Polymer
% Weight of Total MoS2 Concentration (mg/mL)
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equates to multiquadric interpolation. Overall, the biharmonic spline interpolation method is 

well-suited to interpolating irregularly-spaced, sparse data because both values and slopes can be 

used to find the surface. This also makes it a highly flexible method. However, numerical 

instabilities can arise when the ratio of the greatest distance between any two points to the least 

distance between any two points is large.  

Though numerical instabilities did not arise in the interpolation of Figure 3.2C, the 

interpolation method resulted in a local maximum that was outside the range of the data. 

However, a similar trend is observed in a simple contour plot within the data boundary using 

Delaunay triangulation without smoothing (Figure 3.3). These data were also plotted as a 

function of PEO/PPO molecular weight or number of molecules, as shown in Figure 3.4. No 

discernable trends are observed in these plots, indicating that the relative presence of both PEO 

and PPO play a role in determining the exfoliation efficiency. Therefore, three-dimensional 

plotting methods are essential to observe trends in the concentration with respect to polymer 

characteristics. 
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Figure 3.3: Concentration map of MoS2 in Pluronics and Tetronics using Delaunay 

triangulation without smoothing. Experimental data points are indicated by black dots. 
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Figure 3.4: Concentration plotted as a function of PPO/PEO molecular weight only (top) or 

number of PPO/PEO molecules only. 

Dispersing MoS2 in different Pluronics and Tetronics under identical ultrasonication and 

centrifugation conditions results in a wide range of concentrations, signifying that the various 

Pluronics and Tetronics have varying exfoliation and dispersion efficiencies. The data in Figure 

3.2C show that the concentration of Pluronic-dispersed MoS2 is highest with an intermediate 

PEO molecular weight and a large PPO molecular weight. Pluronics with an intermediate PEO 

molecular weight are well-suited for stable 2D nanomaterial dispersions since they are long 

enough to provide adequate steric hindrance between flakes, thus suppressing aggregation. The 
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improved exfoliation and dispersion efficiency with increasing PPO molecular weight can likely 

be attributed to the hydrophobicity of MoS2, which has been reported to exceed that of 

graphene.
320

 In contrast to the Pluronics, Tetronics show fewer systematic trends as a function of 

PEO and PPO molecular weights with Tetronic 904 appearing as a clear outlier in Figure 3.2C.  

The more complicated behavior of Tetronics may be attributed to the presence of the 

ethylenediamine linker group in the center of the PPO chains and/or its cross-shaped structure.  

Overall, Pluronic F87 provided the best combination of exfoliation efficiency and dispersion 

stability, and consequently it was chosen as the focus for more thorough characterization.  For 

example, the mass extinction coefficient was determined for F87-MoS2 dispersions by 

correlating the concentration data from ICP-MS and optical absorbance spectroscopy as shown 

in Figure 3.2B.   

F87-MoS2 samples were further characterized using AFM and SEM for flake size and 

thickness (see Section 3.2 for details). As shown in the AFM image (Figure 3.6C) and cross-

sections (Figure 3.6D), the thickness of F87-MoS2 flakes ranges from 2 nm to 15 nm, with an 

average of 5.2 ± 1.1 nm, indicating that this exfoliation technique results in samples that are 

primarily less than 10 monolayers in thickness. These thickness values are largely consistent 

with those that have been reported using other surfactants, such as sodium cholate, in aqueous 

solution. MoS2 dispersions in organic solvents using a wide range of polymer stabilizers have 

also been reported to have a similar range of thicknesses.
163,316

 The lateral size of the F87-MoS2 

flakes has a mean square root area of 27.5 ± 15.5 nm. For each 2D nanomaterial, over 150 

individual flakes were measured for height and area, the results of which are shown in Table 3.3. 
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Histograms depicting the distribution of height and square root area of MoS2 in Pluronic F87 are 

shown in Figure 3.5. 

 

Table 3.3: Flake height and lateral area characterization of Pluronic F87-dispersed 2D 

nanomaterials. 

 

 
Figure 3.5: Distribution of height (A) and square root area (B) of MoS2 dispersed in 

Pluronic F87. 

 Furthermore, high-resolution scanning transmission electron microscopy (STEM) 

images were collected using a high angle annular dark field (HAADF) detector (Figure 3.6B). 

Although the pictured flake in Figure 3.6B is multilayer overall, our analysis suggests that the 

edge attenuates to a monolayer thickness, thereby allowing us to examine the crystal structure of 

Median Mean St Dev Median Mean St Dev

MoS2 4.8 5.2 1.1 22.4 27.6 15.6

MoSe2 3.6 3.8 1.0 38.3 44.6 20.8

WS2 4.5 4.8 1.4 53.9 59.4 20.6

WSe2 4.0 4.3 0.9 35.0 39.8 15.1

SnSe 5.5 6.4 2.9 53.1 70.4 47.1

BN 3.9 4.5 2.1 64.3 77.0 37.9

Material
Square Root Area (nm)Height (nm)
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the MoS2. The STEM analysis confirms that the 2H semiconducting crystal structure of MoS2 is 

conserved following Pluronic F87 dispersion as compared with literature reports.
129,312

   

 

Figure 3.6: Size characterization of Pluronic F87-dispersed MoS2. (A) SEM, (B) high-

resolution STEM, (C) AFM, and (D) cross-sections derived from the AFM image. Scale 

bars in (A) and (C) are 500 nm. The scale bar in (B) is 1 nm. 

Although block copolymers are compatible with a wide range of processes, they are 

known to hinder the electrical performance of 2D nanomaterials in device applications by acting 

as electronic insulators or charge trap carriers and may be unwanted in other fabrication 

procedures.
294

 As such, we describe two methods to destabilize and remove Pluronic F87 in 

Section 3.2. In short, when depositing on a surface such as SiO2, as is necessary for many device 
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applications, annealing was effective for Pluronic removal. Alternatively, in solution phase, 

Pluronic F87 dispersion was effectively flocculated by the addition of isopropyl alcohol. 

Although this approach results in aggregation of the MoS2 flakes, the destabilization of the 

Pluronic F87 dispersion is easily achieved. Moreover, imaging by AFM or STEM before and 

after these processes strongly suggests the removal of the majority of Pluronic F87. 

XPS was used to determine the stoichiometry of MoS2 before and after Pluronic F87 

dispersion. In particular, XPS was performed on several Pluronic F87 dispersions of MoS2 using 

a wide range of ultrasonication energy, which was calculated using the ultrasonication power and 

duration of exposure. These samples were compared to raw MoS2 in its bulk powder form. The 

XPS analysis revealed that ultrasonication did not oxidize the MoS2 beyond its original bulk 

form and that the Pluronic/Tetronic did not covalently interact with the 2D nanomaterials. As 

shown in Figure 3.7, representative Mo 3d and S 2p spectra have been fitted for the following 

peaks between 220 and 245 eV: Mo3d
 
satellite

 
(233 eV), Mo 3d

3/2
 (230 eV), Mo 3d

5/2 
(227 eV), 

and S 2s (224 eV), and the following peaks between 160 and 170 eV: S 2p3/2 (162.2 eV) and S 

2p1/2 (163.4 eV). The peaks present in the XPS spectra of bulk and exfoliated material remain 

constant regardless of the sonication energy, indicating a consistent level of oxidation for all 

samples produced in this study.  
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Figure 3.7: (A) Representative Mo 3d XPS spectrum of Pluronic F87-dispersed MoS2. (B) 

Representative S 2p XPS spectrum of Pluronic F87-dispersed MoS2. 

 The generality of Pluronic F87 as an aqueous dispersant of 2D nanomaterials was 

explored for BN, WS2, SnSe, MoSe2, and WSe2, all of which showed relatively high 

concentrations as delineated in Figure 3.8B and C. Overall, the exfoliation yield of the materials 

studied here falls between 0.2-0.9% given the final concentration with respect to the mass of 

bulk powder introduced to the mixture before sonication and centrifugation. These values are in 

line with other ultrasonication-based aqueous and organic exfoliation methods. Unexfoliated 

material may be recovered from the sediment for re-use.  

These 2D nanomaterial dispersions were also characterized by optical absorbance 

spectroscopy (Figure 3.8A), AFM (Figure 3.8D), ICP-MS, and XPS (Figure 3.9). AFM reveals 

that the resulting flakes are comparable in dimensions to MoS2 dispersions, and XPS analysis 

confirms that the overall chemical composition of these 2D nanomaterials is not altered by the 

dispersion process.  The wide range of 2D nanomaterials that can be effectively dispersed in 

aqueous solution with Pluronic F87 provides a diverse set of properties for subsequent studies 
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including thermoelectrics (i.e., SnSe), semiconductors (i.e., MoS2, WS2, MoSe2, and WSe2), and 

insulators (i.e., BN). 

 

 

Figure 3.8: (A) Optical absorbance spectra, (B) photograph, (C) concentration by ICP-MS, 

and (D) representative AFM of BN dispersed by Pluronic F87 in water. Spectra in (A) are 

vertically offset for clarity. Dispersions pictured in (B) from left to right are: MoSe2, WSe2, 

WS2, SnSe, and BN. The scale bar in (D) is 500 nm. 
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Figure 3.9: Representative XPS spectra of (A) WSe2, (B) MoSe2, (C) WS2, (D) SnSe, and (E) 

BN dispersed in Pluronic F87. Bulk spectra are identical, confirming that minimal 

oxidation or contamination occurs during the dispersion process. 
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3.4 Conclusion 

In conclusion, we have demonstrated high-concentration aqueous dispersions of 2D 

nanomaterials using biocompatible, nonionic block copolymers. A survey of a wide range of 

Pluronics and Tetronics for MoS2 optimized the dispersion conditions and yielded maximum 

concentrations of 0.12 mg/mL for Pluronic F87.  Similar results were obtained for Pluronic F87 

on multiple other 2D nanomaterials, thus demonstrating the generality of this approach. Since 

Pluronics and Tetronics are nonionic and widely accepted as biocompatible surfactants, these 2D 

nanomaterial dispersions may be used for biomedical applications including photoablation 

therapy
 
and medical device coatings, as well as other applications that harness the superlubricity 

and catalytic activity of these 2D nanomaterials.
298,305,321

 Furthermore, the use of nonionic 

Pluronics and Tetronics may facilitate the use of solution-processed 2D nanomaterials in 

electronic and electrochemical applications since these dispersants lack the charged impurities 

that are ubiquitous in ionic surfactant dispersions.
14,322
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CHAPTER 4 

 

 

Human and Environmental Hazard Assessment of 

Two-Dimensional Molybdenum Disulfide and Single-

Walled Carbon Nanotubes 

 

 

 

 

 

 

 

 

This chapter is based, in part, on the research described in the following publications: 

1) Wang, X.; Mansukhani, N.; Guiney, L.; Ji, Z.; Chang, C.H.; Wang, M.; Liao, Y.; Song, 

T.; Sun, B.; Li, R.; Xia, T.; Hersam, M.C.; Nel, A.E. Toxicological Profiling of Highly 

Purified Metallic and Semiconducting Single-Walled Carbon Nanotubes in the Rodent 

Lung and E. Coli. ACS Nano 2016, 10, 6008-6019. 

2) Lanphere, J.D.; Luth, C.J.; Guiney, L.; Mansukhani, N.; Hersam, M.C.; Walker, S.L. Fate 

and Transport of Molybdenum Disulfide Nanomaterials in Sand Columns. Environ. Eng. 

Sci. 2015, 32, 163-173. 

3) Wang, X.; Mansukhani, N.; Guiney, L.; Ji, Z.; Chang, C.H.; Wang, M.; Liao, Y.; Song, 

T.; Sun, B.; Li, R.; Xia, T.; Hersam, M.C.; Nel, A.E. Differences in the Toxicological 

Potential of Two-Dimensional vs Aggregated Molybdenum Disulfide in the Lung. Small 

2015, 11, 5079-5087.  

*Contribution made by N. Mansukhani in all papers: production and characterization of 

nanomaterials with refined physicochemical properties.  
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Chapter 4 - Human and Environmental Hazard Assessment of Two-

Dimensional Molybdenum Disulfide and Single-Walled Carbon 

Nanotubes 
 

4.1 Introduction 

Among different production methods of two-dimensional MoS2 (2D-MoS2) and single-

walled carbon nanotubes (SWCNT), solution-based processing promises exceptional scalability 

and low cost, and thus represents the most probable path for incidental exposure including 

pulmonary exposure.
191,313

 As solution-based nanoscale MoS2
 
and SWCNT are poised to enter 

the market, it is essential to identify their toxic potential and develop safe methods for handling. 

Furthermore, if the careful implementation of nanomaterials is not employed, then their 

accidental release into the environmental may occur and have long-lasting effects on aquatic life. 

Therefore, it is crucial that the science community and policy makers have a comprehensive set 

of research data to help predict the human toxicity, and environmental fate and transport of 

nanomaterials. Herein, we describe a series of studies completed as collaborations within the 

University of California Center for Environmental Implications of Nanotechnology that begin to 

explore the hazard potential of MoS2 and SWCNT. 

