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ABSTRACT 

Biological and Environmental Implications and Applications of Two-Dimensional Layered 

Nanomaterials 

Linda M. Guiney 

To accelerate the implementation of technologies enabled by two-dimensional (2D) 

nanomaterials, the human health and environmental implications of these materials need to be 

addressed. Fundamental studies which elucidate the mechanisms of toxicity and environmental 

fate will allow for the safer design of these materials and promote their widespread use. This thesis 

presents a multidisciplinary approach to assess the potential hazards of 2D nanomaterials by 

establishing structure-activity relationships between the properties of the 2D nanomaterials to 

biological outcomes. In particular, interactions with the cell or bacterial membrane, cellular uptake, 

and intracellular localization and processing are investigated using a library of graphene oxide 

(GO) nanomaterials. By systematically varying GO surface oxidation and lateral size, we 

successfully deduce the toxicological mechanisms in mammalian and bacterial systems. 

Next, the environmental fate of GO nanomaterials is studied by measuring the influence of pH, 

ionic strength, ion valence, and presence of natural organic matter (NOM) on the aggregation and 

stability of GO nanomaterials in aquatic environments. A similar library of GO nanomaterials is 

used to determine the influence of surface oxidation on both the aggregation as well as the chemical 

degradation under direct sunlight. Based on the observed interactions of GO with NOM, the 

antifouling properties of GO are investigated by observing the deposition kinetics of bacteria and 

NOM. Based on our findings with GO, we further expand our studies to other 2D materials, such 



 4 

as molybdenum disulfide (MoS2). The attachment efficiency of foulants on both 2D nanomaterial 

functionalized surfaces is significantly lower than that of a control polymer surface, encouraging 

the potential use of GO and MoS2 for antifouling water filtration membrane technologies. 

The environmental instability of black phosphorus (BP), a 2D layered nanomaterial which 

decomposes in the presence of oxygen and water, is studied in detail to encourage the development 

biodegradable constructs for a wide range of biomedical applications. Aqueous dispersions of few-

layer BP nanosheets are prepared and the chemical and dispersion stability are studied by 

controlling the type of surfactants and overall flake size and thickness. Furthermore, the stability 

of the BP dispersions is investigated in biologically relevant media; environmental factors such as 

dissolved oxygen, temperature, and ionic strength are considered for their role in the stability of 

the BP nanosheets. These results will enable improved efficacy and lifetime of potential BP 

constructs for biomedical applications, as well as provide a foundation for investigating the 

biological impact of these nanomaterials.  

Finally, we demonstrate the incorporation of a 2D layered material into a biocompatible 

polymer composite for potential applications in bioelectronics. Hexagonal boron nitride (hBN)—

a thermally conductive yet electrically insulting two-dimensional layered material—is dispersed 

at high concentrations in the presence of a biocompatible polymer, which can be 3D printed at 

room temperature through an extrusion process to form complex architectures with features as 

small as 100 μm. These robust, free-standing constructs can have high solids content while 

maintaining their mechanical intergrity when flexed and stretched. Furthermore, the presence of 

hBN within the matrix results in enhanced thermal conductivity. The high cytocompatibility of 

these constructs makes them potentially suitable for use in the field of printed bioelectronics. 
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Overall this work contibutes to a better understanding of the behavior and interactions of 2D 

nanomaterials at the nano-bio interface, allowing for the safe design and implementation of these 

materials into a wide range of biomedical applications.  
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1.1 Two-dimensional materials 

Two-dimensional (2D) materials have gained widespread interest in the research community 

due to interesting physicochemical properties that emerge as the materials approach single-atom 

thicknesses, an interest first sparked by the isolation of graphene in 2004.1–3 The 2D materials 

which have been explored since encompass a broad range of mechanical, electrical, and optical 

properties. In order to realize and commercialize 2D nanomaterial-enabled technologies, the 

biological and environmental hazards of the materials need to be well-established. Specifically, 

2D nanomaterials present new compositions, chemistries, and physicochemical properties to 

consider in their toxicological profile.  

1.1.1 Graphene-family nanomaterials 

Graphene is increasingly being used for a broad range of applications in electronics, energy, 

sensors, and catalysis due to its high electronic and thermal conductivity, high surface area, and 

extraordinary mechanical properties.4,5 However, graphene suffers from poor aqueous 

dispersibility due to its hydrophobic nature and requires the use of surfactants to stably disperse 

the nanosheets in water.6,7 In contrast, the graphene derivative graphene oxide (GO) exhibits 

excellent dispersibility, colloidal properties and the potential to use surface functionalization to 

render the material attractive for use in biomedicine, including tissue engineering,8 antimicrobial 

agents,9 bioimaging,10 and drug delivery.11 This disruption in the sp2 network leads to a loss in 

electrical conductivity.4,12 Using chemical or thermal reduction processes, the graphene lattice can 

be restored, but many structural defects will still be present in the basal plane of this reduced 

graphene oxide (rGO). However, this process still represents a scalable and low-cost method for 

production of graphene-like nanosheets.13 As GO and rGO represent the most likely forms of the 
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material to be used on an industrial scale, the successful translation of these materials to 

commercialized products will rely on a complete understanding of their safety and environmental 

impact.14,15  

1.1.2 Transition metal dichalcogenides 

TMDCs are a class of layered materials that gained a lot of interest after graphene because of 

the wide range of band structures available, which provide more opportunities for the use of 2D 

nanomaterials in electronic applications.16–18 Similar to graphene, these materials in the 2D form 

exhibit interesting properties different from those of the bulk material.16,17,19–21 TMDCs are layered 

materials with a stoichiometry of MX2, where M represents a group IV, V or VI transition metal 

and X represents a chalcogen such as sulfur, selenium or tellurium (Figure 1.1).17 The intralayer 

bonding is covalent while the layers are held together by van der Waals forces. This weak 

interlayer bonding allows for easy exfoliation of the bulk material into few-layer or monolayer 

form.22 Thus far, the most widely studied of the TMDCs is molybdenum disulfide (MoS2). MoS2 

undergoes a transition from an indirect band gap in the bulk to a direct band gap in the monolayer 

form that gives rise to unique optical properties such as photoluminescence.23–26 The 

semiconducting nature of MoS2 allows for potential use in field-effect transistors and other similar 

devices, while the optical properties make it useful for optoelectronic as well as biomedical 

applications. Although MoS2 in the monolayer form is a direct gap semiconductor, other TMDCs 

exhibit a wide range of electronic properties including metallic (e.g., NdS2), semimetallic (e.g., 

WTe2) and insulating (e.g., Bi2Te3).
17  
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Figure 1.1:  (A) Schematic structure of a TMDC where M represents a transition metal atom 

and X represents a chalcogen atom. Figure adapted from reference27. (B) Schematics of different 

structural polytypes of TMDCs. Figure adapted from reference17. 

 

The high surface area and greater chemical reactivity of  TMDCs compared to graphene has 

enabled the development of a wide range of biomedical applications, such as the functionalization 

and use of these 2D materials as drug delivery carriers.28,29 This high surface to volume ratio also 

makes TMDCs highly sensitive to adsorbed molecules, enabling their use for biosensors.30–36 The 

intrinsic photoluminescence of some TMDCs allows for their use as imaging agents. 37–40 Novel 

photothermal therapies can also make use of the optical properties of TMDCs, such as the 

absorption of light in the near infrared range as well as the high photothermal conversion efficiency 

of a wide range of TMDCs including MoS2, titanium disulfide (TiS2), tin sulfide (SnS), rhenium 

disulfide (ReS2), and molybdenum diselenide (MoSe2).
41–50 
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1.1.3 Hexagonal boron nitride 

Hexagonal boron nitride (hBN) is a layered material similar to graphene, in that the boron and 

nitrogen atoms are arranged in a hexagonal sp2 bonded 2D lattice, resulting in a material that is 

highly chemically stable. In contrast to graphene, hBN has a band gap of approximately 6 eV, 

making it an insulating material.51–53 As an insulator, hBN can also be used as a component of 

electronic systems for thermal management54–56 or as a dielectric material.53,57,58 In particular, hBN 

has lower cytotoxicity in comparison to its carbon analogue.59–62 This observed increased 

biocompatibility in vitro has resulted in a surge of studies on potential biomedical applications of 

this material, including drug delivery, fluorescent labeling in cells, and tissue engineering.63–69  

1.1.4 Black phosphorus 

Finally, elemental 2D nanomaterials comprised of atoms of a single element are also gaining 

popularity in the field of materials science. Unlike graphene, these 2D nanomaterials generally 

need to be synthesized using highly controlled bottom-up approaches because they do not occur 

naturally in their bulk form.70 Black phosphorus (BP) is one exception, in that the bulk form of the 

material can be synthesized from other naturally occurring allotropes of phosphorus.71 As a result, 

BP, a semiconducting, anisotropic material with a layer-dependent band structure, has been 

extensively studied in the last few years for its use in electronics, optoelectronics, and most 

recently biomedical applications.72–79 However, BP demonstrates environmental instability under 

ambient conditions, chemically degrading in the presence of oxygen and water.80–85 While this 

degradation is considered a challenge in the application of BP for electronics and optoelectronics, 

the same chemical degradation presents opportunities to create a biodegradable 2D nanomaterial 
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construct. As a result, research on the use of BP for biological imaging, sensing and therapeutics 

has accelerated significantly in the last two years.86–95  

1.2 Synthesis of 2D materials 

A variety of preparation methods exist for monolayer or few-layer 2D nanomaterials, which 

can generally be separated into either bottom-up or top-down approaches. Bottom-up approaches 

involve the use of precursors to grow the 2D nanomaterial. For example, chemical vapor 

deposition (CVD) of MoS2 requires solid precursors of molybdenum, usually in the form of 

molybdenum oxide (MoO3), and sulfur to be vaporized by heating and subsequently deposited 

onto a substrate to form mostly monolayer MoS2.
96–98 Solution-phase synthesis methods such as 

hydrothermal synthesis99 or combining precursors such as molybdic acid and thiourea at high 

temperature and pressure100 can be used to prepare some TMDCs, such as MoS2. These solution-

based methods produce highly polydisperse samples, both in lateral dimensions of the flakes as 

well as in number of layers. 