In order to assess the potential toxicity and environmental effects of solution-based 

nanoscale MoS2 materials, we established a representative test library that includes three aqueous 

forms of nanoscale MoS2: chemically exfoliated MoS2 by lithium ion intercalation (Lit-MoS2), 

ultrasonication-assisted exfoliated MoS2 in the presence of a biocompatible block copolymer, 

Pluronic F87 (PF87-MoS2), and aggregated MoS2 (Agg-MoS2). These three samples are 

representative of the possible aqueous nanoscale dispersions of MoS2 that may enter the market 
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for the aforementioned applications, spanning chemically and ultrasonically exfoliated, as well 

as non-surfactant and surfactant stabilization, respectively.   

Against this background, we set out to determine whether nanoscale MoS2 materials pose 

a biological or environmental hazard. We demonstrate that while Agg-MoS2 is capable of 

inducing strong pro-inflammatory and pro-fibrogenic responses in vitro, Lit- and PF87-MoS2 had 

little or no effects.  In an acute oropharyngeal exposure study in mice, Agg-MoS2 induced acute 

lung inflammation, while Lit- and PF87-MoS2 had decreased inflammation or no effects.  In a 

sub-chronic study, all forms of MoS2 did not induce lung fibrosis.  Our data suggest that the 

exfoliation process attenuates the hazard potential of nanoscale 2D-MoS2 compared to Agg-

MoS2. Overall, these results suggest strategies for the safe use of nanoscale 2D-MoS2 materials 

in industrial and biomedical applications.  

We also report the effects of two important environmentally relevant parameters, ionic 

strength and pH, on MoS2 nanomaterials stability. Transport studies in a packed bed column and 

provide critical information regarding how interactions with quartz surfaces influence the 

transport of MoS2-PL and MoS2-Li. The results from this report help to explain the behavior of 

MoS2 in engineered or natural systems where they may settle or deposit on sediments in the 

subsurface water and sheds light on the chemical and physical mechanisms responsible for this 

behavior. 

Finally, we describe hazard profiling for semiconducting (S-SWCNT) and metallic (M-

SWCNT) single-walled carbon nanotubes. From a biological perspective, the hazard profiling of 

purified metallic versus semiconducting SWCNTs has only been pursued in bacteria, with the 

conclusion that aggregated M-SWCNTs are more damaging to bacterial membranes than S-
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SWCNTs.
323

 However, no comparative studies have been performed in a mammalian system, 

where most toxicity studies have been undertaken using relatively crude SWCNTs that include a 

M:S mix at a 1:2 ratio. In order to compare the toxicological impact of metallic and 

semiconducting SWCNTs on pulmonary cells and the intact lung, we used density gradient 

ultracentrifugation (DGU) and extensive rinsing to enrich the population of the SWCNTs with 

specific chiralities in order to prepare S- and M-SWCNTs at a purity of >98%. DGU allows 

fractionation of polydisperse SWCNTs into highly purified M- and S-SWCNTs.
2,5,26

 This 

method has allowed us to gather a representative library of SWCNTs, including S-SWCNTs, M-

SWCNTs, unsorted (P2) SWCNTs or a remixed sample containing purified S-SWCNTs and M-

SWCNTs in a 2:1 ratio. These materials are unique for the high purity levels (98.5 % S-SWCNT 

and 98.8 % M-SWCNT) as well as state of dispersion in aqueous biological media. 

 In vitro screening showed that both tube variants trigger similar amounts of interleukin 

1β (IL-1β) and transforming growth factor (TGF-β1) production in THP-1 and BEAS-2B cells, 

without cytotoxicity. Oropharyngeal aspiration confirmed that both SWCNT variants induce 

comparable fibrotic effects in the lung and abundance of IL-1β and TGF-β1 release in the 

bronchoalveolar lavage fluid. There was also no change in the morphology, membrane integrity, 

and viability of E. coli, in contradistinction to the previously published effects of aggregated 

tubes on the bacterial membrane. Collectively, these data indicate that the electronic properties 

and chirality do not independently impact SWCNT toxicological impact in the lung, which is of 

significance to the safety assessment and incremental use of purified tubes in the industry. 
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4.2 Experimental Section 

4.2.1 Preparation of MoS2 Suspensions 

The molybdenum disulfide (MoS2) dispersions were prepared as follows: For lithiated 

MoS2 (Lit-MoS2), lithium ion intercalation was achieved by exposing 300 mg of MoS2 powder 

(Sigma Aldrich) to 3 mL of 1.6 M butyllithium solution in hexane while gently stirring for 48 h 

in an Argon-filled glovebox. The slurry was subsequently transferred to a filter and rinsed with 

60 mL hexane. Upon removal from the glovebox, the powder was immersed in 500 mL DI water 

and bath sonicated immediately to prevent de-intercalation and promote full exfoliation of the 

MoS2. The exfoliated solution was briefly centrifuged to remove non-exfoliated MoS2 and then 

dialyzed for 7 days to remove excess lithium and hexane. Finally, the solution was removed from 

dialysis and concentrated using vacuum filtration. Pluronic F87 dispersed MoS2 (PF87-MoS2) 

was prepared by immersing 300 mg of MoS2 powder in 8 mL 2 % w/v PF87 (BASF) solution in 

DI water, and then ultrasonicated for 1 hour at an amplitude of approximately 16 Watts. The 

slurry was centrifuged to remove any non-exfoliated material and aggregates by retaining only 

the top 80 % of the supernatant. The solution was dialyzed for three days and concentrated using 

vacuum evaporation. The aggregated MoS2 (Agg-MoS2) was prepared from the PF87 dispersion 

by inducing flocculation through the addition of four parts isopropyl alcohol to one part PF87-

MoS2. The aggregates were filtered from the solution and rinsed thoroughly with DI water, and 

then resuspended by bath sonication in DI water. The concentrations of the MoS2 solutions were 

measured using ICP-MS as described in Section 3.2.3. Briefly, MoS2 solutions were digested 
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overnight at 65 °C in nitric acid and subsequently diluted with water and internal standard.  

Using the ICP-MS measurements, concentration was inferred stoichiometrically.   

4.2.2 Source and Preparation of Sorted SWCNTs  

P2 SWCNTs (Carbon Solutions, Inc.) were sorted into metallic and semiconducting 

species using density gradient ultracentrifugation, using a modification of the previously 

described methods.
181,206

 P2 SWCNTs were dispersed via ultrasonication in an aqueous solution 

containing 1% w/v surfactant at an initial concentration of 4 mg mL
-1

 using a Fisher Scientific 

Sonic Dismembrator 500 for 1 hour at 40% maximum power (~40 Watts). An ice bath was used 

to prevent heating during sonication. Following sonication, large aggregates were removed via 

centrifugation at 7500 rpm for 10 minutes using a Beckman-Coulter J-26 XPI Centrifuge. For 

sorting of metallic SWCNTs, a 3:2 ratio (w/w) of sodium dodecyl sulfate (SDS) and sodium 

cholate (SC) was used. For sorting of semiconducting tubes, the surfactant was comprised of a 

1:4 ratio SDS:SC. Similar ratios were maintained for all aqueous solutions used during DGU 

sorting.   

Linear density gradients were created using aqueous solutions of 60% w/v iodixanol 

(Optiprep ® purchased from Sigma Aldrich). The gradients were created using a linear gradient 

maker directly into Beckman-Coulter Ultra Clear ® centrifuge tubes (38.5 mL). An underlayer of 

4 mL of 60% iodixanol was pipetted into each tube prior to the linear gradient. For the metallic 

sort, the linear gradient varied from 20% iodixanol at the top to 35% iodixanol at the bottom, 

over a volume of 15 mL. For sorting semiconducting tubes, the linear gradient varied from 15% 

iodixanol at the top to 30% iodixanol at the bottom over a volume of 15 mL. Iodixanol was 
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added to the P2 SWCNT dispersions to adjust the density of the dispersions. For the metallic 

sort, the final dispersion was 36% w/v iodixanol; for the semiconducting sort, the final dispersion 

was 32.5% w/v iodixanol. These SWCNT dispersions were then injected into the centrifuge 

tubes below the linear density gradient and above the underlayer. An aqueous over-layer 

containing only the surfactant was pipetted onto the top of the gradient to fill the centrifuge 

tubes. The tubes were immediately centrifuged for 18 hours at 32.000 rpm using a SW 32 Ti 

rotor in a Beckman-Coulter Optima L-80 XP centrifuge.  

Each centrifuge tube was fractionated using a Piston Gradient Fractionator (Biocomp 

Instruments, Inc,). 0.25 mm fractions were collected and analyzed optically for purity, using a 

Cary 500 spectrophotometer. All fractions with metallic or semiconducting purity levels greater 

than 98% were combined. These combined “pure” metallic or semiconducting dispersions were 

flocculated by adding ethanol at 1:4 ratio to remove the iodixanol and surfactants. The solutions 

were then vacuum filtered using a 0.05 µm alumina membrane (Whatman ® Anodisc) and rinsed 

with deionized water. Following vacuum filtration, the nanotubes were weighed and then 

redispersed in deionized water using bath sonication at a concentration of 1 mg mL
-1

.   

Atomic force microscopy (AFM) was used to determine the size distribution of the 

dispersed SWCNTs in tapping mode in an Asylum Cypher S AFM with Si cantilevers (~290 kHz 

resonant frequency). To prepare the samples for AFM characterization, silicon wafers were 

treated with 2.5% (3-aminopropyl) triethoxysilane in isopropyl alcohol for thirty minutes and 

then rinsed with isopropyl alcohol. The SWCNT dispersion was then drop-casted onto the 

functionalized silicon wafer and allowed to sit for 10 minutes and then rinsed with deionized 

water.  
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4.2.3 Cell culture and Co-incubation with Molybdenum Disulfide 

BEAS-2B and THP-1 cells were obtained from ATCC (Manassas, VA).  1×10
4
 BEAS-

2B cells were cultured in 0.1 mL BEGM in 96-well plates at 37 °C.  THP-1 cells were pretreated 

with 1 µg/mL phorbol 12-myristate acetate (PMA) overnight and primed with 10 ng/mL 

lipopolysaccharide (LPS) to provide transcriptional activation of the IL-1β precursor.
208

 Both 

types of cells were subsequently cultured in 96-well plates (Costar, Corning, NY, USA) at 37 °C 

for 24 h. MoS2 suspensions were added to these cultures at 6.25-50 μg/mL. After 24 h of culture, 

the supernatants were collected for the measurement of IL-8, TNF-α, and IL-1β levels (BD 

Biosciences, San Diego, CA), using ELISA kits. Cytokine levels were expressed as pg/mL.   

4.2.4 Preparation of Nanomaterial Suspensions and Cell Culture with Semiconducting and 

Metallic SWCNTs  

Semiconducting and metallic SWCNT stock solutions were first prepared in DI water at 1 

mg/mL. BEAS-2B and THP-1 cells were obtained from ATCC (Manassas, VA). 1×10
4
 BEAS-

2B cells were cultured in 0.1 mL BEGM in 96-well plates at 37 °C. THP-1 cells were pretreated 

with 1 µg/mL phorbol 12-myristate acetate (PMA) overnight and primed with 10 ng/mL 

lipopolysaccharide (LPS). Aliquots of 3 × 10
4
 primed cells were cultured in 0.1 mL medium with 

carbon nanotubes in 96-well plates (Costar, Corning, NY, USA) at 37 °C for 24 h. In order to 

provide less aggregated tubes that can be suspended in biological aqueous media, all the 

SWCNT suspensions were freshly prepared by adding the stock solutions to BEGM or RPMI 

1640 media at 12.5-100 μg/mL in the presence of BSA (0.6 mg/mL) and DPPC (0.01 mg/mL). 

After 24 h of culture, the supernatants were collected for the measurement of IL-1β (BD 
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Biosciences, San Diego, CA) and TGF-β1 (Promega, Madison, WI) using ELISA kits according 

to manufacturer's instructions. Concentrations are expressed as pg/mL.   

4.2.5 Cytotoxicity Assessment 

Cytotoxicity was determined by an MTS assay, which was carried out with CellTiter 96 

Aqueous (Promega Corp.) kit. 1 × 10
4
 BEAS-2B or 3× 10

4
 THP-1 cells in 100 μL of culture 

medium were plated in each well of a 96 multiwell plate (Costar, Corning, NY) for overnight 

growth. The medium was removed, and cells were treated for 24 h with 100 μL of 6.25-50 

μg/mL MoS2 suspensions or 100 μL of 12.5-100 μg/mL SWCNT suspensions. After the 

treatment, the cell culture medium was removed and followed by washing of the plates three 

times with PBS. Each well received 120 μL of culture medium containing 16.7 % of MTS stock 

solution for 1 h at 37 °C in a humidified 5 % CO2 incubator. The plate was centrifuged at 2000 g 

for 10 min in NI Eppendorf 5430 with a microplate rotor to spin down the cell debris. An 85 μL 

amount of the supernatant was removed from each well and transferred into a new 96 multiwell 

plate. The absorbance of formazan was read at 490 nm on a SpectraMax M5 microplate reader 

(Molecular Devices Corp., Sunnyvale, CA, USA).  

4.2.6 Mouse Exposure and Assessment of Exposure Outcomes  

Eight-week-old male C57Bl/6 mice were purchased from Charles River Laboratories 

(Hollister, CA). All animals were housed under standard laboratory conditions according to 

UCLA guidelines for care and treatment as well as the NIH Guide for the Care and Use of 

Laboratory Animals in Research (DHEW78-23).  The animal experiments were approved by the 

Chancellor's Animal Research Committee at UCLA and include standard operating procedures 

for animal housing (filter-topped cages; room temperature at 23 ± 2 °C; 60 % relative humidity; 
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12 h light, 12 h dark cycle) and hygiene status (autoclaved food and acidified water). Animal 

exposures to nanoparticles were carried out by an oropharyngeal aspiration method developed at 

NIOSH. Briefly, the animals were anesthetized by intraperitoneal injection of ketamine (100 

mg/kg)/xylazine (10 mg/kg) in a total volume of 100 μL. With the anesthetized animals held in a 

vertical position, a 50 μL PBS suspension containing 50 μg nanoparticles was instilled at the 

back of the tongue to allow pulmonary aspiration. The experiment included control animals 

receiving the same volume of PBS with BSA (0.6 mg/mL) and DPPC (0.01 mg/mL). The 

positive control group in each experiment received 5 mg/kg crystalline silica in the form of 

quartz (Min-U-Sil or QTZ). The animals in experiment groups received oropharyngeal aspiration 

of nanomaterial suspensions at 2 mg/Kg at the back of the tongue. The mice were sacrificed after 

40 hours to assess acute affects and 21 days to assess sub-chronic effects. The bronchoalveolar 

lavage fluid (BALF) and lung tissue were collected for measurement of TGF-β1 and PDGF-AA 

levels and performance of Hematoxylin and Eosin (H&E) or Masson’s trichrome staining.   

4.2.7 Sircol Assay to Assess Total Collagen Production 

The right upper lobe of each lung was suspended in PBS at ~ 50 mg tissue per ml and 

homogenized with a tissue homogenizer (Fisher Scientific).  Triton X-100 was added at 1% and 

the samples incubated for 18 h at room temperature.  Acetic acid was added to a final of 0.5 M 

and incubated at room temperature for 90 minutes.  Cellular debris was pelleted by 

centrifugation and the supernatants used to assess total protein, using a BCA Assay kit 

(Pierce/ThermoFisher Scientific). The Sircol Soluble Collagen Assay kit (Biocolor Ltd., 

Carrickfergus, UK) was used to extract collagen from duplicate samples, using 200 μL of 

supernatant and 800 μL Sircol Dye Reagent according to the manufacturer’s instructions. Similar 
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prepared collagen standards (10–50 μg) were run in parallel. Collagen pellets were washed twice 

with alcohol and dried before suspension in an alkaline reagent. Absorbance at 540 nm was read 

on a plate reader (SpectroMax M5e, Molecular Devices Corp., Sunnyvale, CA).  Data were 

expressed as μg of soluble collagen per mg of total protein.   

4.2.8 Statistical Analysis 

Mean and standard deviation (SD) were calculated for each parameter. Results were expressed as 

mean ± SD of multiple determinations. Comparisons of each group were evaluated by two-sided 

Student's t tests.  A statistically significant difference was assumed when p was <0.05.   

4.2.9 Packed Bed Column Transport Experiments 

The effect of ionic strength (1-31.6 mM KCl) on the transport of MoS2-Li and MoS2-PL 

in saturated porous media was conducted using a packed bed column at pH 5. Transport 

experiments were conducted using an inverted borosilicate glass column (Omnifit, Boonton, NJ) 

with an inner diameter of 1.5 cm and a packing depth of 5 cm. Details regarding the packed bed 

column transport methods, conditions,  and sand cleaning procedures can be found in a previous 

study.
324

 Briefly, quartz sand was sieved to obtain an average diameter (d50) of 275 μm and 

purified before being wet packed at a porosity of 0.47±0.01 in the column prior to transport 

experiments. MoS2 suspensions were injected into the column at a flow rate of 2 mL/min to 

represent similar flow conditions found in the engineered or natural systems using peristaltic 

pumps and the effluent was collected every minute using a fraction collector (CF 1 Fraction 

Collector, Spectrum Chromatography, Houston, TX).
325

 The effluent was used to determine the 

concentration at each time interval using a spectrophotometer (DU 800 Beckman Coulter, 

Fullerton, CA) to correlate the absorbance with concentration. Calibration curves for the MoS2-
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Li and MoS2-PL were created by measuring the absorbance as a function of MoS2 concentration 

and an R
2
 value of 0.999 was obtained for both types of MoS2. 

 Release experiments were also conducted following select transport experiment at each 

IS for MoS2-PL and MoS2-Li to investigate the release of particles as a function of the decrease 

in IS. To facilitate the release experiments, an additional 12 pore volumes (PV) of DI water was 

injected into the column after the background absorbance dropped to ~0 and the effluent was 

collected and the absorbance measured as mentioned earlier. 

4.3 Results and Discussion 

 Agg-, Lit- and PF87-MoS2 were comprehensively characterized.  While Agg-MoS2 is 

beyond the size range for AFM measurements, scanning electron microscopy (SEM) analysis 

shows that these particles span several microns in width and thickness (Figure 4.1A). AFM 

assessment of PF87-MoS2 show that these particles have a mean square root surface area of 27.6 

± 15.6 nm and an average height of 5.2 ± 1.1 nm (Figure 4.1B, E and F).  Similar measurements 

show that the Lit-MoS2 particles are larger than PF87-MoS2, which have a mean square root 

surface area of 187.5 ± 126.9 nm and a mean height of 3.9 ± 0.6 nm (Figure 4.1C, E and F). The 

hydrodynamic sizes of Agg- and Lit-MoS2 suspended in RPMI 1640 are smaller than BEGM due 

to the presence of fetal bovine serum (FBS). PF87-MoS2 is better dispersed than Agg- and Lit-

MoS2 in both media (Table 4.1). The zeta potentials of the three material types were in the range 

of −4.3 to −8.8 mV in cell culture media, and −12.9 to −34.3 mV in water (Table 4.1).  
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Figure 4.1: Characterization of Agg-, Lit- and PF87-MoS2. (A) Scanning electron 

micrograph of Agg-MoS2. (B, C) Representative atomic force microscopy (AFM) images of 

PF87-MoS2 and Lit-MoS2. (D) Optical absorbance spectra of PF87-MoS2 and Lit-MoS2. (E, 

F) AFM histograms of flake thickness and lateral flake sizes of the exfoliated materials.  

 

 

Table 4.1: Zeta potential and hydrodynamic diameter of MoS2 materials used in this study, 

shown in water and cell culture media. 

 

SWCNTs were sorted into metallic and semiconducting variants using density gradient 

ultracentrifugation of arc-discharge SWCNTs (designated P2) according to the scheme depicted 

in Figure 4.2A. Density gradient ultracentrifugation (DGU) allows for the separation of M- and 

Figure 1

A B C

D E F

Agg-MoS2
PF87-MoS2 Lit-MoS2

PF87-MoS2

Lit-MoS2

PF87-MoS2

Lit-MoS2

PF87-MoS2

Lit-MoS2

In H2O In cRPMI1640 In BEGM

ζ [mV] dH [nm] ζ [mV] dH [nm] ζ [mV] dH [nm]

Agg-MoS2 -23.6  0.4 1334.8 47.8 -5.4 1.9 540.8 18.1 -8.8 1.6 1144.7 152.5

Lit-MoS2 -34.3  0.1 506.3 11.8 -7.7 3.0 585.6 17.3 -4.3 0.5 746.4 100.3

PF87-MoS2 -12.9  1.2 72 0.8 -7.8 1.3 80.1 0.8 -8.5 1.4 78.4 0.7
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S-SWCNTs.
174,181,188

 Following the removal of detergent by ethanol precipitation and extensive 

rinsing in deionized (DI) water, the purified M-SWCNT and S-SWCNT dispersions exhibited 

purities of >98.8% and >98.5%, respectively (Figure 4.2B). Figure 4.2B also shows the 

absorbance spectrum of the unsorted tubes by optical absorbance spectroscopy. Because the Arc 

discharge method employs nickel and yttrium as catalysts, ICP-MS was used to determine the 

amount of residual catalyst in each sample (Table 4.2). Briefly, all three (P2-, M- and S-) 

SWCNT preparations show a Ni content of ~ 2.40 wt % and a Yi content of ~ 0.43 wt %. 

Measurement of the size of the sorted SWCNTs by atomic force microscopy (AFM) 

demonstrated that the semiconducting tubes had an average length of 633 nm and an average 

diameter of 1.29 nm; the corresponding values for metallic tubes were 634 nm and 1.24 nm, 

respectively (Figure 4.2C and D). The AFM images also demonstrate excellent dispersion of 

individual tubes, including narrow length and diameter distributions (Figure 4.2C and D). The 

corresponding hydrodynamic diameters of the sorted tubes in DI water, complete RPMI medium 

(containing 10 % FCS), and BEGM (containing 0.6 mg/mL bovine serum albumin and 0.01 

mg/mL DPPC), as determined by high-throughput dynamic light scattering (HT-DLS, Dynapro 

Plate Reader, Wyatt Technology), are shown in Table 4.1. Following dispersion in DI water, the 

hydrodynamic sizes of S- and M-SWCNTs were 807 and 1192 nm, respectively. Similar trends 

were seen in BEGM and RPMI media (Table 4.2). There was slightly better dispersion of the 

unsorted (P2) arc-discharge SWCNTs in both media (Table 4.2). The zeta potential of the tubes 

ranged from −4.3 to −8.8 mV in cell culture media and −12.9 to −34.3 mV in water. 



113 

 

 

 

Table 4.2: The elemental composition of heavy metal impurities in SWCNTs was 

determined by inductively coupled plasma mass spectroscopy (ICP-MS). 

 

 
Figure 4.2: Scheme and characterization of the electronic-sorted SWCNTs. (A) Scheme for 

the preparation of electronic-sorted SWCNTs. P2 SWCNTs were sorted into metallic and 

semiconducting species using density gradient ultracentrifugation (DGU) methods. The 

detailed methodology appears in the Experimental Section. (B) Characterization of the 

sorted SWCNTs. Photograph of the DGU separation tube (a) and corresponding optical 

absorption spectra (b). The purity of the final dispersions was >98.8% for M-SWCNT and 

>98.5% for S-SWCNT, as determined by optical absorbance spectroscopy. (C and D) 

P2-SWCNT M-SWCNT S-SWCNT

Nickel (wt %) 1.80 2.40 < 0.05

Yttrium (wt %) 0.43 0.10 < 0.04
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Characterization of semiconducting (C) and metallic (D) SWCNTs by AFM and optical 

absorption spectroscopy. Panels (c) and (g) show the AFM images, panels (d) and (h) show 

the optical absorption spectra, panels (e) and (i) show length distributions, while panels (f) 

and (j) show the diameter distributions. 

We determined the pro-inflammatory responses of MoS2 and SWCNT using THP-1 and 

BEAS-2B cell lines.  The myeloid cell line, THP-1, was chosen because it can be differentiated 

into a lineage with macrophage-like properties, while BEAS-2B cells are derived from human 

bronchial epithelial cells.
208,326

 These cell types are representative of the cell types that provide 

the first line of defense at the portal of entry into the lung.  While not much is known about the 

effects of 2D MoS2 on these cells, it has been documented that BEAS-2B is an immortalized 

human bronchial epithelial cell line that responds to CNTs with TGF-β1 production and THP-1 

differentiates into macrophage-like cells that exhibit NLRP3 inflammasome assembly in 

response to high aspect ratio (HAR) materials (such as CNTs).
207,327–329

 Use of these cells 

demonstrated in an MTS assay that none of the MoS2 form variations or sorted SWCNT had an 

effect on cell viability (Figure 4.3). In addition, since bioavailability could determine pro-

fibrogenic effects, Raman spectroscopy and ICP-OES were used to assess MoS2 uptake in THP-1 

and BEAS-2B cells. This measurement demonstrated that Agg-MoS2 was present in higher 

abundance, compared to other materials (Figure 4.4), with PF87-MoS2 showing the least cellular 

association. Since these data show good correlation to the lesser pro-inflammatory effects of 

PF87-MoS2, it would appear that bioavailability of the materials could indeed determine the 

effects on cytokine and chemokine production.   
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Figure 4.3: Cytotoxicity of MoS2 (A,B) and SWCNT (C,D) nanomaterials as measured by 

MTS assay in a dose-dependent manner. Statistical analysis shows that no nanomaterials 

had a significant impact on cell viability compared to the negative control, ZnO. 
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Figure 4.4: Total cellular Mo content in BEAS-2B and THP-1 cells as determined by ICP-

OES. Both cell types were exposed to 50 μg/mL MoS2 for 24 h, following which the cells 

were recovered, sonicated and used for acid digestion. The concentration in each sample 

was expressed as μg Mo per mg of cellular protein. 