Top-down approaches involve the isolation of 2D materials from bulk layered crystals. The 

most well-known of these approaches is micromechanical cleavage, more commonly referred to 

as the Scotch tape method.1,26,27,101 However, due to the low yield of micromechanical cleavage, 

significant research effort has been devoted to liquid phase exfoliation methods because they are 

more scalable and enable easier post-processing in manufacturing settings (Figure 1.2).102–105 

Liquid phase exfoliation methods often use small ionic species, such as lithium, to intercalated 

between the layers in the bulk material, ultimately facilitating exfoliation.25,106,107 In particular, the 

addition of water reacts with intercalated lithium ions, liberating hydrogen gas that weakens the 

interlayer van der Waals forces, resulting in exfoliation into 2D sheets. For the case of MoS2, while 
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this process produces monolayer sheets in solution with high yield, the aggressive chemical 

conditions drive MoS2 to undergo a phase transformation from trigonal prismatic (2H-MoS2) to 

octahedral (1T-MoS2) (Figure 1.1). Since 1T-MoS2 is a metastable metallic material, it can be 

partially converted back to 2H-MoS2 through thermal annealing or laser-assisted phase 

reversion,19,25,108 although the final structure and properties differ from pristine exfoliated 2H-

MoS2. 

Another top-down liquid phase method that has been studied extensively utilizes 

ultrasonication or shear mixing to exfoliate 2D materials.7,104,109–115 To achieve optimal exfoliation 

yields, the liquid needs to contain a surface energy that is well-matched to the targeted 2D material 

or additional additives, such as surfactants or stabilizing polymers, need to be added to the solution. 

While this method is amenable to scale-up and generally yields chemically pristine 2D materials, 

the resulting flakes are generally small in lateral dimensions and possesses high polydispersity, 

with the majority of the flakes being few-layer instead of monolayer.104 Despite these drawbacks, 

top-down approaches are being most commonly pursued in early-stage industrial efforts due to the 

low costs involved.116 Additionally, post-processing methods such as density gradient 

ultracentrifugation can be used to sort and isolate monodisperse populations of the 2D materials 

following liquid phase exfoliation.57,103,111 In addition, some top-down approaches can be carried 

out in aqueous media, which eliminates the need for environmentally unfriendly organic 

solvents.109,117–122 Consequently, aqueous and biocompatible synthesis and processing have 

become increasingly important for the application of 2D materials in biomedical contexts.  
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Figure 1.2:  Solution-phase exfoliation methods. (A) Chemical exfoliation using intercalation 

of small ionic species, followed by agitation such as sonication. (B) Ion exchange exfoliation, 

which employs the exchange of small naturally occurring ions with larger ions to weaken the 

interlayer attraction, followed by agitation to exfoliate the layers. (C) Sonication-assisted 

exfoliation which uses solvents of appropriate surface energy to effectively disperse the 2D 

sheets in solution. This method can also employ surfactants to stabilize the 2D materials 

following exfoliation. Adapted from reference105. 
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1.3 Hazard assessment of 2D materials 

The growing interest in the use of 2D nanomaterials in electronics, optoelectronics, energy 

capture and storage, and biomedical applications necessitates the need to understand the health 

and environmental implications of exposure to these nanomaterials. These biological and 

environmental interactions of 2D nanomaterials will be dictated by the physicochemical properties 

of the material.123–126 Here, several important factors are reviewed, including composition, 

exfoliation, flake size and thickness, surface functionalization, physical forms and chemical 

dissolution, which play a role in the interactions at the nano-bio interface (Figure 1.3). Without a 

complete understanding of these properties, it is not possible to designate the hazard potential of a 

2D nanomaterial construct. 
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Figure 1.3:  Physicochemical properties of 2D nanomaterials that affect their toxicity. 

Complete characterization of these properties is needed to accurately assess the hazard of the 

specific nanomaterials. Figure adapted from references103,120,127–132. 
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1.3.2 Composition 

Chemical composition is one of the most important considerations for determining the 

biological interactions and fate of 2D materials in vivo. The surface chemistry and the dissolution 

of the material will be determined by its chemical composition, which will in turn affect the cellular 

interactions, uptake, and biodistribution.133,134 For 2D materials, several studies have assessed the 

cytotoxicity of TMDCs according to composition.135–138 For example, Teo et al. investigated the 

toxicity of chemically exfoliated MoS2, WS2, and WSe2 in human lung carcinoma epithelial cells 

(A549).135 While low toxicity of MoS2 and WS2 was observed, a dose-dependent toxicity of WSe2 

was detected, indicating that the presence of selenium plays an important role in the toxicity of 

TMDCs. However, it is unclear whether this toxicity can be attributed to the nano-bio interface 

interactions caused by the presence of selenium at the surface of the TMDC or the toxicity related 

to dissolved selenium. A similar study by the same group was recently published on the 

cytotoxicity of vanadium ditelluride (VTe2), niobium ditelluride (NbTe2), and tantalum ditelluride 

(TaTe2) in the same cell line (A549), allowing for direct comparison to the cytotoxicity of MoS2, 

WS2, and WSe2 from the previous study.137 High cytotoxicity was observed after exposure to VTe2, 

whereas NbTe2 and TaTe2 showed reduced cytotoxicity. Overall, the ditellurides exhibited higher 

cytotoxicity than the disulfide materials, while WSe2 exhibited similar cytotoxicity to the 

ditellurides. To further investigate the role of the chalcogen, the same group ran an identical study 

comparing the cytotoxicity of vanadium dichalcogenides: VS2, VSe2, and VTe2.
136 VS2 showed 

the least cytotoxic effect, whereas VSe2 and VTe2 showed similarly higher cytotoxicity, further 

suggesting that the chalcogen significantly affects the toxicological response. While these initial 
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studies provide an initial assessment of the relative cytotoxicity of TMDCs based on composition, 

further studies are required to elucidate the underlying toxicity mechanisms. 

1.3.3 Exfoliation 

As layered materials are exfoliated, the fundamental properties of the material change.22,77 

Similarly, biological interactions with layered materials vary as a function of exfoliation state. For 

example, Chng et al. investigated the effects of exfoliation on the cytotoxicity of MoS2.
139 Using 

three different lithium sources—methyllithium, n-butyllithium, and tert-butyllithium—MoS2 was 

chemically exfoliated, and the exfoliation yield was deduced using Raman spectroscopy. Higher 

exfoliation yield was achieved with tert-butyllithium and n-butyllithium, which corresponded to 

higher cytotoxicity. Based on this observation, the study concluded that the increase in surface 

area and active edge sites leads to higher toxicity in more highly exfoliated MoS2. However, 

limited material characterization left open the possibility that other physical properties of these 

MoS2 samples led to the differential cytotoxicity. A more thorough investigation of the toxicity of 

MoS2 by Wang et al. compared two forms of exfoliated MoS2 to an aggregated form of MoS2 

(Figure 1.4).140 The exfoliated forms of MoS2 were prepared by chemical exfoliation with n-

butyllithium and ultrasonication-assisted liquid phase exfoliation with the aid of the surfactant 

Pluronic F87. The toxicity of these materials was examined in vitro and in the mouse lung in vivo. 

Aggregated MoS2 induced significantly increased production of pro-inflammatory cytokines, 

indicating a pro-inflammatory response in vitro, whereas the lithiated and Pluronic-dispersed 

MoS2 showed reduced effects, which was attributed to the bioavailability and cellular uptake of 

these MoS2 materials. In vivo studies revealed focal areas of inflammation in the lung after acute 

exposure to aggregated MoS2 but no significant inflammatory response was observed for any of 
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the MoS2 materials following sub-chronic exposure. Overall, effective exfoliation reduced the 

toxic response of MoS2 compared to its aggregated state, suggesting that stable dispersions of 

exfoliated MoS2 lead to higher biocompatibility. Negligible toxicity of exfoliated MoS2 was also 

observed by Shah et al. in rat pheochromocytoma cells and adrenal medulla endothelial cells.141 

In this work, the MoS2 materials were also chemically exfoliated, further supporting this synthetic 

pathway to biocompatible MoS2.  
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Figure 1.4:  Effects of aqueous exfoliation methods on the pulmonary hazard potential of MoS2. 