When testing pro-inflammatory cellular effects, we monitored cytokines and chemokines 

that play important roles in lung inflammation in response to inhaled foreign materials. IL-8, 

known as a neutrophil chemotactic factor, can induce neutrophil chemotaxis and migration 

toward sites of particle deposition and inflammation.
330,331

 TNF-α is a member of a group of 

macrophage-derived cytokines that also play a role in acute inflammation.
332

 IL-1β is an 

important mediator of acute and sub-chronic inflammatory responses, which can also lead to 

fibrogenic effects in response to particulate substances and fibers in the lung.
208,333

 TGF-β1 and 

PDGF-AA growth factors could be significant from the perspective of pro-fibrogenic pulmonary 

responses since synergy with IL-1β during epithelial-mesenchymal transition in the lung in 

response to carbon nanotubes, graphene and asbestos fibers plays a key role in pulmonary 

fibrosis.
202,210,333

 Whether growth factor production will result in pulmonary fibrosis is dependent 

BEAS-2B cell THP-1 cell 
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on the magnitude and duration of the pulmonary response, which is shaped by the dose, lung 

burden, removal and persistence of the material.
210,333,334 

When testing pro-inflammatory cellular effects of MoS2 nanomaterials, we observed that 

while Agg-MoS2 induced significant increases in IL-8, TNF-α and IL-1β production, there were 

significantly less effects of Lit- or PF87-MoS2 on cytokine and chemokine production in BEAS-

2B and THP-1 cells (Figure 4.5). In addition, the use of an IL-1β assay to demonstrate the impact 

of the SWCNTs on NLRP3 inflammasome assembly showed a dose-dependent increase in 

cytokine production for all tube variants in THP-1 cells (Figure 4.6A). Monosodium urate 

(MSU) was used as a positive control that induced the strongest effect. Importantly, there was no 

significant difference in the pro-inflammatory effects of S- versus M-SWCNTs. While the 

assessment of TGF-β1 production in BEAS-2B yielded less vigorous stimulation indices, it was 

confirmed that S-SWCNTs do not differ from M-SWCNTs (Figure 4.6B). 

 

Figure 4.5: Exposure to 2D MoS2 (PF87-MoS2 and Lit-MoS2) resulted in significantly 

decreased cytokine and chemokine production when compared to aggregated MoS2, 

indicating a decreased inflammatory response. 
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Figure 4.6: Comparative pro-fibrogenic effects, as reflected by IL-1β and TGF-β1 

production in THP-1 and BEAS-2B cells, respectively. Cells were exposed to the indicated 

concentrations of the sorted SWCNTs for 24 h. IL-1β (A) and TGF-β1 (B) levels were 

determined on the culture supernatants by ELISA. *p < 0.05 compared to control. 

Another important SWCNT characteristic to consider in the cellular response outcome is 

the electron transfer capabilities of metallic versus semiconducting SWCNTs, which could lead 

to the generation of reactive oxygen species (ROS) and oxidative stress, as shown in bacterial 

studies.
323

 An abiotic assay to compare ROS production, using the fluorescent dye, 2’, 7’-

dichlorofluorescein (DCF), was performed. Performance of spectroscopy at 528 nm 

demonstrated a dose-dependent increase in fluorescence intensity, with M-SWCNTs inducing 

more ROS generation than S-SWCNTs (Figure 4.7). Co3O4, a semiconductor metal oxide, was 

used as a positive control.
326 

Oxidant injury can also be determined by assessing glutathione 

(GSH) conversion to GSSG, as determined by luminescence-based GSH-Glo assay. Use of this 

assay under abiotic conditions confirmed that M-SWCNTs lead to more GSH depletion than S-

SWCNTs (not shown). No significant differences were observed between M-SWCNTs, P2-
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SWCNTs or remixed tubes in this assay. When using the GSH-Glo assay and DCF fluorescence 

assays to determine the induction of oxidative stress in THP-1 and BEAS-2B cells, which 

demonstrated slightly increased ROS generation by M- compared to S-SWCNTs (not shown). 

No differences were observed between M-SWCNTs, P2-SWCNTs, or remixed tubes. All 

considered, these data demonstrate that in spite of abiotic and cellular differences in the potency 

of the pro-oxidative SWCNT effects, these dissimilarities do not translate into different levels of 

IL-1β and TGF-β1 production, suggesting that SWCNT characteristics other than chirality play a 

dominant role in determining the pro-fibrogenic effects of the tubes. This is in keeping with our 

previous studies demonstrating that a number of SWCNT properties combine in an integrated 

fashion to generate biological hazard rather than a single property dominating.
210

 

 

Figure 4.7: DCF fluorescence spectroscopy: 29 μmol/L DCF was added to CNT suspensions 

at 12.5–100 μg/mL for 24 h, and emission spectra were collected at 500–600 nm, with 

excitation at 490 nm. Both S- and M-SWCNTs showed significant enhancement of DCF 

fluorescence compared to the nontreated control. ROS production by Co3O4 NPs at 100 

μg/mL was used as positive control. (B) Comparative expression of the fluorescence 
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intensity at 528 nm demonstrated a proportionally bigger dose-dependent increase in 

fluorescence activity with metallic compared to semiconducting SWCNTs. 

MoS2 and SWCNT are used in applications with the potential to lead to aerosolized 

exposure upon inhalation in humans. To determine if they pose pulmonary hazard potential, we 

used oropharyngeal aspiration to compare our characterized materials in C57Bl/6 mice.  

The installation dose was based on the same data for MoS2 and SWCNT. Due to the 

absence of MoS2 exposure data in humans, we used, for comparison, exposure data for 

MWCNTs in a production laboratory, where the airborne concentration of the tubes can be as 

high as 400 μg/m
3
.
335

 Assuming a ventilation rate of 20 L/min in healthy human subjects and a 

particle deposition fraction of 30 %, the estimated exposure (8 h/day, 5 d/week for 16 weeks) of 

an adult could reach 92.16 mg.
336

 Using a human lung alveolar surface area of 102 m
2
, this is 

equivalent to a deposition level of 903.53 μg/m
2 

in the lung.
337

 This equals a dose of 1.81 mg/kg 

in a 25 g mouse with an alveolar epithelial surface area of 0.05 m
2
.
337

 Accordingly, we decided 

on a 2 mg/kg dose for bolus instillation studies in mice.  The positive control included 

oropharyngeal delivery of 5 mg/kg of Min-U-Sil (-quartz), a highly inflammogenic material 

associated with both acute and sub-chronic lung toxicity. Forty hours after oropharyngeal 

aspiration, Min-U-Sil could be seen to induce significant increases in neutrophil counts in the 

bronchoalveolar lavage fluid (BALF), along with mild inflammatory changes in the lung (Figure 

4.8A).  While Agg-MoS2 induced robust neutrophilic exudation into the BALF, Lit- and PF87-

MoS2 did not trigger the same (Figure 4.8B).  Not shown here, the same trends were present for 

induced increases in LIX (LPS-induced CXC chemokine), MCP-1 (monocyte chemoattractant 

protein-1) and IL-6 levels. Histopathological changes in animal lungs confirmed these 
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differential effects (Figure 4.8A), with Agg-MoS2 inducing focal areas of inflammation around 

small airways, while Lit- and PF87-MoS2 had little or no effect. ICP-OES analysis demonstrated 

less variation in the lung content of the various MoS2 materials 40 h after initial aspiration 

(Figure 4.8C).  While slightly less for Lit-MoS2 and PF87-MoS2 than Agg-MoS2, the lung 

content was not statistically significant among the materials and therefore quite different from 

the variation seen in the cellular studies (Figure 4.4). 

 

Figure 4.8: Acute pulmonary effects of Agg-, Lit-, and PF87-MoS2 in mice. Anesthetized 

C57BL/6 mice were exposed to dispersed MoS2 materials, delivered by one-time 

oropharyngeal aspiration of a bolus dose of 2.0 mg/kg. There were 6 animals per group. (A) 

Representative H&E-stained histological images (100 ×) of the lungs of MoS2 treated mice. 

Animals were euthanized after 40 h, and BALF was collected to determine LIX, MCP-1, 

and IL-6 (not shown) levels as well as measuring neutrophil cell counts (B) Quartz (QTZ) 

was used as a positive control, at 5.0 mg/kg. *p < 0.05 compared to control.  

It is helpful for predictive toxicological modeling to be able to reconcile in vitro with in 

vivo dosimetry. We used the lung alveolar epithelium surface area to calculate a surface area 

dose (SAD) in the mouse. An animal exposed to 2 mg/kg MoS2 is equivalent to a SAD of 1 
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mg/m
2
 in a 25 g mouse with an alveolar epithelium surface area of 0.05 m

2
.
337

 Assuming that the 

MoS2 dose is homogeneously distributed in the tissue culture dish and that the thickness of a cell 

layer is ~ 15 μm, the in vitro exposure dose would be ~ 66 μg/mL. Thus, the in vitro dose range 

(6.25 - 50 μg/mL) that we chose is comparable to the dose in the mouse experiment.  

We also determined the sub-chronic effects of MoS2 in the lung, 21 days post-exposure. 

Examination of the BALF showed that neutrophil influx had largely disappeared at this point for 

all of the MoS2 materials, while quartz still resulted in residual inflammation (not shown).     

While Min-U-Sil resulted in increased collagen production at 21 days, as determined by a Sircol 

assay (Figure 4.9B) as well as Masson’s trichrome staining (Figure 4.9A), none of the MoS2 

materials resulted in increased collagen production or interstitial collagen deposition in the lungs 

of exposed animals. Moreover, ICP-OES analysis showed that MoS2 retention in the lung was 

considerably reduced (Figure 4.9C). While there was less retention of PF87-MoS2, the lung 

contents of Agg- and PF87-MoS2 were similar. This suggests that the absent or reduced 

inflammatory effects of the exfoliated materials in the lung have less to do with the total dose 

than the decreased inflammatory potential of Lit- and PF87-MoS2 in the lung.   
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Figure 4.9: Assessment of the possible fibrotic effects of MoS2 materials 21 days after 

oropharyngeal installation. The experiment, described in Figure 4, was repeated with the 

exception that animal sacrifice was performed 21 days after oropharyngeal inspiration of a 

similar particle dose. There were 6 animals in each group. (A) Collagen deposition in the 

lung as determined by Masson’s trichrome staining. Lung tissue was embedded, sectioned, 

stained with the Masson’s trichrome and observed at 100 × magnification.  Blue staining 

represents collagen deposition in the lung. (B) Total collagen content of the lung tissue was 

determined using the Sircol collagen kit (Biocolor Ltd., Carrickfergus, U.K.). *p < 0.05 

compared with control.  (C) ICP-OES analysis of MoS2 retention in the lung, showing 

considerably reduced lung burden. Animals exposed to Quartz (QTZ) served as positive 

control.  

For SWCNT, animal sacrifice was performed 21 days after exposure. Examination of the 

BALF demonstrated non-significant changes in the total and differential counts in animals 

exposed to the SWCNTs preparations. Only quartz resulted in a slightly higher neutrophil count 

after 21 days. Histological examination showed mild pulmonary inflammation in response to 

quartz and to all of the SWCNT types. These morphological changes were accompanied by a 

significant increase in TGF-β1 levels in the BALF for quartz and for all SWCNT types (Figure 

4.10A). However, there were no differences in the extent of pulmonary inflammation or TGF-β1 
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levels between metallic and semiconducting SWCNTs. Similar observations were made when 

measuring PDGF-AA: all the SWCNT types induced an indiscriminate increase in PDGF-AA 

levels in the BALF (Figure 4.10B). Moreover, while all the tubes and quartz induced increased 

collagen deposition in the lung as determined by a Sircol assay, we did not observe a significant 

difference between S- and M-SWCNTs (Figure 4.10C). This was further confirmed by 

visualization of the collagen deposition with Masson’s trichrome staining, which revealed mild 

but equivalent amounts of lung fibrosis for S-SWCNTs compared to M-SWCNTs (Figure 

4.10D). Thus, in spite of the differences in the electron transduction capabilities and the pro-

oxidative effects of these materials in vitro, we did not observe an independent contribution of 

chirality to the pro-fibrogenic potential of SWCNTs in the lung. 
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Figure 4.10: Assessment of the pro-fibrogenic effects of the electronic-sorted SWCNTs in 

mice. Anesthetized C57BL/6 mice were exposed to SWCNTs, delivered by one-time 

oropharyngeal aspiration of a 2.0 mg/kg bolus dose. Animals were euthanized after 21 d, 

and BALF was collected to determine (A) TGF-β1 and (B) PDGF-AA levels. (C) 

Assessment of total collagen content by a Sircol kit (Biocolor Ltd., Carrickfergus, UK). *p 

< 0.05 compared to control. (D) Visualization of collagen deposition in the lung, using 

Masson’s trichrome staining. Collagen deposition is shown as blue staining under 100× 

magnification. Animals exposed to quartz (QTZ, SiO2) served as positive control. 
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Finally, to understand the transport and fate of MoS2 nanomaterials in the environment, 

the effective hydrodynamic diameter was measured across an environmentally relevant pH range 

of 4-10 and an IS range of 0.1-100 mM KCl, respectively. Dynamic light scattering (Brookhaven 

model BI-9000, Holtsville NY) measurements taken at a wavelength of 661 nm and a scattering 

angle of 90° were used to determine the effective hydrodynamic diameter of the MoS2 

suspensions. Changes in the pH had no effect on the stability of the PF87-MoS2 while we saw 

some slight variations in the effective diameter of the Lit-MoS2, especially at low pH. This 

sensitivity to low pH may result in Lit-MoS2 settling down or removed when moving through 

sediment beds. In modulating the ionic strength, we saw that the effective diameter does not 

increase below 10mM KCl. This trend is similar for both forms of 2D MoS2 but we saw a much 

more profound effect with the Lit-MoS2 by almost an order of magnitude. This is most likely due 

to the loss of the electric double layer repulsion. The effective diameter of PF87-MoS2 does not 

increase as profoundly due to the increased stability provided by the pluronic surfactant 

coating—a result also observed with graphene and carbon nanotubes that had been dispersed 

using a Pluronic surfactant. Traditional methods used to synthesize Lit-MoS2 may result in 

increased transport in sediment beds and aquatic systems under environmentally relevant 

conditions (1-10 mM KCl). However, at higher IS (≥31.6 mM KCl), Lit-MoS2 becomes less 

stable and aggregates to sizes greater than 1.5 microns. Under these conditions, Lit-MoS2 will 

likely be removed via straining and as a result of secondary minimum interactions in sediment 

beds and may potentially bio-accumulate in benthic organisms. Conversely, the PF87-MoS2 will 

tend to transport farther in aqueous systems due to its stable characteristics at environmental 

conditions (pH 5-9). However, in packed-bed column experiments, PF-87-MoS2 had a higher 
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affinity to be deposited and attach to quartz surfaces, perhaps owing to the presence of the 

hydrophilic polymer chains. Lit-MoS2 will be more mobile in sediment beds and aquatic systems 

under environmentally relevant conditions, which may lead to increased transport through 

aqueous channels (Figure 4.12).  