(A) SEM micrograph of aggregated MoS2 and AFM images of (B) chemically exfoliated MoS2 

using a lithiation process and (C) MoS2 exfoliated by ultrasonication in the presence of Pluronic 

F87. (D) Cellular content of molybdenum (Mo) and (E) TNF-α production in THP-1 cells 24 

hours after exposure to 50 µg mL-1 of the MoS2 materials. (F) Acute pulmonary effects of MoS2 

materials in mice after 40 hours. The H&E-stained histological images indicate that aggregated 

MoS2 is capable of inducing inflammation in the lung while the exfoliated MoS2 materials show 

little or no effect. Figure adapted from reference140. 
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The cytotoxicity of MoS2 by different exfoliation and preparation methods has also been 

explored in a series of recent studies. For instance, a comparative study of the cytotoxicity and 

genotoxicity in epithelial kidney cells was performed for mechanically exfoliated MoS2 versus 

MoS2 that was grown by chemical vapor deposition (CVD).142 Similar to exfoliated MoS2 prepared 

by solution processing methods, both mechanically exfoliated MoS2 and CVD-grown MoS2 

showed minimal impact on cell morphology in addition to non-significant reactive oxygen species 

(ROS) generation and negligible effects on cell viability. Furthermore, exfoliated MoS2 did not 

induce measurable genetic changes. Similar results for CVD-grown MoS2 were observed in both 

mouse embryo fibroblasts (NIH-3T3) and human adipose-derived mesenchymal stem cells 

(HAMSCs).143 In particular, no significant loss of cell viability was observed for MoS2 

concentrations up to 50 µg mL-1 and 300 µg mL-1 in NIH-3T3 and HAMSCs, respectively. While 

most studies have found a high degree of biocompatibility for MoS2, a recent study by Liu et al. 

indicated that exposure to MoS2 induces a loss in cell viability in HepG2 cells at concentrations as 

low as 30 µg mL-1.144 In this case, MoS2 induced a significant increase in intracellular ROS at 

doses greater than 2 µg mL-1 in addition to membrane damage at doses greater than 4 µg mL-1. 

The study also found similar results for hBN. Thus, the observed toxicity was attributed to 

membrane damage caused by the 2D sheet-like structure of the materials. However, the study lacks 

proper material characterization to rule out other mechanistic possibilities.  

For the case of black phosphorus, a study by Latiff et al. investigated the cytotoxicity of bulk 

BP crystals in human lung carcinoma epithelial cells (A549), which showed a dose-dependent 

toxicity and reduced cell viability at BP concentrations of 50 µg mL-1.145 In contrast, a later study 

by Mu et al. investigated the toxicity of BP quantum dots (BPQDs) both in vitro in HeLa cells and 
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in vivo in mice.146 At high BPQD concentrations of 200 µg mL-1, significant cytotoxicity and 

apoptotic effects were observed, which were attributed to oxidative stress. Weight loss in the mice 

after exposure indicated acute toxicity, but the mice eventually recovered, indicating that BPQDs 

did not induce long-term inflammatory responses or injury. Thus, the exfoliation of BP may play 

a role in the toxicological response, but additional studies are needed to gain mechanistic insight.  

1.3.4 Lateral size and thickness 

From these initial studies and the precedent set by graphene nanomaterials, it is clear that the 

interactions of the exfoliated form of layered 2D materials will differ fundamentally from those of 

their bulk counterpart. The biological response to a 2D geometry is unique, and the physical 

interactions of 2D materials with cells are expected to vary based on their aspect ratio and 

mechanical properties.147 Thus, the characterization of lateral size and thickness of 2D materials 

is critical in order to quantify the aspect ratio and its effects on the biological response. Towards 

this end, Moore et al. investigated the role of lateral size of MoS2 flakes in the cytotoxicity, cellular 

uptake, and inflammatory response.148 Using liquid cascade centrifugation, MoS2 flakes dispersed 

with sodium cholate of varying lateral sizes were isolated. The response of three separate MoS2 

samples with mean lateral sizes of 50 nm, 117 nm, and 177 nm were studied in A549, AGS, and 

THP-1 cell lines, chosen specifically to assess risk via different exposure routes. At 1 µg mL-1 

dose, all samples showed minimal cytotoxicity and invariant cell morphology, although an 

inflammatory response was observed. Assays revealed a size-dependent increase in cytokine 

production (IL-6, IL-10, IL-13, TNF-α, and IL-1β) in THP-1 cells, with the smallest MoS2 flake 

sizes inducing the largest increases in cytokine production. However, the MoS2 samples were 

prepared under conditions that suffered from endotoxin contamination, making it difficult to 
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determine if the size-dependent toxicity resulted from the material itself or the increased surface 

area allowing for increased endotoxin levels. To elucidate the fundamental effects of lateral size 

on biological response, the material processing needs to be performed in a manner where other 

variables are held constant.  

More recently, BP has also been used as a model 2D material to probe the effects of lateral size 

on the cytotoxic response.149,150 Fu et al. prepared BP nanosheets by liquid phase exfoliation and 

then isolated three different lateral size distributions through varying centrifugation speeds.149  In 

human hepatocyte cells (LO2), a small dose-dependent loss of viability was observed, but even at 

concentrations of 50 µg mL-1, cell viability still exceeded 80%. In a more mechanistic study, three 

different sizes of BP were prepared by aqueous liquid phase exfoliation and fractional 

centrifugation (Figure 1.5).150 The three samples varied in both lateral size and thickness with BP-

1 containing flakes of the largest lateral size and thickness and BP-3 containing flakes of the 

smallest lateral size and thickness. The cytotoxicity was tested in three cell lines: mouse fibroblasts 

(NIH-3T3), human colonic epithelial cells, and human embryonic kidney cells (293T). The 

cytotoxic response was found to be dependent on concentration, size, and cell type, with the 293T 

cells being the most sensitive and the epithelial cells being the least sensitive. Unlike MoS2, BP 

flakes with the largest lateral size and thickness showed the highest levels of cytotoxicity. 

Additional assays showed ROS generation, but the response was not size-dependent. Further 

investigation into the interaction of BP with model cell membranes using a quartz crystal 

microbalance with dissipation monitoring revealed that the largest BP samples disrupted the 

integrity of the cell membrane, implicating this pathway as the most likely size-dependent toxicity 
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mechanism. However, the study did not account for the environmental instability of exfoliated BP, 

and no stability or long-term (> 24 hours) cytotoxicity data were presented. 

 

 

Figure 1.5:  Effects of lateral size and thickness on the hazard potential of exfoliated black 

phosphorus (BP) nanomaterials. Representative TEM micrographs of flakes from three different 

sized BP dispersions—BP-1 (A), BP-2 (B) and BP-3 (C)—and corresponding photographs of 

the dispersions (insets). (D) Size measurements of the three BP dispersions in 10% FBS 

supplemented cell culture medium as determined by DLS. (E) Cell viability of NIH-3T3 cells 

after 24 hours exposure to the BP nanomaterials via RTCA. (F) Intracellular detection of reactive 

oxygen species in NIH-3T3 cells after exposure to 10 µg mL-1 of BP nanomaterials for 4 hours. 

Figure adapted from reference150. 
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1.3.5 Physical forms 

Most toxicity studies to date have focused on dispersions of 2D materials because many 

biological applications, such as drug delivery and imaging agents, call for such a format.74,151–155 

However, 2D materials are also being explored in a myriad of other applications in which the 

qualitatively different physical form factors are needed including thin films, three-dimensional 

constructs, and composites.156–161 In these cases, biological interactions will fundamentally differ 

from those of a well-dispersed 2D material in solution. Consequently, some recent studies have 

begun to specifically probe the toxicity of 2D materials in solid-state formats such as thin films, 

foams, and composites. One such study investigated the toxicity of MoS2, WS2, and hBN coated 

glass slides, seeding adipose-derived human mesenchymal stem cells (hMSCs) onto these thin 

films and then studying the cellular response (Figure 1.6).131 None of the 2D materials resulted in 

a significant loss in cell viability up to concentrations of 5 µg mL-1, but rather the cells showed 

higher cellular adhesion and enhanced proliferation compared to an uncoated glass slide. 

Furthermore, the presence of the 2D materials contributed to enhanced adipogenesis in the hMSCs.  
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Figure 1.6:  Cytotoxicity of 2D nanomaterial-modified glass substrates. (A) Schematic of the 

experimental design. Human adiopose-derived mesenchymal stem cells (hADMSCs) were 

seeded onto glass substrates which have been modified with a thin film of various 2D 

nanomaterials, including molybdenum disulfide (MoS2), tungsten disulfide (WS2) and 

hexagonal boron nitride (hBN). (B-D) Cell viability of modified substrates after 2 days and 7 

days as determined by growth rate using a CCK-8 assay. Figure adapted from reference131. 

 

The biocompatibility of thin films generated from printed 2D material inks was explored by 

McManus et al.162 In this study, a range of 2D materials, including graphene, MoS2, WS2, and 

hBN, were exfoliated in water in the presence of pyrene sulfonic acid derivatives. To achieve 

printable viscosities of the exfoliated dispersions, Triton X-100 and propylene glycol were added 

to the solutions following exfoliation. Cytotoxicity of the 2D inks was then determined using an 

LDH assay in human lung epithelial cells (A549) and human keratinocyte cells (HaCaT). No loss 
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of cell viability was observed for any of the materials up to concentrations of 100 µg mL-1. 

Furthermore, cells seeded onto the 2D material thin films showed strong interactions with the 

substrates, similar to what was observed in the previous study by Suhito et al.131 This favorable 

cell attachment and high biocompatibility have prompted further studies on the biological 

interactions of nanostructured films of 2D materials with different cell types, such as 

differentiation of stem cells.163 Similar biocompatibility has also been reported for a number of 

polymer composites containing 2D materials.66,132,164,165 Like 2D material thin films, these 

composites have shown high cell adhesion, low cytotoxicity, and accelerated cell proliferation and 

growth. 

1.3.6 Surface functionalization 

Extensive studies on graphene and related carbon nanomaterials have shown that surface 

functionalization plays a major role in the toxicological response.166–169 Analogous studies on the 

surface functionalization of post-carbon 2D materials have begun to be undertaken with an eye 

toward achieving specific biological outcomes and minimizing toxic response.129,170–172 For 

example, Qu et al. showed that functionalization of BPQDs with a titanium sulfonate ligand (TiL4) 

resulted in lower cytotoxicity and reduced inflammatory response (Figure 1.7).129 In this study, the 

cytotoxicity of bare BPQDs was compared to that of TiL4-modified BPQDs in two different 

macrophage cell lines. Both BPQD samples showed minimal effect on the viability of RAW264.7 

macrophage cells. On the other hand, in J774A.1 macrophage cells, bare BPQDs showed a 

significant loss of viability, while this effect was reduced in the case of TiL4-modified BPQDs. 

The proinflammatory response of the BPQDs was also tested by measuring the cytokine (TNF-α) 

production in RAW264.7 cells. TiL4-modified BPQDs showed reduced inflammatory response 
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compared to bare BPQDs, which correlated with the cellular uptake of the materials, namely that 

the intracellular level of bare BPQDs was significantly higher than that of TiL4-modified BPQDs. 

Further in vivo studies revealed that bare BPQDs showed an acute inflammatory response at 24 

hour post-exposure, as evidenced by the significant increase of neutrophils in the blood and 

concentration of cytokines (TNF-α, eotaxin, IL-6, MCP-1, KC, MIP-1, MIG, VEGF) in the mice 

serum, whereas TiL4-modified BPQDs did not show this response. Although neither material 

demonstrated chronic inflammation, the differences in acute toxicity confirmed that surface 

functionalization of BP can be used to minimize toxicity by altering cellular uptake. Surface 

functionalization techniques can also be used to minimize toxicity by changing the degradation 

behavior of the 2D material. For example, chemically exfoliated MoS2 functionalized with 2-

iodoacetamide showed a higher resistance to enzymatic degradation than non-functionalized 

chemically exfoliated MoS2.
172 Upon exposure to the degradation products of both MoS2 samples, 

both HeLa and RAW264.7 cells showed a higher loss of viability upon exposure to the degradation 

products of non-functionalized MoS2, thus providing evidence that the degradation products at 

elevated concentrations can induce a toxic response. 
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Figure 1.7:  Effects of chemical modification on the toxicity of BP. (A) Synthesis scheme of 

the surface coordination of the titanium sulfonate ligand (TiL4) to BP to generate TiL4@BP. (B) 

Cell viability of raw 264.7 and J774A.1 cells after 24 hours exposure to bare BP and TiL4@BP 

as determined by an ATP assay. (C) TNF- α production from raw 264.7 cells after 12 hours 

exposure to 10 µg mL-1 of the BP materials. (D) Confocal microscopy images of J774A.1 cells 

stained with Magic Red to show Cathepsin B location after exposure to BP materials after 6 

hours. In the control cells, cathepsin B appear as concentrated dots, localized within the 

lysosomes. After exposure to bare BPs, the lysosomes appear swollen, while this inflammatory 

effect is not observed after exposure to TiL4@BP. Figure adapted from reference129. 

 



 55 

1.3.7 Environmental stability and chemical dissolution 

Although most TMDCs are considered highly stable, some studies have shown that these 

materials undergo environmental transformations. In particular, the dissolution of TMDCs has 

been shown to vary as a function of composition due to differences in the strength and reactivity 

of the bonds formed between metal and chalcogen atoms. By varying the metal atom but otherwise 

maintaining analogous TMDC structure and processing, Hao et al. investigated the in vitro 

cytotoxicity and in vivo biodistribution and toxicity of MoS2, WS2, and TiS2 nanosheets (Figure 

1.8).127 The nanosheets were prepared using a high-temperature solution-phase synthesis method 

in which bulk TMDCs were ultrasonicated in N-methyl-2-pyrrolidone (NMP) and then redispersed 

in water with the aid of lipoic acid-conjugated polyethylene glycol (PEG). An MTT viability 

protocol revealed no cytotoxicity up to 200 µg mL-1, and further assays showed no damage to the 

cell membrane and no increase in ROS for this set of materials. In vivo biodistribution after 

intravenous injection into mice showed accumulation of the TMDCs mainly in the liver and spleen 

after 1 day, indicating that the TMDCs were most likely taken up by Kupffer cells and spleen 

macrophages. Despite these apparent similarities among the TMDC samples, other responses 

varied as a function of the metal atom such as MoS2 showing the fastest metabolic rate and 

excretion from the mice, with significant amounts of Mo detected in the urine and feces. In vitro 

degradation of the TMDCs was further used to characterize biodistribution and metabolism. When 

stored in PBS, WS2 showed the highest stability, due to the strong W-S covalent bond, while MoS2 

degraded into soluble Mo in the form of MoO4
2-. TiS2 also oxidized, which resulted in an insoluble 

precipitate of TiO2. These differences in chemical reactivity also explain the in vivo excretion 

behavior where MoS2 is most easily cleared from the system as it degrades to soluble MoO4
2-, 
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whereas WS2 and TiO2 persist and accumulate in organs. In a separate study, vanadium disulfide 

(VS2) nanosheets showed a similar excretion profile to MoS2, accumulating mainly in the liver and 

spleen of mice, but then degrading into a soluble vanadium oxide species that was easily cleared 

from the body and detected in the urine and feces.173  

A study by Song et al. found a similar dissolution and biodistribution of molybdenum oxide 

(MoOx) nanosheets, but further investigated the role of pH on the dissolution characteristics.174 In 

this study, MoOx nanosheets functionalized with PEG were prepared by a one-pot hydrothermal 

method and investigated for their capabilities as a photothermal therapeutic agent. The resulting 

MoOx nanosheets, while stable in acidic pH, degrade quickly at physiological pH. This pH-

dependent degradation was exploited to efficiently accumulate the MoOx nanosheets in relatively 

acidic tumor cells, whereas MoOx nanosheets elsewhere in unaffected cells were excreted quickly 

and efficiently to avoid long-term retention. Similar to studies on MoS2, the MoOx nanosheets 

accumulated mainly in the liver and spleen, but were eventually cleared due to dissolution into 

soluble molybdate anions. 
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Figure 1.8:  Biodistribution and fate of PEGylated TMDCs. (A) In vivo biodistribution of 

PEGylated MoS2, WS2 and TiS2 in major organs of mice after intravenous injection for up to 30 

days. All materials accumulated mainly in the liver and spleen but after 30 days MoS2 was 

cleared from the system while WS2 and TiS2 persisted. (B) Clearance of the PEGylated TMDCs 

from the liver over 30 days. (C) Schematic illustrating the chemical transformation the 

PEGylated TMDCs. MoS2 dissolves and forms soluble MoO4
2- which is excreted. TiS2 oxidizes 

to form TiO2, which is insoluble in aqueous solution and the aggregates are retained. WS2 

undergoes some oxidation but its chemical stability leads to its retention in the organs. Figure 

adapted from reference127. 
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1.3.8 Crystal structure 

In addition to the composition, the crystal structure of the material can also play a role in 

dissolution and biological fate.  For example, MoS2 has two common polytypes: trigonal prismatic 