 

Figure 4.11: Effective diameter as a function of pH (A,B) and ionic strength (C,D) for 

Pluronic-dispersed MoS2 (A,C) and Lithiated MoS2 (B,D). 
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Figure 4.12: Summary of packed-bed column transport study, wherein it was found that 

Pluronic-dispersed MoS2 has a higher affinity for quartz media. 

4.4 Conclusion 

 In summary, we have contributed to successful studies on the human and environmental 

hazard of MoS2 and SWCNT materials that are of high importance from a regulatory 

perspective. We addressed the lack of risk assessment for nanoscale MoS2 by performing 

comprehensive in vitro and in vivo toxicological analysis for exfoliated vs. aggregated MoS2 

materials. Our results demonstrate that 2D-MoS2, including Lit- and PF87-MoS2, elicit 

significantly reduced pro-inflammatory effects compared to Agg-MoS2 at cellular and lung 

levels. In addition, all MoS2 formulations did not induce sub-chronic effects in the lung. The 

reduced hazard of 2D-MoS2 materials is correlated to improved dispersion and surface coating, 

which play important roles in determining the bioavailability and surface reactivity of the 

exfoliated materials. These data suggest that 2D-MoS2 materials are safer than Agg-MoS2, which 

may promote the safe use of 2D-MoS2 for industrial and biomedical applications. A look at the 
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environmental fate of MoS2 nanomaterials showed that while Pluronic-dispersed MoS2 may be 

environmentally more stable, it has a higher affinity for quartz surfaces and therefore could 

deposit more readily than lithiated MoS2 in aqueous systems. Lithiated MoS2, on the other hand, 

has limited stability in environmentally relevant conditions but a lower affinity for quartz 

surfaces.  

We demonstrate that in spite of increased pro-oxidative effects of metallic versus 

semiconducting SWCNTs under abiotic and cellular conditions, there are no differences in the 

hazard potential of these materials when assessed for their pro-fibrogenic effects in the lung. Our 

data indicate that highly purified, electronic-sorted SWCNTs do not show significant differences 

in their hazard potential in the lung. Currently, there appears to be no necessity to use chirality as 

an independent category for regulatory purposes. These results will also be of significant interest 

to those interested in using sorted SWCNTs and nanoscale MoS2 for commercial purposes. 
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This chapter is based, in part, on the research described in the following publication: 

Mansukhani, N.; Guiney, L.M.; Wei, Z.; Roth, E.W.; Putz, K.; Luijten, E.; Hersam, M.C. 

Optothermally Reversible Carbon Nanotube-DNA Supramolecular Hybrid Hydrogel. In 

preparation.  
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Chapter 5  - Optothermally Reversible Carbon Nanotube-DNA 

Supramolecular Hydrogel 

 

5.1 Introduction 

Hydrogels have attracted wide interest for a variety of mechanical, biomedical, and 

chemical applications.
338–344

 They are typically based on hydrophilic polymers with covalent 

cross-linking forces, and have the ability to swell by absorbing and retaining large amounts of 

water. Supramolecular hydrogels (SMH), on the other hand, consist of a wide range of 

molecules, biomolecules, and functionalized nanoparticles, and are generally cross-linked by 

non-covalent forces such as electrostatic interactions, hydrogen bonding, metal–ligand bonding, 

or host–guest chemistry.
269,285,345–347

 Non-covalent cross-linking forces are relatively weak and 

dynamic, resulting in constructs that are highly adaptable, tunable, and stimuli-responsive. 

Consequently, SMH have received wide attention for applications such as self-healing, sensing, 

and cell encapsulation.
280,281,348–351

  

 Single-walled carbon nanotubes (CNT) are well known for their extraordinary physical, 

optical, and electronic properties.
35,39,125,147

 Among their interesting optical properties are strong 

absorption peaks due to van Hove singularities that shift depending on the chiral vector of the 

CNT. Many CNT, for example, absorb light in the near-infrared (NIR) region, which falls in the 

biological transparency window.
31,352,353

 Since CNT are hydrophobic, functionalization is 

necessary to form pristine dispersions in aqueous solutions. Covalent functionalization of CNT 

results in a disruption of the optical properties, while non-covalent functionalization—using 
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surfactants, synthetic polymers or biomolecules, such as DNA—preserves the molecular 

structure of the CNT and thus the optical properties.
173,354,355

   

There are many documented examples of the use of CNT in hydrogel and SMH 

constructs. CNT have been incorporated in traditional hydrogels, where they readily provide 

mechanical reinforcement and stimuli-responsive properties, most often a mechanical response 

upon exposure to NIR irradiation.
356–360

 At high concentration, CNT form gels without additives 

through van der Waals bonding.
361,362

 Finally, since CNT can complex with a variety of 

macromolecules, they have formed SMH in conjunction with polymers, polyssacharides, DNA, 

and other biomolecules.
363,364

 Yet, although there have been examples of thermal, chemical, and 

optical responsiveness in CNT SMH, a NIR-reversible CNT SMH has not been reported.
365–370

 

Here, we present a novel SMH comprised only of CNT, DNA, and buffer, employing 

DNA base pairing as the cross-linking force. Moreover, we demonstrate the highly tunable 

mechanical properties of this system as a function of the concentration of CNT, and the stability 

of the SMH as a function of the DNA sequence length across a biologically relevant range of pH. 

We posit that the behavior of the gel can be described by molecular dynamics simulations that 

relate cross-linking density to CNT concentration and DNA sequence length. Finally, we 

demonstrate the full thermal and optical reversibility of these hydrogels, using heat or a NIR 

light source to trigger a gel–sol transition. This CNT–DNA SMH has potential in a range of 

applications, such as substrate-responsive materials, sensing, and 3D printing.
355,371,372

 

 

 



133 

 

 

5.2 Experimental Section  

5.2.1 Dispersion of CNT in DNA 

Single-walled CoMoCAT® carbon nanotubes (CNT) enriched in the (6,5) chirality were 

obtained from SouthWest Nano Technologies, Inc.  (Norman, OK) and used in their original 

form (SG65). DNA strands were purchased from Alpha DNA (Montreal, Quebec), and diluted in 

buffer made from 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), potassium 

acetate, and sodium chloride, all purchased from Sigma-Aldrich. Genomic DNA was purchased 

from Thermo Fisher Scientific in the form of UltraPure™ Salmon Sperm DNA. Float-a-Lyzer 

G2 100kDa dialysis tubes were obtained from Spectrum Labs. 

In a 4 dram vial, equal amounts (by weight) of SG(6,5) CNT powder and (AC)12S1 DNA 

were mixed with duplex buffer (30 mM HEPES, 100 mM Potassium Acetate, 1M NaCl, pH 7.5). 

The mixture was ultrasonicated for 1 hour at a power level of 8–10 W while cooled in an ice 

bath. Following ultrasonication, the slurry was centrifuged in 1.5 mL conical Eppendorf tubes to 

remove aggregates, following which the top 80% was carefully removed with a 20-gauge needle. 

The resulting dispersion was then dialyzed for a minimum of 3 days in a 100 kDa membrane 

against duplex buffer, during which the buffer was changed daily.  

Ultrasonication was performed in a Fisher Scientific Model 500 Sonic Dismembrator 

with a 0.125 inch diameter tip, followed by centrifugation in an Eppendorf Model 5424 

Microcentrifuge using a 45º fixed-angle rotor (FA-45-24-11) for 1 hour at 15,000 rpm. Once 

decanted, the resultant dispersion was dialyzed for three days against buffer to remove excess 

DNA.    
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5.2.2 Optical Characterization 

Optical absorbance spectra were used to determine the CNT concentration and quality of 

CNT–DNA dispersions prior to gel synthesis. Spectra were measured in a Cary 5000 UV-Vis-

NIR spectrophotometer with 1cm optical path plastic cuvettes. A representative spectrum is 

shown in Figure 5.1. 

 

Figure 5.1: Representative UV-Vis spectra of CNT before gelation. 

Photoluminescence excitation (PLE) spectra were recorded on a Horiba Fluorolog-3 

spectrofluorometer employing a 450W Xe lamp. The CNT samples were measured with an 

excitation wavelength of 568 nm and emission was measured between 930–1030 nm. For (6,5) 

CNT, the peak emission is generally near 985 nm. To minimize Rayleigh scattering while 

concurrently optimizing signal intensity, a 30-second integration time was used, excitation and 

emission slit widths were set to 10nm, and optical longpass filters of 475 nm and 832 nm were 

used for excitation and emission, respectively.  
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Figure 5.2: A) PLE map of CNT–DNA dispersions, showing predominance of (6,5) chirality 

CNT. B) Representative PLE spectra of a pristine CNT dispersion and a CNT–DNA 

network after the addition of linker DNA. 

 PLE spectra were further used to quantify the formation of CNT–DNA networks under 

dilute conditions. CNT exhibit PLE only when finely dispersed in solution. Hence, upon addition 

of linker DNA and subsequent network formation, PLE was quenched. A representative PLE 

map and spectra before and after network formation are shown in Figure 5.2. To quantify the 

CNT–DNA network formation, we compare the network PLE intensity to the maximum PLE 

intensity measured before the addition of linker DNA.  

5.2.3 NIR-Triggered Release of DNA from CNT 

 This research grew out of a previous project in collaboration with Matthew Duch in 

which CNT were used as DNA delivery vehicles.  

CNT are well-suited for targeted, time-resolved, multi-gene delivery due to a 

combination of unique properties. First, they are biocompatible, as demonstrated in collaboration 

with the Northwestern University Feinberg School of Medicine.
205,373

 Second, they exhibit strong 

interactions with DNA, allowing for delivery of nucleic acids and any molecule that binds to 
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nucleic acids, such as proteins.
173

 Lastly, their optical properties result in strong absorption at 

specific frequencies in the near-infrared (NIR) region, which fall within the optical transparency 

window for biological tissue.  

For this gene therapy construct, SWCNTs will be dispersed in single-stranded DNA (the 

carrier strand) that is hybridized to the strand to be released (the payload strand) on an overhang, 

as shown in Figure 5.3. These SWCNTs will be locally triggered to release the ssDNA or siRNA 

payload via local heating induced by absorption specific frequencies of NIR light that is 

converted to thermal energy. Time-resolved multi-gene therapy can be realized by using a series 

of carbon nanomaterials with distinct functional groups and NIR absorption peaks. In this way, 

the release of the different nucleic acids and/or proteins can be triggered independently via 

resonant absorption of different NIR wavelengths. Furthermore, the optical properties of 

SWCNTs imply that predictable shifts in the NIR absorption spectrum will occur upon release of 

biological molecules and changes in the local environment.
374

 These optical properties will allow 

for NIR imaging before, during, and after gene therapy. Additionally, functionalization with iron 

oxide nanoparticles or gadolinium also presents a new method to manipulate the nanomaterials 

with applied magnetic fields and/or gain higher contrast in magnetic resonance imaging 

(MRI).
375

  Thus, this method has potential to provide an extraordinarily powerful new method for 

spatially and temporally resolved multi-gene therapy and real-time imaging utilizing carbon 

nanomaterials. 
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Figure 5.3: Schematic of the CNT/ssDNA/siRNA complex before and after thermal 

separation induced by NIR excitation. 