(2H) and octahedral (1T). Naturally occurring bulk MoS2 has a 2H structure, which is maintained 

following ultrasonication-based exfoliation in solution.120 However, lithiation-based chemical 

exfoliation of MoS2 results in a phase change of the material to 1T.25 The chemical dissolution 

pathways of these two polytypes of MoS2 in biological and environmental media was investigated 

by Wang et al. (Figure 1.9).175 1T-MoS2 (or ce-MoS2) was prepared by chemical exfoliation using 

n-butyllithium, whereas 2H-MoS2 (or ue-MoS2) was prepared using ultrasonication in an aqueous 

solution containing sodium cholate. Rapid oxidation and degradation of the ce-MoS2 was observed, 

while the ue-MoS2 showed a significantly lower rate of degradation. This preferential degradation 

of ce-MoS2 indicates that ce-MoS2 samples will contain a mixture of soluble ions (e.g., MoO4
2-) 

and nanosheets during exposure and cellular uptake.  This could impact the biological interactions 

and final biodistribution of the material. In the same study, chemically exfoliated MoSe2 was also 

investigated and showed a similar oxidative dissolution to ce-MoS2. However, unlike ce-MoS2, 

the chalcogen product in this case will be insoluble, having different implications for its biological 

interactions and fate. Additionally, the bulk form of MoS2 did not show significant dissolution, 

indicating that the dissolution of MoS2 is accelerated as its thickness approaches the 2D limit. 
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Figure 1.9:  Stability and dissolution of 1T and 2H phases of MoS2. (A) Illustration of the 1T 

and 2H phases of MoS2. Chemical exfoliation of MoS2 (ce-MoS2) results in a phase change to 

the 1T phase while ultrasonication-assisted exfoliation (ue-MoS2) maintains the 2H phase. (B) 

XPS spectra and fitting of the Mo 3d and S 2p peaks of ce-MoS2 and ue-MoS2. ue-MoS2 is in 

the 2H phase while ce-MoS2 contains both 1T and 2H phase materials. (C) UV-Vis spectra and 

pictures of ue-MoS2 and ce-MoS2. ue-MoS2 demonstrates the exciton peaks intrinsic to the 2H 

phase of the material. (D) Dissolution of ce-MoS2 and ue-MoS2 in HEPES buffer (pH 7), 

showing a significantly faster rate of dissolution for the ce-MoS2. Figure adapted from 

reference175. 
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The environmental stability of 2D materials has clear implications for toxicity and fate, and 

thus needs to be considered when assessing hazard potential. Additionally, a greater understanding 

of the material properties and environmental factors that influence stability and dissolution of 2D 

materials provides opportunities for engineering biomedical constructs with desirable degradation 

properties. This concept of designing biodegradable 2D materials for biomedical applications has 

grown in recent years due to the ambient instability of black phosphorus in the presence of water 

and oxygen.87,92,176 While many BP constructs have been proposed for biological imaging, drug 

delivery, sensing, and theranostics, limited research has been devoted to the understanding the 

degradation of BP and the resulting byproducts, which will be imperative to safely utilizing this 

2D material in biomedical contexts. 

1.4 Introduction to 3D printing 

3D printing is a method that has recently been gaining significant momentum in the research 

community.177–183 3D printing, or additive manufacturing (AM), is a bottom-up manufacturing 

technique which creates a 3D object by using layer-by-layer technologies. Currently, it is used 

most frequently for rapid prototyping because it allows for fast and efficient iterations of different 

designs.184 In particular, the high degree of customization in 3D printing has led to interest in the 

biomedical research community.185–188 3D printing offers an opportunity to fabricate customizable 

constructs, but the field is currently limited by material compatibility. The development of inks 

using materials that have interesting optical, electronic and physical properties would significantly 

push this field of additive manufacturing forward by allowing the fabrication of new and functional 

constructs. 
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1.4.1 Additive manufacturing methods 

AM can be generally classified into two categories: energy-based or deposition-based. Energy-

based methods require a source of energy, such as heat or light, to effectively solidify the material. 

One example would be the use of a laser to achieve photopolymerization of a material. Many of 

the earlier technologies were energy-based, including selective laser sintering (SLS) and 

stereolithography (SLA).189,190 These energy-based methods are restricted to materials that can be 

selectively sintered, in the case of SLS, or are photo-crosslinkable, in the case of SLA. In addition, 

most energy-based methods require excess raw material, and are not compatible with multi-

material printing.190 These material limitations, in addition to the more complicated instrument 

design requiring an energy source, have resulted in a shift in focus to more deposition-based 

methods.  

Deposition-based AM methods are motivated much more by the material than by the printing 

technology itself. The basis of deposition-based AM is quite simple; a material is extruded through 

a nozzle and deposited in a layer-by-layer fashion.178 The earliest of the deposition-based methods 

is fused deposition modeling (FDM).190 This method involves heating the raw material past its 

glass transition temperature to extrude onto a substrate, and upon cooling, solidifies to form the 

3D object. Another method is direct extrusion whereby the material itself must be shear thinning 

and upon extrusion the material must be self-supporting, limiting material choice. A more 

universal deposition-based AM method is direct ink writing (DIW).178,191,192 This method employs 

materials in liquid form which can be extruded at ambient temperatures. The liquid then solidifies 

after extrusion to form a self-supporting structure. This can happen through a number of different 
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mechanisms depending on the material. The transition can be triggered by a thermal, chemical, or 

optical mechanism or can simply precipitate to form a solid structure.  

Although a plethora of AM technologies exist, advances in the field of 3D printing are still 

limited by the lack of material compatibility as well as the necessary optimization needed for each 

AM technology and each new material.178,193 DIW offers the best path forward because it has the 

potential to be compatible with a wide range of materials and the instrumentation involved is 

relatively simple (mechanical motion in three dimensions).  

1.4.2 Biological applications of 3D printing 

3D printing is especially promising in the realm of biotechnology in applications such as tissue 

engineering and regenerative medicine due to the customizability of the technique.185 The 

advances in scanning imaging allow for implants that are designed specifically for individual 

patients. Many 3D printed mechanical implants have already been designed and successfully 

implemented, such as customizable implants for knee replacements,194 and cranial and 

maxillofacial defects.195 In addition, 3D printed scaffolds, generally hydrogels, have been explored 

for tissue engineering applications.196–200 However, similar to the 3D printing field in general, 

printable materials are the limiting factor in driving this field forward.  

The success of the AM field depends very strongly on the development of methods to 3D print 

functional materials. For example, Mannoor et al. demonstrated the ability to 3D print a bionic ear. 

This “ear” integrates a conducting polymer containing silver nanoparticles, printed in the shape of 

a coil, into a cell-seeded hydrogel matrix in the shape of human ear using AM. The result was that 

cartilage tissue could be grown around this coil which acted as an antenna and could receive 

electromagnetic signals and act as a cyborg ear.201 This study integrated structural, biological and 
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electronic materials using AM technology and showcased the potential impact of nanoscale 

building blocks on the fields of 3D printing and tissue engineering.  

Although most 3D printing is currently limited by material compatibility, it has the potential 

to create complex mechanisms and functional objects with the realization of 3D-printable 

functional inks. In order to create these functional structures, different materials with various 

physicochemical properties need to be adapted to 3D printing. Kong et al. demonstrated this multi-

material approach by 3D printing quantum dot-based light-emitting diodes (QD-LEDs). This 

fabrication was a significant achievement in the field of 3D printing because it demonstrates the 

ability to 3D print several diverse materials into a single functional structure. The QD-LEDs 

represented a proof-of-concept of the versatility of 3D printing, illustrating that it can be used for 

a wide range of materials, such as semiconducting inorganic nanoparticles, organic polymers, and 

liquid metals. This result establishes that electronics can be fully fabricated in freeform using 3D 

printing techniques. In addition, this indicates that electronics have the potential to be directly 

integrated into 3D printed constructs and provide further functionality to these existing 

technologies202. The demonstration of 3D printed QD-LEDs was a significant step forward for the 

field of 3D printing. However, one of the key challenges for future work is to incorporate more 

classes of nanoscale functional materials as building blocks for 3D printed devices. 
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CHAPTER 2:  

HAZARD ASSESSMENT AND ANTIBACTERIAL APPLICATIONS OF GRAPHENE 

OXIDE NANOMATERIALS 
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*Contribution made by L. M. Guiney in all papers: production and characterization of 

nanomaterials with refined physicochemical properties. 
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2.1 Background 

Chemically modified graphene has been widely studied for various applications, such as 

polymer composites, energy-related materials, and catalysis.203,204 Of particular interest is 

graphene oxide (GO), an oxygenated form of graphene decorated with abundant functional groups. 

GO is widely used due to its wide availability, facile synthesis, and outstanding electronic, optical, 

and chemical properties.4,5,205 A major use for this material is in biomedical applications for drug 

delivery, biosensors, and tissue engineering due to its aqueous dispersibility, 2D planar structure, 

large surface area, and surface functionalities.206 In addition, GO has broad-based antibacterial 

effects that require detailed structure–activity relationships (SARs) to be established.207–209  

As-prepared GO can have different oxidation levels and a variety of surface functional groups 

such as epoxy (-COC-), hydroxyl (-OH), and carboxyl (-COOH) groups as well as carbon radicals 

(•C) and these groups may present on the honeycombed planar structure at different densities and 

combinations.210,211 The isolated electrons in the p orbital of the carbon are usually conjugated by 

π bonding, resulting in the formation of carbon radicals at discrete sites in the plane of the GO 

surface.210  Although some attempts have been made to explore these physicochemical properties 

in terms of the toxicity and bactericidal effects of GO, the results of the importance of the oxidation 

level,211,212 lateral flake size,213 and catalytic capability214 have been inconclusive and even 

contradictory between studies. One reason is the overall complexity of the surface functional 

groups, which are interlinked, so that the change in one group will also affect other groups, often 

in a non-predictable fashion. To overcome this challenge requires a new approach to change the 

surface functionalities in a more systematic fashion that will enable elucidation of the key 

functional group(s) that is/are responsible for GO toxicity or antibacterial activity. For instance, it 
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has been shown that solvothermal reduction of GO in NMP could be used to quantitatively adjust 

oxidation levels,13 while an alkalized aqueous solvent can be used for a hydrolysis approach to 

open epoxy rings and thereby quantitatively adjust hydroxyl density on the GO surface.215  While 

it is also possible that the level of carbon radicals could be modulated by the reduction and 

hydration processes, this aspect has not been studied for GO.  These advances prompted us to 

hypothesize that quantitative adjustment of GO surface functionalities could be used to explore the 

structure-activity relationships of these functionalities, including carbon radicals, to the 

mammalian toxicity and antibacterial effects of GO.  