For DNA release studies, the same procedure described in Section 6.2.1 was used to 

disperse CNT in carrier DNA, with (AC)12G13 DNA and 0.1M NaCl solution instead of buffer. 

Following dispersion in carrier DNA and dialysis, an excess of payload DNA (C13 free ssDNA 

complexed with fluorophore Texas Red) was added to the solution and allowed to hybridize 

sealed at room temperature for at least 3 days. Trial and error found that a 2:3 ratio of SWCNT: 

payload DNA by mass was sufficient to enable overhang formation. A salt concentration of 0.1M 

NaCl is maintained throughout this mixing process. For a series of 3-6 days, the UV-Vis is 

monitored to observe the shift of the S22 peak from 994 to 996 nm, indicating that hybridization 

has occurred, as shown in Figure 5.5. Once hybridization has occurred, the solution is dialyzed in 

0.1M NaCl using a 100kDa MWCO membrane and stirred continuously for a week to remove 

any excess reagents or unformed products.  
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Figure 5.4: Hybridization process to form double-stranded overhang functionalization. 

ssDNA is used to disperse CNT in solution, followed by a complementary strand added in 

excess that hybridizes to the ssDNA already adsorbed to the surface of the CNT.  
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Figure 5.5: Optical absorption spectra showing the overhang formation. The shift in the 

S22 peak from 994 to 996 nm indicates that the overhang hybridization is complete. 
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The fluorophore is quenched by interacting with the surface of the nanotube. Therefore, 

upon triggered release of the payload strand, the fluorescence of the solution increases 

dramatically. For preliminary payload release studies using heat as the trigger, the final SWCNT 

solutions were taken out of dialysis and sufficiently diluted so as not to saturate the fluorescence 

detector. The sample was placed in an ISS PC1 spectrofluorimeter equipped with a temperature-

controlled sample chamber. The temperature was raised at a rate of approximately 1°C per 

minute. At every 1°C increase in temperature, the fluorescence was measured. As shown in 

Figure 5.6, this process yielded a sharp increase in fluorescence, indicating the successful release 

of the payload DNA strand. The ratio to room temperature fluorescence is plotted to normalize 

the data regardless of their original fluorescence, and hence the concentration of SWCNT in 

solution. The release of the C13 strand is compared to a control sample in which A13 was added in 

its place. Since A13 is not complementary to the carrier strand, it does not hybridize to the surface 

of the CNT and therefore is mostly removed by dialysis. The result shown in Figure 5.6 is further 

evidence that the proposed mechanism of hybridization has occurred.  
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Figure 5.6: Normalized fluorescence increase as a function of temperature. Heat drives the 

melting of the dsDNA overhang region, releasing the payload strand. A non-

complementary payload is compared for control. When the sample is cooled back to room 

temperature, the normalized fluorescence value returns to 50, indicating that some 

rehybridization occurs. 

 Lastly, for preliminary payload release studies using NIR light as the trigger, the final 

CNT solutions were irradiated by the method described in section 6.2.7 with power densities in 

the range of 0.25-1.5 W/cm
2
. It was found that irradiation at 0.75 W/cm

2
 (red) caused a lowering 

of the melting temperature of the dsDNA overhang to 41ºC, while pulsing the laser could drop 

the melting temperature to 31ºC, presumably through the localized heating of the surface of the 

nanotube upon NIR irradiation (Figure 5.7). After the thermally or NIR-induced release of 

payload, the PLE was measured to ensure that CNT did not aggregate and remained well-

dispersed in solution due to the enduring presence of the carrier strand adsorbed to the surface. 
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Figure 5.7: Normalized fluorescence as a function of temperature in the case of thermal 

release (black) and as a function of final measured temperature for NIR-triggered release. 

NIR irradiation was carried out with a constant power of 0.75 W/cm
2
 (red) or pulsed 

(blue). Melting temperatures are taken from the inflexion point, marked by a dashed line.  

 This exploratory project laid significant groundwork for the SMH study. Specifically, we 

realized a better understanding of the prospects of dsDNA hybridization at the CNT surface and 

the possibility of manipulation by NIR irradiation.  

5.2.4 CNT–DNA Gel/Network Synthesis  

For the preparation of SMH, CNT dispersed in (AC)12S1 were mixed with linker DNA in 

a 1:1 concentration ratio. The mixture was slowly heated in a water bath at a rate of 0.5ºC/minute 
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until it reached to 60 ºC, and then allowed to cool slowly to room temperature at an approximate 

rate of 0.25 ºC/minute.  

For dilute network formation, (AC)12S1 dispersions were diluted to 0.2mg/mL with 

buffer. The dilute dispersions were then mixed with linker DNA at a 1:1 concentration ratio. 

After two days, networks formed as depicted in Figure 5.8. In the rightmost cuvette, linker DNA 

was not added, and the CNT–DNA dispersion remained pristine.  

 

Figure 5.8: Photos of CNT–DNA dilute networks compared to a sample which was not 

mixed with linker DNA (rightmost cuvette). 

Van der Waals gels were prepared as follows: CNT were dispersed in (AC)12S1 DNA at a 

concentration of 5mg/mL using the same procedure outlined in Section 6.2.1. Following 

ultrasonication and centrifugation, the dispersion was dialyzed to remove excess DNA and 

allowed to rest at room temperature. After several days, the van der Waals gel formed unaided.  

5.2.5 Rheology 

All rheological measurements in this study were taken using an Anton Paar MCR302 

rheometer with a 50-mm parallel plate and 0.2–0.5 mm gap. The temperature of the sample was 

controlled through Peltier heating systems, namely a flat plate Peltier heating system (P-
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PTD200) and a Peltier hood (H-PTD150). All measurements were taken at 20ºC unless 

otherwise noted. G′ and G′′ measurements were recorded as the plateau of strain sweeps (0.001–

100%, f=10 Hz), generally around γ=1.80%. Reversibility and cycling measurements were taken 

with f=10 Hz and γ=0.05%.  

5.2.6 Cryo-SEM Characterization 

2 µL of SMH was pipetted out onto a 6-mm Au planchette and plunge frozen in liquid 

ethane. The frozen sample was then loaded into a Leica ACE600 cooled down to –125ºC and 

freeze-fractured followed by freeze-etching by raising the temperature from –125ºC to –85ºC at a 

rate of 3ºC/minute and holding for 30 minutes at –85ºC.  Temperature was lowered back to –

125ºC after freeze-etching and the sample was coated with 8 nm of Pt/C. 

The coated sample was finally loaded onto a cryogenic stage cooled down to –125ºC 

inside of a Hitachi S4800-II cold field-emission scanning-electron microscope and imaged at 

2 kV. 

5.2.7 Near Infrared Reversibility 

NIR irradiation was provided by a Frankfurt Laser multimode-cooled high-power laser diode 

(FBLD-980-5.00-HHL) with a center wavelength of 976 nm, maximum output power of 5.0 W 

and built-in thermoelectric cooling system. The laser beam was collimated to 1 cm
2
 and used at a 

power of 1 W/cm
2
 for all studies reported here.  

 SMH samples for NIR studies were synthesized in square plastic cuvettes of 1 cm length, 

and irradiated in their original form. Sample temperature was measured during irradiation with a 

thermocouple inserted into each SMH. Immediately following irradiation, samples were taken 
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for rheological testing at the temperature reached by exposure to NIR, which was generally in the 

range of 37–44 ºC.  

5.3 Molecular Dynamics Simulations 

5.3.1 Modeling Details 

We model the coarse-grained CNT through a rigid, linear collection of 280 beads, each 

with a bead diameter of σ = 1 nm, where σ is the Lennard-Jones (LJ) unit of length. The inter-

bead distance is also 1 nm, so the length of each CNT is 280 nm, which is about 62% of the 

average length of CNT in experiments (~450 nm). The S1 strand and (CG)n strand of linker 

DNA are modeled using the bead–spring polymer model. We assume that the double stranded 

DNA formed after hybridization with CNT is in B-form, with a pitch distance of 0.332 nm per 

base pair. Therefore, with a bead size chosen as 1 nm in simulation, the S1 strand with 12 bases 

is represented by a polymer chain with 4 beads. Similarly, the (CG)n strand of the linker DNA 

with n ranging from 2 to 9 correspond to polymer chains with 1 to 6 beads.  

The DNA beads are bonded via a harmonic bond potential 

𝑈bond = 𝑘(𝑟 − 𝑟0)2, 𝑘 =  200 𝑘B𝑇/𝑛𝑚2 

where r is the center-to-center distance between two beads and r0 = 2
1/6

 nm. We ignore the 

(AC)12 strand of the DNA and assume that the S1 strand is directly bonded to one of the CNT 

beads with the same harmonic bond. An additional harmonic bond-angle potential is applied to 

the DNA beads to represent the intrinsic stiffness  

𝑈angle = 𝑘𝜃(𝜃 − 𝜃0)2, 𝑘𝜃 = 20 𝑘B𝑇 

where θ is the angle between two adjacent bonds and θ0 = 180°.  
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All-atom simulations suggest that there are multiple configurations possible when ssDNA 

interacts with CNT, depending on the CNT chirality, DNA sequence, salt concentration and so 

on.
376

 Within the scope of our focus on the formation of cross-links in the gel system and the 

coarse-grained model employed, we do not seek to present the detailed wrapping configurations 

of DNA and CNT hybrids in this simulation. Instead, we assume that each wrapped DNA on 

CNT is close to B-DNA form, which occupies a total vertical length of 12 nm along the CNT, 

where the (AC)12 strand occupies 8 nm and the S1 strand occupies 4 nm (Figure 5.9). The (AC)12 

strand is ignored in the coarse-grained model and the first bead of the S1 strand is directly 

bonded to one of the CNT beads. Depending on the relative orientation of the neighboring 

wrapped DNA along the CNT, the inter-S1 strand distance can be 9, 12 or 15 nm as shown in 

Figure 5.9. The inter-S1 strand distance is randomly distributed on each CNT in each simulation 

system and each CNT has 23 S1 strands. 

 

Figure 5.9: Schematic illustration of possible inter-S1 strand distance. Each wrapped DNA 

is assumed to occupy a total length of 12 nm along the CNT, where the (AC)12 strand 

occupies 8 nm and the S1 strand occupies 4 nm. The (AC)12 strand is ignored in the 

coarse-grained model and the first bead of the S1 strand is directly bonded to one of the 

CNT beads. Depending on the relative orientation of the neighboring wrapped DNA, the 

inter-S1 strand distance can be 9, 12 or 15 nm. 
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We employ a dynamic bonding function to simulate the hybridization between the linker 

DNA beads and the connection between the terminal S1 strand bead and linker DNA bead 

(Figure 5.10). When separated by a distance equal to or less than 2
1/6

 nm, a harmonic bond is 

formed with r0 = 2
1/6

 nm and k = 597 and 1934 kBT/nm
2
 for linker-linker beads and linker-S1 

strand beads, respectively. Such bonds will break if subsequently the bond length is equal to or 

exceeds 1.4 nm with a critical energy of 46 and 149 kBT, for linker-linker beads and linker-S1 

strand beads, respectively. The former corresponds to the total hybridization enthalpy of the S1 

strand with the complementary linker strand (which is not shown in the model); the latter 

represents the average hybridization enthalpy per bead of the linker (CG)n strand, both calculated 

based on the nearest neighbor method.
377

 The critical energy is defined as bond strength. Each 

linker DNA bead is assigned with a different bead type and each type can only bind with one 

specific linker DNA bead type at any given time to mimic the base-pair-specific DNA 

hybridization. The terminal S1 strand bead can only bind with one specific linker DNA bead type 

to represent the hybridization of linker DNA with the S1 strand.  

 

Figure 5.10: Schematic illustration of the dynamic bonding function used to simulate the 

formation of cross-links in an example system with 3 linker DNA beads. A) System 

components before forming the cross-link. Each bead of different color is assigned with a 
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different bead type. B) Cross-link formation. Each linker DNA bead type can only bind 

with one specific linker DNA bead type at any given time to mimic the DNA hybridization. 

In this case, each cyan bead can only bind with one other purple bead and the formed bond 

(bond type 2) has a strength of 46 kBT. The same binding rule applies for pink-pink 

binding. The terminal S1 strand bead (yellow) can only bind with one specific linker DNA 

bead type (purple) and the formed bond (bond type 1) has a strength of 149 kBT. 

To investigate the effect of CNT concentration on the cross-linking density, we vary the 

number of CNT from 80 to 160 with an interval of 20. The linker length is fixed at 1 bead. To 

study the effect of linker length, we simulate 100 CNT and vary the linker length from 1 to 6 

beads. In each system, we put 20% excess linker DNA compared to the number of S1 strands. 

All components are placed in a periodic cubic box of linear size 380 nm. 

The LAMMPS package is used to perform the MD simulations. The equations of motion 

are integrated using the velocity−Verlet algorithm. A Langevin thermostat is applied with 

temperature 1.0ε/kB and damping time 100τ, where ε and τ are the LJ units of energy and time, 

respectively. The time step is set to 0.01τ. Each simulation first runs for a period of 1𝗑10
5
τ 

without turning on the dynamic bonding function. Then the dynamic bonding function is turned 

on with gradually increasing bond strength. At each bond strength, the simulations run for a 

different amount of time for different annealing rates (Figure 5.11A).  Lastly, the simulations run 

for a period of 8𝗑10
5
τ at the final bond strength (46 and 149 kBT for linker-linker beads and 

linker-S1 strand beads, respectively). For each parameter choice, 8 independent runs are 

performed with different S1 strand distributions. 
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Figure 5.11: The effect of annealing rate on the number of cross-links and gel 

configuration. A) The simulation time (unit: τ) run for each bond strength during the 

annealing process for different annealing rates. B) The number of cross-links as a function 

of annealing rate. C) Representative gel configurations at different annealing rates. 

5.3.2 Determination of Annealing Rate 

The annealing process is achieved by gradually increasing the strength of the dynamically 

formed bonds. At the first stage of equilibrium without turning on the dynamic bonding function, 

the simulation runs for a period of 1𝗑10
5
τ (with a time step of 0.01τ). The bond strength for both 
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linker-linker beads and linker-S1 strand beads is gradually increased from 9 to 20 kBT (at which 

point the formed bond is already non-breakable) at an interval of 1 kBT. At each bond strength, 

the simulation runs for a certain amount of time as shown in Figure 5.11A. We simulate 6 

systems at different annealing rates with a constant 100 CNTs and linker DNA length of 1 bead. 

Rate 6 corresponds to immediate fast cooling to room temperature, which deviates from the 

experimental procedure and acts as a reference here. At the final bond strengths, which are 46 

and 149 kBT for linker-linker beads and linker-S1 strand beads, respectively, the simulation runs 

for a period of 8𝗑10
5
τ.  

Simulation results show that the number of inter-CNT cross-links decreases as the 

annealing rate increases from Rate 1 to Rate 6 (Figure 5.11B). The trend is also demonstrated in 

the gel configurations in Figure 5.11C, wherein slower annealing leads to more alignment and 

bundling of the CNTs, while faster annealing results in a more isotropic CNT distribution. Given 

that the synthesized gel is homogeneous, annealing Rate 1 with strong aggregation formation is 

too slow compared to the experimental annealing rate. Therefore, the appropriate annealing rate 

in simulation is determined to be in between Rate 1 and Rate 6. In the investigation of the impact 

of CNT concentration and linker length on the gel cross-linking density, we simulate the gel 

system with two annealing rates. Slow annealing corresponds to Rate 3 and the fast annealing 

corresponds to Rate 5.  

5.3.3 Hybridization Mismatch in Simulations 

When the linker DNA length is larger than one bead, each linker DNA bead is assigned with a 

different bead type where each type can only bind with one other DNA bead type to mimic the 

DNA hybridization (Figure 5.10). However, such type-specific dynamic bonding functions 
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cannot prevent “hybridization mismatch,” where one linker DNA strand is partially bonded with 

two different linkers simultaneously. We count the number of S1 strands that have mismatched 

linker DNA connected to them. Out of the total 2300 S1 strands in the system with 100 CNTs, 

the number of S1 strands that are connected to mismatched linker DNA is around 20, which is 

negligible. 

5.4 Results and Discussion 

 Looking to the extensive research on DNA-modified gold nanoparticle assembly and 

DNA hydrogels, we construct a novel hydrogel based on CNT and DNA alone.
378–381

 As shown 

in Figure 5.12A and B, CNT are dispersed in aqueous solution by a strand of 12 adenosine-

cytosine (AC) repeats attached to an 18-mer called “S1,” labeled “(AC)12S1.” This sequence was 

chosen for its lack of hairpin formation and for the strong affinity of AC bases to CNT.
376

 The 

dispersion is formed in aqueous buffer consisting of 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), potassium acetate, and sodium chloride at pH 7.5. The 

dispersion is characterized by optical absorbance spectroscopy (Figure 5.1) and then exposed to 

an excess of linker DNA, shown in Figure 5.12A and B. The linker DNA strands are comprised 

of two regions: a region that is complementary to the CNT-adsorbed DNA (sequence S1), and 

another region of (CG) repeats of variable length. Between the two regions is a single adenosine 

(A) base that enhances the flexibility of the linker.
379

 The CG region is self-complementary and 

can form a duplex with other CNT-bound linker DNA strands, thereby providing the basis for a 

DNA-cross-linked network of CNT.  
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Figure 5.12: Schematic and physical characterization of CNT–DNA gel structure. A) DNA 

sequence used to disperse CNT, shown in black; Linker DNA shown in green with two 

regions: one complementary to S1 to form a connection with CNT and one self-

complementary (CG) repeat of variable length, separated by a single adenosine base. B) 

The proposed structure of gel formation, wherein (AC)12S1 helically wraps around the 

CNT and linker DNA forms duplexes with both S1 and other linker strands, thereby 

providing the cross-linking mechanism. C) Photos of the inverted vial test to demonstrate 

the sol-gel transition (solution on left and gel on right). D) Cryo-SEM of a CNT–DNA gel, 

showing a network of CNT amid frozen buffer salts, DNA, and agglomerated CNT.  

Upon the addition of excess linker DNA and a slow annealing step, the CNT–DNA SMH 

is formed. Figure 5.12C demonstrates the sol-gel transition. This transition is fully reversible by 

both thermal and optical stimuli. The CNT–DNA SMH are also imaged under cryo-SEM (Figure 

5.12D) with slow freeze-etching of a lyophilized SMH to visualize the CNT network. 

 To verify the proposed gelation mechanism, we examine the rheology of the CNT–DNA 

SMH in both the presence and absence of linker DNA (Figure 5.13). These experiments 



152 

 

 

determine the necessity of the linker in addition to the base-pair specificity of linker cross-

linking.  In all rheological studies, strain sweeps are used to determine the storage (G′) and loss 

(G′′) moduli (Figure 5.14). A representative shear stress sweep shows the viscosity of a typical 

1.8 mg/mL CNT SMH at 900 Pa-s (Figure 5.14). SMH synthesis with a non-complementary 

linker or a lack of linker does not result in gel formation, supporting our hypothesis that the 

duplex linker is formed (Figure 5.13). Furthermore, we compare our CNT–DNA SMH to CNT–

DNA gels that are known to form through van der Waals interactions at high concentrations. 

Without linker present, our CNT–DNA dispersions form a van der Waals gel at CNT 

concentrations above 5 mg/mL. However, in the presence of the linker, gelation occurs at a CNT 

concentration as low as 1.25 mg/mL. We find that a DNA cross-linked CNT gel at 1.8 mg/mL 

CNT has a G′ of 46 Pa, whereas the 5mg/mL van der Waals gel has a G′ of 15 Pa, indicating that 

DNA base-pairing contributes to the mechanical strength of our SMH.  
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Figure 5.13: Control experiments to support the proposed structure of the gel. In the 

leftmost column, G′ and G′′ values of a typical SMH with CNT and linker DNA 

concentration of 1.8mg/mL. The next column is the result of adding buffer instead of linker 

DNA before the annealing step, which does not result in gel formation. The third column 

shows a CNT–DNA SMH in which genomic DNA was added instead of linker DNA, to 

demonstrate that a complementary linker DNA sequence is needed to form a stronger 

SMH. Finally, the rightmost column depicts the G′ and G′′ of a 5mg/mL CNT van der 

Waals gel, which is considerably weaker than the 1.8mg/mL SMH.  

 Next we demonstrate tunability of the SMH mechanical properties based on CNT 

concentration. At concentrations lower than that of the van der Waals gel, the storage modulus of 

the gels strongly depend on the CNT concentration, with a measured value as large as 200 Pa at 

3.2 mg/mL CNT (Figure 5.14C).  
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Figure 5.14: Tunable mechanical properties based on the concentration of CNT. A) Strain 

sweeps of several representative samples. Squares represent G′; triangles represent G′′. 

Purple, green, blue, and black spectra represent gels with CNT concentration of 0.72, 1.25, 

1.44, and 1.8 mg/mL, respectively. B) Viscosity vs. Shear stress for a typical gel, compared 

to an ungelled sample. C) Storage (G′) and loss (G′′) moduli as a function of CNT 

concentration. Dashed black and red lines indicate moduli for a 5mg/mL van der Waals 

gel. D) Number of inter- and intra-CNT cross-links as a function of the number of CNT for 
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gel systems formed at slow and fast annealing rates. E) and F) Representative simulation 

configuration of gel formed by 100 CNTs at the slow and fast annealing rates. CNTs are 

shown in pink. S1 strand and linker DNA are both shown in cyan. 

As demonstrated previously, cross-linking by DNA base-pairing contributes to the 

mechanical strength of the gel. To facilitate a deeper understanding of the gel structures realized 

by the CNT and DNA system and to characterize the dependence of cross-linking density on 

CNT concentration, molecular dynamics (MD) simulations are carried out using a coarse-grained 

model. CNT are represented by a rigid linear array of beads, as detailed in Section 6.3. The S1 

strand and the (CG)n strand of linker DNA are modeled using a bead–spring polymer model. For 

simplicity, this model assumes that the (AC)12 strand of the DNA that is wrapped around a CNT 

has a negligible contribution to the cross-linking and therefore can be represented by a direct 

bond of the S1 strand to one of the CNT beads (Figure 5.10). Given the small Debye length 

(~0.304 nm) at the experimental salt concentration, we ignore the electrostatic interactions in the 

simulations. All components interact with each other through excluded-volume interactions, 

which are modeled via shifted-truncated Lennard-Jones (LJ) potentials. A dynamic bonding 

function is employed to simulate the formation of cross-links. Modeling details are described in 

the Section 6.3. 

In the simulations, we emulate the heating and subsequent cooling of the mixture of 

DNA-dispersed CNT and linker DNA that is applied during gel synthesis (see Section 6.3). Since 

the simulation employs coarse-grained building blocks, we must determine the appropriate 

annealing rate in simulation. To this end, we first simulate six systems with different annealing 

rates and compare the configurations and the number of cross-links in the formed gel. Simulation 

results (Figure 5.11) show that the number of cross-links increases as the annealing rate 
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decreases, and that the slowest annealing rate (Rate 1) results in strong aggregation of CNT with 

a large number of inter-CNT cross-links. Given that the synthesized gel is homogeneous, the 

appropriate annealing rate in simulation thus must be faster than Rate 1. On the other hand, Rate 

6 corresponds to immediate fast cooling to room temperature, in contrast with the experimental 

procedure. Although the reduced units employed in the coarse-grained simulations prevent direct 

conversion of the experimental annealing rate, we conclude that the appropriate annealing rate 

must be between Rates 1 and 6. To investigate the impact of CNT concentration on the gel cross-

linking density, we simulate the gel system with two representative annealing rates: the slow and 

fast rates correspond to Rates 3 and 5 shown in Figure 5.11, respectively. Figure 5.14E and F are 

the representative configurations of the gel formed by 100 CNTs at the slow and fast annealing 

rates, respectively, where CNT are shown in pink and the DNA strands (S1 and linker) are 

shown in cyan. Figure 5.14D shows the total number of cross-links as a function of the number 

of CNT. For both annealing rates, the number of inter-CNT cross-links increases linearly with 

CNT concentration. Since the inter-CNT cross-links contribute to the mechanical strength of the 

gel, the modulus of the gel increases (Figure 5.14C). The CNT with the slow annealing rate tend 

to be more aligned with each other (Figure 5.14E), leading to a larger number of inter-CNT 

cross-links. Besides the inter-CNT cross-links, the nearby S1 strands can form intra-CNT cross-

links in the presence of linker DNA. The number of intra-CNT cross-links also increases linearly 

with increasing CNT concentration. However, the gel formed at a slower annealing rate has a 

slightly smaller number of intra-CNT cross-links.  



157 

 

 

Next, we varied the length of the linker DNA and the pH of the buffer to determine their 

effect on the mechanical and melting properties of the gel. Specifically, we varied pH from 6 to 

10, and the number of repeat units of the (CG)n region of the linker DNA from n = 2 to 9, or 4 to 

18 bases. As n increases, the moduli G′ and G′′ decrease slowly, indicating a weakening but 

enduring gel structure (Figure 5.15A). Since the inter-CNT cross-linking density is closely 

related to mechanical strength, we use MD simulations to explore the effect of linker length on 

cross-linking density. In simulations, the linker length is varied from 1 to 6 beads (with a bead 

diameter of 1 nm), corresponding to the linker (CG)n region length changing from 4 to 18 bases 

in the experimental setup. Figure 5.15B and C show the number of inter- and intra-CNT cross-

links as well as free S1 strands (including those that may connect to linker DNA but do not form 

cross-links otherwise) as a function of linker length for different annealing rates. As linker length 

increases, the probability of nearby S1 strands forming an intra-CNT cross-link is enhanced. The 

competing formation of intra-CNT cross-links reduces the overall number of inter-CNT cross-

links and free S1 strands, as demonstrated in Figure 5.15B and C for gel systems formed at fast 

and slow annealing rates. The reduced number of inter-CNT cross-links contributes to the 

decrease of G′ at longer linker length (Figure 5.15A).   
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Figure 5.15: Mechanical properties and melting temperature as a function of linker length 

and pH, explained by MD simulations. A) G′ and G′′ as a function of linker length, showing 

a gradual weakening of the mechanical properties. The number of inter- and intra-CNT 

cross-links as well as the number of free S1 strands as a function of linker length for gel 

systems formed at fast (B) and slow (C) annealing rates. D) SMH melting temperatures 

increase with DNA linker length due to enhanced cross-linking stability. SMH melting 

temperatures are lower than free duplexes in solution due to confinement effects. SMH 

mechanical properties (E) and melting temperature (F) remain stable in the range of pH 6-

10. 