Among the reported effects of GO in mammalian cells is the delineation of induction of cell 

death.15 For instance, studies have shown that GO could induce dose-dependent cell death in 

normal lung fibroblasts (HLF), macrophages (THP-1 and J744A), epithelial cells (BEAS-2B), and 

lung cancer cells (A549).15  However, the data are inconsistent and even contradictory with respect 

to how physicochemical properties like the lateral flake size, surface coating (surfactants), and 

oxidation states contribute to toxicological effects in mammalian systems.15 Since GO nanosheets 

have also been reported to induce inflammation and fibrogenic effects in the lung,168 we 

hypothesized that the oxidation status and surface reactivity of the material play a key role in these 

adverse outcomes, and that this organ system could be useful to delineate the structure-activity 

relationships related to deliberate variation of the surface properties. Thus, the pulmonary toxicity 

of GO nanomaterials both in vitro and in vivo is investigated.  

To further investigate these structure-activity relationships of GO, other organ systems were 

also explored, including the liver. The majority of GO biomedical applications involve using GO 

as a drug carrier due to its large surface area, high loading efficiency, and the ability to easily tailor 
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the surface functional groups.216 For systemic delivery of the nanocarriers, the primary target organ 

is the liver.217 The liver, which is the largest solid organ and gland in the body, has many vital 

functions, such as the production of bile to remove waste and break down fats, synthesis of certain 

proteins for blood plasma, and regulation of the mononuclear phagocyte system.218 Additionally, 

the liver acts as a biological filtration system that sequesters 30-99% of administered nanoparticles 

from the bloodstream.219 The predominant cells in the liver are hepatocytes: epithelial cells which 

perform important roles in metabolic, endocrine, and secretory functions.220 To facilitate the 

exchange of a wide variety of substances between the blood and hepatocytes, the hepatocytes are 

directly exposed to the blood by being in close contact with the liver blood sinusoids that carry 

blood from the edges of the lobule to the central vein. The sinusoids are lined by two cell types: 

macrophage cells called Kupffer cells, which phagocytose dead red blood cell debris and other 

particulate substances; and sinusoid lining cells, which are endothelial cells that play a prominent 

role in maintaining liver homeostasis and driving liver regeneration.221 Previous studies have 

shown that GO materials translocate to the bloodstream following inhalation and ingestion, and 

then accumulate in organs including the liver.222–225 Accumulation in the liver will increase the 

potential of liver toxicity. Indeed, many studies have shown that GO materials may exert various 

degrees of toxicity with different administration routes, including acute and chronic inflammation 

in the liver tissues or cell models.166,226 However, the detailed mechanism of liver toxicity induced 

by GO, including the roles of different cell types, is still not clear. 

Additionally, GO is found to have antibacterial effects on a broad spectrum of bacteria.207 

Although the 2D structure and surface chemistry of GO have been suggested to play a major role 

in the bacterial killing effects by membrane disruption or oxidative stress,209,213,214 a structure-
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activity relationship connecting specific surface functionalities to antibacterial effects has not been 

established for GO. Currently, there are two major schools of thought on the mechanism of GO-

induced bactericidal effects. One is that GO induces direct physical contact with and destructive 

extraction of lipid molecules from the bacterial membrane as a result of contact with its sharp 

edges.208,209,213,214 While this hypothesis is mostly based on computerized simulation, there is a 

paucity of experimental evidence to directly demonstrate exact details and the mechanism of 

cutting or piercing the bacterial surface. Thus, research is clearly needed on this front. Another 

mechanism that has been put forward with more supportive experimental data is catalytic damage 

to bacteria by the generation of reactive oxygen species and charge transfer, leading to oxidative 

stress.208,214,227 While in this scenario, it is assumed that GO surface functional groups play a 

critical role in mediating the catalytic damage, the complex chemistry of the GO surface functional 

groups makes it difficult to determine the exact structure-activity relationships that lead to 

antibacterial effects.  

2.2 Results and discussion 

2.2.1 Varying the physicochemical properties of graphene oxide 

Oxidation levels can be modified through the use of reduction processes based on solvothermal 

or chemical methods for the production of reduced graphene oxide (rGO), which is chemically 

similar to graphene, albeit not identical. During reduction, the variety and evolution of oxygenated 

species on the GO surface can be tracked by methods such as Raman spectroscopy, X-ray 

photoelectron spectroscopy (XPS), and electron paramagnetic resonance (EPR).228,229 It is also 

possible to use hydration chemistry for opening epoxy rings through hydrolysis, with the ability to 
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change the density of surface hydroxyl groups. This can be achieved by heating GO in an alkaline 

environment. 

Reduction and hydration methods were used to modify the surface functional groups and to 

establish a GO material library to study the structure-activity relationships involved in mammalian 

and bacterial toxicity. Pristine GO was prepared by the Hummers’ method and was used as the 

base material for preparing the library. The total level of oxidized groups on GO surface was 

reduced by solvothermal reduction in NMP, while heating in alkaline water could be used to 

increase the hydroxyl density through hydrolysis of the epoxy surface groups (Figure 2.1). 

Through control of the reaction conditions (time or temperature), it was possible to prepare a series 

of GO samples with quantifiable differences in oxidation state and surface functional groups.  

From these materials, we selected two reduced GO (rGO-1 and rGO-2) and two hydrated GO 

(hGO-1 and hGO-2) nanomaterials for a comparative study vs. pristine GO. XPS was used to 

determine the levels of oxidized functional groups on the GO surface. Figure 2.2 shows the C1s 

XPS spectra of the rGO-2, GO and hGO-2 sheets with C-C bonds at 284.4 eV, C-OH bonds at 

285.9 eV, C-O-C bonds at 286.6 eV and C=O at 287.8 eV, which were also detected in other 

reports.230,231 Simulation analysis of the XPS peaks allowed us to calculate the atomic % of 

carboxylic acid (-COOH), epoxy (-COC-), and hydroxyl (-OH) groups on the GO surface. This 

calculation showed that the NMP reduction could significantly reduce the peak intensities of the 

total oxygen content as well as the % of each oxidized group on the material surface.  In contrast, 

GO hydration significantly decreased the intensity of the C-O-C peak to 5.6%, while the C-OH 

peak increased from 4.5% to 16.4% for hGO-2.  These changes likely result from the reaction 

between the epoxy groups and nucleophiles in aqueous solution, leading to the generation of -OH 
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groups. The total oxygen levels remained stable during hydration, likely as a result of the fact that 

opening of the epoxy rings will not change the oxygen levels. 

The isolated electrons in the p orbital of the carbon atom are usually conjugated to the GO 

backbone by π bonding, which can result in the formation of carbon radicals.210 Thus, we also 

characterized the carbon radical (•C) density on the GO surface through an EPR method. 

Interestingly, this demonstrated that in addition to the changes in oxygen levels and hydroxyl 

groups as a result of reduction and hydration chemistry, there is a dramatic change in the density 

of carbon radicals. As shown in Figure 2.3, all GO samples showed a single resonance peak of π-

conjugated •C with g = 2.0091. hGO samples showed significantly higher EPR peaks than pristine 

GO (with hGO-2 being the highest), while rGO samples showed lower radical density than GO. 

rGO-2 exhibited the weakest EPR signal. These changes suggest that hydrolysis of -COC- groups 

is accompanied by the generation of carbon radicals (•C), which can stably exist on the planar GO 

surface as π-conjugated •C.210 These results demonstrate the utility of reduction and hydration 

chemistry to quantitatively change the surface functionalities of GO sheets. 
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Figure 2.1: Schematic of GO nanomaterial library synthesis. GO was synthesized by a modified 

Hummers’ method. rGO-1 and rGO-2 were synthesized by solvothermal reduction of GO in 

NMP at 150 °C for 1 or 5 h, respectively. To prepare hGO-1 and hGO-2, GO was hydrated in 

aqueous alkalized solution at 50 °C or 100 °C for 24 h. Reaction of the epoxy groups with 

nucleophiles leads to the opening of the epoxy rings and the generation of hydroxyl groups (as 

well as carbon radicals as shown in Figure 2.3). 
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Figure 2.2: XPS spectra and quantification of oxygen-containing groups on the GO surface. 

XPS was performed by the stepwise (50 meV) acquisition of high resolution spectra of the C 1s 

region. 
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Figure 2.3: Detection of carbon radicals on GO surface by EPR. (A) Schematic illustrating the 

formation of carbon radicals on the GO surface as a result of the hydration process. (B) EPR 

spectra of all GO nanomaterials. (C) Carbon radical content of all GO nanomaterials as 

determined by EPR. EPR was used to assess the carbon radical density on GO surface by testing 

5 mg of each of the dried GO samples by an X-band Bruker ELEXYS 580 spectrometer with g 

value of 2.0091. 
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We also thoroughly characterized other physicochemical properties of the GO library materials, 

including primary size, shape, hydrodynamic size and surface charge in aqueous solution. Raman 

spectra demonstrated that rGO, GO and hGO samples preserved their graphene structure, with 

maintenance of the signature G and D bands (Figure 2.4). This suggests that there are no major 

structural changes during the catalytic modification of the GO surface. Atomic force microscopy 

(AFM) showed that all the GO materials were irregularly shaped nanosheets with a lateral size 

distribution of ~50-300 nm (Figure 2.5), confirming that no significant changes in flake size or 

morphology occur during the reduction or hydration processes.  

 

Figure 2.4: Raman spectroscopy of GO nanomaterials.  Signature D and G bands of GO were 

detected using a 785 nm near-infrared diode and a 50x objective lens. Spectra are an average of 

2 scans with 10 second exposure in the 500-2000 cm-1 range.   
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Figure 2.5: AFM images of GO nanomaterials.  AFM images were obtained by placing a drop 

of the GO solution (10 μg/mL) on silicon wafers that were pretreated with a 2.5 mM APTES 

aqueous solution. After washing with water and drying with N2, AFM images were obtained 

using a nAsylum Research Cypher ES AFM. 
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2.2.2 Pulmonary toxicity of graphene oxide nanomaterials 

The library of pristine, rGO and hGO nanosheets described in the previous section were 

prepared to delineate the effects of the surface functional groups in pulmonary epithelial cells and 

macrophages, as well as the murine lung. The in vitro experimentation was followed by 

oropharyngeal instillation into the murine lung, focusing on mechanistic injury responses that may 

explain how adverse effects at the cellular level relate to an adverse outcome at the organ level. 

We identified the critical role of surface functional groups, including carbon radicals, in impacting 

GO biocompatibility in the lung. This includes adverse effects on the cellular membrane, 

cytotoxicity, and cellular uptake, leading to pro-inflammatory effects in the lung.  

Cellular responses to GO are dependent on physical interactions with the plasma membrane, 

following which there is the possibility of cellular uptake and the potential to interact with 

subcellular structures.15  Previous studies have demonstrated that the lateral GO flake size may 

determine cellular interactions to the extent that a large lateral size may restrict the ability to be 

taken up by cells.232 In accordance with this view, smaller GO flakes were more readily taken up 

into the cell without significant interaction with the plasma membrane. The study did not take into 

consideration the impact of surface functionality and the oxidation status of GO. To clarify this 

point, THP-1 cells were incubated with pristine, reduced and hydrated GO samples for 16 h, before 

TEM analysis (Figure 2.6). The low electron density of GO only allows visualization of the 

suspended GO when vertically positioned as nanosheets horizontally aligned with the grid lack 

enough contrast to be visible. Despite this limitation, it was possible to demonstrate that GO or 

hGO-2 nanosheets insert or attach to the surface membrane of THP-1 cells (Figure 2.6).  This 

interaction with the mammalian cell lipid bilayer is likely premised on the amphiphilic nature of 
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these materials, which display a hydrophobic planar structure with hydrophilic edges.233 In contrast, 

rGO-2 has a reduced number of hydrophilic edge groups, is more hydrophobic in nature and is 

principally internalized by phagocytic uptake in THP-1 cells.  

 

Figure 2.6: Visualizing the interactions of GO with THP-1 cells by TEM. After exposure to 

rGO-2, GO or hGO-2 for 16 h, the cells were washed, fixed and stained for TEM viewing. 

 

We were interested to see if this accumulation of the GO and hGO at the surface membrane 

leads to lipid peroxidation.  Lipid peroxidation was studied by using the BODIPY® 581/591 C11 

reagent to visualize the green shift (~510 nm) in fluorescence activity (from red at ~590 nm) in the 

presence of lipid peroxides. The data was quantitatively expressed by conducting flow cytometry 

and calculating the percentage of cells exhibiting increased fluorescence intensity at 510 nm 
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(Figure 2.7).  Cumene hydroperoxide (CH) was used as a positive control reagent. The relative 

abundance of lipid peroxidation in THP-1 was 13, 37 and 5% of cells in the population in response 

to pristine GO, hGO-2 and rGO-2, respectively. While pristine GO showed an increase in lipid 

peroxidation, hGO-2 had a pronounced effect, while the effect of rGO-2 was limited. Lipid 

peroxidation can lead to a failure in membrane integrity which can lead to cell death.  

 

Figure 2.7: Assessment of the lipid peroxidation by GO nanosheets. To assess lipid 

peroxidation, THP-1 cells were treated with 100 μg/mL GO for 16 h or 10 μM cumene 

hydroperoxide (positive control) for 1 h. Cells were stained with 10 µM Image-iT® Lipid 

Peroxidation Sensor Lipid Peroxidation Sensor according to the manufacturer’s instructions.  

Flow cytometry analysis was carried out in a FACS Vantage SE flow cytometer. 
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Because lipid peroxidation can trigger cell death, we evaluated the cytotoxic potential of GO 

nanosheets in THP-1 and BEAS-2B cells. After 48 h exposure, most GO samples show significant 

cytotoxicity in THP-1 and BEAS-2B cells in the ranking order: hGO-2 > hGO-1 > GO > rGO-1 > 

rGO-2 (Figure 2.8). Interestingly, BEAS-2B cells were more sensitive to the cytotoxic effects of 

hGO than THP-1 cells. The cytotoxicity ranking of the various types of GO correlates well with 

the carbon radical density, yielding correlation coefficients of 0.95 in BEAS-2B cells and 0.98 in 

THP-1 cells (Figure 2.9). These data confirm the importance of carbon radicals on GO in 

promoting toxicity in mammalian cells.   

 

Figure 2.8: Cell viability assessment in (A) BEAS-2B and (B) THP-1 cells by the MTS assay. 

For cellular viability assessment, a MTS assay was used to assess the impact of 0-200 μg/mL of 

each GO suspension in THP-1 or BEAS-2B cells over 48h.  
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Figure 2.9: Calculation of the correlation coefficient of the cytotoxicity results versus carbon 

radical measurement for (A) BEAS-2B and (B) THP-1 cells.  

 

To see if the in vitro hazard profiling is predictive of in vivo toxicological outcome, we used 

an oropharyngeal aspiration approach, according to which mice were exposed to 2 mg/kg hGO-2, 

GO, and rGO-2.  This dose was selected based on prior dose-response studies, where a dose of 2 

mg/kg for graphene and GO falls on the linear part of the dose response curve.168 Following 

exposure for 40 h, animals were sacrificed and bronchoalveolar lavage fluid (BALF) obtained to 

examine the effects of GO on cells and cytokines. We demonstrated the presence of lipid 

peroxidation in alveolar macrophages, by using an Image-iT® lipid peroxidation kit for confocal 

viewing. This demonstrated that the percent of cells undergoing lipid peroxidation (green 

fluorescence) amounted to 69% and 55% in animals exposed to GO and hGO-2, respectively 
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(Figure 2.10). Quartz was used as a positive control and resulted in lipid peroxidation in 50% of 

the cells. In contrast, the percent lipid peroxidation was 11% in the BALF cells of rGO-2 exposed 

animals. These data show that the impact of the GO nanomaterials on pulmonary alveolar 

macrophages duplicate the results seen in tissue culture cells. 

 

Figure 2.10: Lipid peroxidation of primary macrophages in the BALF after GO exposure by 

oropharyngeal aspiration. Animal exposure to rGO-2, GO and hGO-2 nanosheets was performed 

by using oropharyngeal aspiration of 2 mg/kg of each of the samples.  Animals were sacrificed 

after 40 h to collect primary alveolar macrophages. Flow cytometry analysis was used to 

quantify the percentage of cells undergoing lipid peroxidation. 
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The level of oxidative modification of the GO surface as well as the presence of carbon radicals 

determine the in vitro and in vivo hazard potential, as reflected by lipid peroxidation of the surface 

membrane, membrane damage, and cytotoxicity in small airways of the lung. This indicates that 

the structure-activity relationships related to the oxidation status and expression of surface OH, 

COOH, COC groups and carbon radicals needs to be included with physicochemical properties, 

such as edge size and colloidal behavior, which depends on the relative degree of hydrophobicity 

of the planar surface and charged edges.234,235 Collectively, these properties determine the hazard 

potential of GO, which can dynamically differ from material to material.14,15 This complexity may 

also explain the apparent discrepancies in the data on GO toxicity, which could vary as a result of 

the experimental approach and different exposure routes.14,15,168 While some in vitro and in vivo 

studies clearly show that GO pose no particular risks and can be of beneficial biological use,236–239 

others have indicated that GO nanosheets can be hazardous.168 

In summary, the hazard potential in pulmonary cell types and the lung was determined through 

the use of a GO library with systematically varied surface functionalities. We demonstrated that 

pristine GO and hydrated GO samples, which express the highest •C densities, exhibit the highest 

pro-oxidative effects in vitro and in vivo, as evidenced by the tracking of lipid peroxidation and 

cell death, compared to reduced GO. The in vitro results were confirmed in mice exposed to GO 

by oropharyngeal aspiration. GO and hGO-2 induce significantly higher lipid peroxidation in 

macrophage membranes and death of the cells than rGO. Collectively, these data demonstrate that 

the in vitro and in vivo hazard potential of GO is determined, in part, by the surface 

functionalization, in particular, the density of •C on the material surfaces. This study is of 
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considerable importance in understanding the hazard potential of GO in mammalian tissues, and 

provides structure-activity relationships that can be used for safer designed materials. 