In the rheological measurements, the melting temperature in this system, or the gel–sol 

transition point, is defined as the temperature at which G′ drops below G′′, thereby no longer 

meeting the rheological standard for a solid material. Keeping S1 constant, we expect some 

increase in the melting temperature of the gel as n is increased from from 4 to 9, and indeed 

observe a rise in the melting temperature from 42ºC to 52ºC (Figure 5.15D). DNA duplex 
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stability can be predicted from the base sequence.
377,382

 The temperature at which 

complementary strands dissociate increases with the increase of n in the 5’-(CG)n-3’ duplex, 

consistent with the experimental observation that the gel melting temperature increases with 

increasing linker length. However, the measured gel melting temperature is well below the 

dissociation temperatures of free 5’-(CG)n-3’ and free S1 duplex in solution, which are above 

86ºC. Previous research on DNA-coated colloids suggests that confinement effects may 

contribute to the lowering of the gel melting temperature.
383

 While the free hybridized DNA in 

solution can explore the same space as single strands, the freedom of motion of hybridized cross-

linking DNA that connects the CNT is strongly restricted. This restriction gives rise to an 

additional configurational entropy penalty upon hybridization, therefore lowering the 

dissociation temperature of cross-linking DNA. Lastly, since pH is an important factor in 

applications of hydrogels, we examine its effect on the SMH and find that the mechanical 

properties and melting temperature of the gel are unaffected in the range of pH 6–10 (Figure 

5.15E and F). Below pH 6, the CNT–DNA dispersions are destabilized, most likely due to the 

disruption of CNT–DNA interaction at low pH. Above pH 10, gels do not form, which it can be 

assumed is due to the disruption of the DNA-base pairing at high pH.  

Finally, we demonstrate the optothermal reversibility of this SMH by rheological means. 

In measuring the crossover point of G′ and G′′, we effectively record repeated gel–sol and sol–

gel transitions. Thermoreversibility was demonstrated by cycling the ambient and plate 

temperature in the rheometer between 20 and 60ºC. The gel readily cycles between a sol and gel 

state dependent on the temperature (Figure 5.16A). Moreover, (6,5) CNT readily absorb NIR 

light and heat locally upon exposure, thereby providing another means of sol–gel triggering. In 
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Figure 5.16B, SMH are irradiated with 976 nm light, during which time the crossover between 

G′ and G′′ is observed after 20 minutes. After 20 minutes of irradiation, the NIR light source is 

turned off, and the SMH recover to their original rheological state after 60 minutes. This process 

is fully reversible, and the SMH do not suffer significant damage or alteration after three cycles 

of NIR sol–gel reversibility (Figure 5.16C). This process is also reproduced in dilute networks of 

CNT–DNA that do not gel (Figure 5.8). In dilute networks of CNT–DNA, NIR reversibility was 

demonstrated using PLE. Once CNT–DNA networks form, PLE intensity is quenched, but can 

be reversibly restored by irradiation with NIR light (976nm, 1W/cm
2
) for 20 minutes (Figure 

5.17). 
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Figure 5.16: Optothermal reversibility of CNT–DNA SMH. A) Temperature is cycled 

between 20ºC and 60ºC while the SMH is constantly measured. The crossover between G′ 

and G′′ marks the reversible sol-gel transition. B) NIR light drives the gel-sol transition 

after 20 minutes of irradiation. 60 minutes after irradiation, the SMH has recovered to its 

original rheological state. C) NIR reversibility shown by three cycles of irradiation and 

recovery of the SMH. 
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Figure 5.17: CNT–DNA dilute networks NIR reversibility. NIR reversibility measured by 

PLE quenching and restoration.  

5.5 Conclusion 

In summary, we have successfully prepared multi-responsive and multi-functional SMH 

by employing the interactions of CNT, DNA and DNA base pairing. Due to the customizable 

properties of synthetic DNA, this SMH is highly tailorable to many applications. The SMH is 

also tailorable on the basis of CNT concentration, allowing for enhancement of the mechanical 

properties. The CNT–DNA SMH are responsive to heat, NIR irradiation, and pH, and are fully 

thermo- and NIR-reversible. Therefore, these SMH have great potential in applications such as 

responsive substrate materials, sensing, and 3D printing.
355,371,372,384
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Summary and Future Opportunities 
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Chapter 6 - Summary and Future Opportunities 

 

6.1 Summary  

This thesis explores the functionalization, hazard assessment, and potential applications 

of 1D and 2D semiconducting nanoelectronic materials. Direct band gap materials were chosen 

for their efficiency of light absorption and luminescence properties. A variety of materials that 

span the range of infrared, visible and ultraviolet absorption were considered, namely single-

walled carbon nanotubes (SWCNT), transition metal dichalcogenides (TMDs) and hexagonal 

boron nitride (hBN). Visible and infrared absorption and emission are of biological relevance 

due to the biological transparency window in the infrared region and imaging potential in the 

visible region.  

In Chapter 3, high-concentration MoS2 dispersions were formed by the adsorption of 

stabilizing, biocompatible, nonionic block copolymers. A survey of 19 such poloxamers revealed 

that MoS2 concentration is highest using Pluronic F87, which has an intermediate PEO molecular 

weight and a large PPO molecular weight. The improved exfoliation and dispersion efficiency 

with increasing PPO molecular weight can likely be attributed to the hydrophobicity of MoS2. 

These results further the understanding of nanomaterial surface-polymer interaction for aqueous 

liquid-based exfoliation purposes. Pluronic F87 was also shown to be an effective dispersant for 

a host of emerging 2D materials, namely molybdenum diselenide (MoSe2), tungsten diselenide 

(WSe2), tungsten disulfide (WS2), tin selenide (SnSe), and hexagonal boron nitride (hBN), thus 

providing a diverse collection of aqueous 2D nanomaterial dispersions for further studies. 
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Next, we assessed the hazard potential of nanoscale MoS2 and SWCNT in terms of 

human toxicity and environmental fate and transport. In Chapter 4, we elucidated relationships 

between the physicochemical properties of these nanomaterials and their hazard potential by 

providing a library of nanoscale dispersions with highly refined properties. Using density 

gradient ultracentrifugation, SWCNT were sorted into metallic (M-SWCNT) and 

semiconducting (S-SWCNT) populations with greater than 98% purity. Three aqueous forms of 

nanoscale MoS2 were studied: chemically exfoliated MoS2 by lithium ion intercalation (Lit-

MoS2), ultrasonication-assisted exfoliated MoS2 in the presence of a biocompatible block 

copolymer, Pluronic F87 (PF87-MoS2), and aggregated MoS2 (Agg-MoS2). The results of in 

vitro and in vivo studies simulating inhalation exposure show little difference between M-

SWCNT and S-SWCNT and suggest that Agg-MoS2 alone among the MoS2 dispersions may 

elicit pro-inflammatory effects after acute exposure. However, no MoS2 materials induced 

inflammation in the lung after sub-chronic exposure. Regarding their environmental transport 

and fate, PF87-MoS2 may be more stable in the natural aquatic environment, but has a higher 

affinity for quartz surfaces than Lit-MoS2. Thus, PF87-MoS2 could more readily deposit in 

aqueous systems than Lit-MoS2. These studies prompt future examination of the safe handling of 

emerging nanomaterials and are of high importance from a regulatory perspective. 

Finally, in Chapter 5, one possible application of semiconducting nanoelectronic 

materials was explored. A novel supramolecular hybrid hydrogel was constructed out of DNA-

dispersed SWCNT and duplex DNA linker strands. The formation of the CNT–DNA network 

was dependent on DNA base pairing, which made for a highly tailorable and stimuli-responsive 

system. The mechanical properties of the supramolecular hydrogel were tunable with respect to 
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CNT concentration, but remained stable across a neutral range of pH. The CNT–DNA hydrogels 

were responsive to heat and NIR irradiation; full thermo- and NIR-reversibility was 

demonstrated. Thus, these supramolecular hydrogels can be used in a variety of applications. 

6.2 Future Opportunities 

 The work completed in this thesis presents a number of future research opportunities, 

including direct continuations of the studies done here and opportunities to extend this work to 

novel material systems and applications.  For example, following from Chapter 3, Pluronics and 

Tetronics may provide aqueous solubility to a number of emerging hydrophobic 2D materials, 

such as other semiconducting metal chalcogenides and new analogues of graphene including 

boron carbon nitrides (BCN).
385,386

 It was recently demonstrated that black phosphorus (BP) is 

stable in aqueous sparged water in the presence of surfactants such as sodium cholate and 

Pluronic F68.
194

 However, the surface chemistry of BP is different than graphene, TMDs, and 

hBN, and thus Pluronic F68 may not yield the highest efficiency dispersion of all the 

Pluronics/Tetronics. The dispersion efficiency and scalability of Pluronic/Tetronic dispersions 

may be further augmented by exploring the addition of a ball-milling step to pre-exfoliate 

material before ultrasonication.
177

 Furthermore, the dispersions created in Chapter 3 may be of 

use in 3D printing, tissue engineering, and imaging applications, among others. It was recently 

shown that graphene materials incorporated into 3D printed structures comprised of 

biocompatible polymer polylactide-co-glycolide (PLGA) supported human mesenchymal stem 

cell growth, proliferation, and neurogenic differentiation.
387

 Replacing graphene with TMDs in 

this formulation could provide additional functionality, such as NIR and visible light absorption 
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for photothermal therapy and imaging purposes.
305

 Additionally, boron nitride nanomaterials 

have shown cytocompatibility and osteogenic potential in  osteoblasts and macrophages in vitro, 

and thus may present an opportunity as an additive in 3D printed scaffolds for bone tissue 

engineering.
234,235,388,389

 Outside of 3D printed structures for biomedical applications, 

incorporation of TMDs and hBN into ink formulations may prove useful as thermal management 

materials.
109

 Finally, besides extending Pluronics and Tetronics to other materials and 

applications, fundamental studies of their interaction with the surface of 2D materials would be 

useful in designing polymers with even greater dispersion efficiency. For example, density 

gradient centrifugation studies could provide a measurement of the buoyant density of dispersed 

nanoflakes which could help determine the conformation of the polymer on the surface. In all 

likelihood, the polymers have many different possible conformations on the surface, including 

folded and non-linear shapes that may inform the resulting dispersions in terms of both 

concentration and overall yield. 

  Continuation of the research presented in Chapter 4 is essential for the safe handling of 

emerging nanomaterials. More studies are necessary to determine the structure-property 

relationships of nanomaterials as they relate to toxicity and environmental fate. Such studies may 

also prove useful for applications like antibacterial resistance. For example, it was recently found 

that increased presence of carbon radicals on the surface of GO led to stronger antibacterial 

activity.
390

 Furthermore, researchers continue to isolate many new types of ultrathin 2D crystals, 

such as metal organic frameworks (MOFs), covalent organic frameworks (COFs), ultra-thin 

metals, and so on.
391–400

 New classes of nanomaterials and new polytypes within existing classes 

are reported every year, greatly enriching the nanomaterials landscape. It is important that 
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collaborations between materials scientists, toxicologists, and environmental scientists continue 

to assess the hazard potential of these novel materials. 

 Furthermore, structure-property relationships of nanomaterials in the toxicity and 

environmental space are useful for forming predictive paradigms to ease such investigations in 

the future. Such frameworks could be constructed using studies like those done here as well as 

high-throughput screening studies. Such toxicological predictive paradigms could both serve as a 

hazard assessment tool and reduce the need for rigorous animal testing of emerging 

nanomaterials.  

Finally, the supramolecular hydrogel presented in this thesis holds potential for several 

applications. First, it meets the rheological criteria for 3D printable materials, the realization of 

which could lead to NIR-reversible 3D printed structures for tissue engineering, actuators, and 

more.
372

 This supramolecular hydrogel is well-suited to sensing applications involving 

biomolecules, especially DNA.
355

 It could also be used as an optothermally responsive substrate 

with the potential to provide accurately defined forces.
371

 Lastly, this supramolecular hydrogel 

may present an opportunity to probe the lower limit of the efficiency of hydrogen bonding. 

Previous work has demonstrated that the mechanical properties of hydrogels can be 

approximated using the theories of rubber elasticity and viscoelasticity. These approximations 

derive relationships between the network characteristics and mechanical behavior.
401

 Since the 

hydrogel presented here is comprised only of carbon nanotubes and DNA and is relatively dilute 

compared to most polymer systems, it showcases the efficiency of DNA base pairing through 

hydrogen bonding. A theoretical or experimental network elasticity study could determine the 
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number of network-forming units per unit volume, which could lead to details on the kinetics and 

strength of hydrogen bonding in CNT–DNA systems and beyond.
401
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