2.2.3 Toxicity of graphene oxide nanomaterials in liver cells 

The toxicity of GO in liver cells was comprehensively investigated using a similar library of 

materials. We prepared two sizes of GO and rGO: small GO (GO-S) and small rGO (rGO-S) had 

an average lateral diameter of ~110 nm; and large GO (GO-L) and large rGO (rGO-L) had an 

average lateral diameter of ~510 nm. This range of sizes of GO could be mainly accumulating and 

retained in the liver as demonstrated by a previous study in mice.240 Three representative liver cell 

types were selected, including hepatocytes (Hepatocytes 1-6 cell line, termed as Hepa 1-6), liver 

sinusoid endothelial cells (LSEC) and macrophages (Kupffer 5 cell line, termed as Kup5). We 

examined the cytotoxicity, cellular uptake, cell membrane interaction, and lysosomal interaction 

of the GO materials in the three liver cell types, and the mechanisms of cell death and pro-

inflammatory effects were further explored. Our results show that the GO materials induced 

differential cell death and pro-inflammatory responses in three cell types that could be correlated 

to the physicochemical properties of GO. These results are important to understand the mechanism 

of GO-induced liver toxicity and provide valuable information for safer design of GO materials 

for potential biomedical applications.  

The two groups of GO and rGO with varying average lateral sizes were prepared and 

characterized. The morphology of GO and rGO was observed using AFM, and showed that all the 

materials were comprised of nanosheets with irregular shapes (Figure 2.11).  The lateral sizes of 

the materials were evaluated according to the size distribution analysis by AFM. The average size 

of GO-S was similar to rGO-S, with an average lateral size of 115 nm for GO-S and 161 nm for 
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rGO-S. The average lateral sizes of GO-L and rGO-L were 510 nm and 501 nm, respectively. The 

surface functional groups of GO and rGO were examined by X-ray photoelectron spectroscopy 

(XPS), and characteristic peaks were observed at 284, 286, 288 and 290 eV representing C-C/C-

H, C-O, C=O and O=C-O groups, respectively (Figure 2.11). The total O/C ratio of GO and rGO 

was consequently analyzed as well as the atomic proportion of each functional group (Table 2.1). 

The analysis showed that the O/C ratio of rGO samples was significantly decreased compared to 

their GO counterparts, indicating that the chemical reduction process reduced the oxygen content 

on the rGO surface. In addition, since the cellular experiments were carried out using GO or rGO 

suspensions in aqueous solutions, we determined the hydrodynamic size distribution of GO and 

rGO in Kup5, LSEC, and Hepa 1-6 cell culture medium (Table 2.2). GO-S and rGO-S showed a 

similar size distribution from 260 nm to 380 nm regardless of the different components of the three 

media, while GO-L and rGO-L showed a larger size distribution from 450 nm to 770 nm. 

Furthermore, all the samples exhibited a negative ζ-potential value from -12 mV to -15 mV in all 

media. These characterization data demonstrate that the GO and rGO samples with small or large 

lateral sizes have comparable physicochemical properties except for the differences in oxygen 

content resulting from the reduction process. 
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Figure 2.11: AFM images of GO nanomaterial library (top) and corresponding XPS spectra of 

the C 1s region. 

 

Table 2.1: XPS summary showing relative amounts of functional groups on GO 

nanomaterials. 

Sample O:C %CC/CH %C-O %C=O %O-C=O 

GO 1.0 : 2.2 ± 0.1 48.5 ± 2.2 44.7 ± 1.8 6.8 ± 1.1 - 

rGO-1h 1.0 : 2.1 ± 0.1 53.8 ± 1.1 39.7 ± 0.8 6.5 ± 0.4 - 

rGO-2h 1.0 : 6.7 ± 0.1 63.0 ± 2.0 16.7 ± 0.9 14.9 ± 1.2 5.4 ± 0.1 

rGO-5h 1.0 : 7.7 ± 0.1 64.1 ± 0.7 15.5 ± 0.7 15.2 ± 0.7 5.1 ± 0.2 
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Table 2.2: Hydrodynamic sizes and zeta potential of GO and r-GO after suspension in cell 

media. 

Hydrodynamic Size 

(nm) 

GO rGO 

 GO-S GO-L rGO-S rGO-L 

Kup5 Medium 258.9 ± 6.6 448.4 ± 19.2 383.7 ± 52.5 685.1 ± 37 

LSEC Medium 256.4 ± 7.2 556.8 ± 6.3 352.4 ± 7.3 557.9 ± 16 

Hepa-1 Medium 278.5 ± 5 448.6 ± 8.1 370 ± 12.3 765.6 ± 20.5 
 

Zeta Potential (mV) GO rGO 

 GO-S GO-L rGO-S rGO-L 

Kup5 Medium -13.8 ± 1.6 -11.9 ± 2.6 -12.9 ± 2.5 -12.7 ± 1 

LSEC Medium -14.7 ± 2.3 -14.4 ± 1.2 -14.9 ± 2 -14.7 ± 3.6 

Hepa-1 Medium -14.4 ± 2.6 -14.6 ± 4.2 -14.3 ± 2.9 -13.7 ± 1.6 
 

 

To determine the cytotoxicity of GO and rGO in liver cells, two complementary assays with 

different modes of detection (absorbance and fluorescence) were employed: ATP and CellTox 

Green. Zinc oxide nanoparticles (ZnO, D=22.6 ± 5.1 nm) were used as a positive control in each 

cytotoxicity assay. As shown in Figure 2.12, the three liver cell types showed significant 

differences in cytotoxicity when exposed to GO and rGO for 24 h. In Kup5 cells, GO and rGO 

showed a dose-dependent (0 to 50 μg mL-1) increase in cell death (CellTox Green) and decrease 

in cell viability (ATP). The differing effects in cell viability after GO and rGO treatment was 

observed at the dose of 50 μg mL-1, and the ranking of toxicity was GO-L (91.3 ± 4.8% cell death), 

GO-S (73.2 ± 6.5% cell death), rGO-L (66.0 ± 4.3% cell death) and rGO-S (55.7 ± 1.9% cell death). 

This result suggests that GO induced a stronger cytotoxic response in Kup5 cells compared to that 

of rGO, and that larger lateral sizes, for both GO and rGO, led to a stronger cytotoxic response 

compared to their smaller counterparts. Compared to Kup5, GO induced minimal cytotoxicity in 

LSEC regardless of size. However, rGO induced high levels of cytotoxicity in LSEC, and the 

cytotoxicity levels are similar for rGO of different lateral sizes with rGO-S (72.6 ± 5.9% cell death) 
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and rGO-L (69.4 ± 3.4% cell death) at 50 μg mL-1. For Hepa 1-6 cells, negligible cell death was 

detected after treatment with GO or rGO at all doses, and there were no differences between two 

lateral sizes of GO or rGO. This indicates that both GO and rGO do not cause cell death in Hepa 

1-6 cells.   

 

 

Figure 2.12: Cytotoxicity of GO and rGO in liver cells. CellTox Green (top) and ATP (bottom) 

assays were used to determine cell death and cell viability, respectively, in Kup5, LSEC and 

Hepa 1-6 cells. Zinc oxide nanoparticles were used as a positive control in both assays.   

 

Using flow cytometry with fluorescein isothiocyanate (FITC)-conjugated Annexin V and 

propidium iodide (PI) staining, we assessed the cell death mechanisms—apoptosis or necrosis—

induced by GO and rGO 16 h after dosing. Necrotic cell death is defined as the PI positive (PI+) 
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population, while apoptotic cell death is defined as the Annexin V positive (Annexin V+) 

population. ZnO nanoparticles were used as positive controls for apoptotic cell death as previously 

described.241 PI+ population dramatically increased in Kup5 cells treated with GO-S (48.2% of PI+) 

and GO-L (51.0% of PI+), indicating that GO mainly induced necrosis in the Kup5 cell line (Figure 

2.13A). In contrast, necrotic cell death was absent in LSEC cells after treatment with GO-S or GO-

L (Figure 2.13B). However, apoptotic cell death was observed in both Kup5 and LSEC cells treated 

with rGO, with percentages of 45.0%, 44.0%, 32.3% and 31.4% for rGO-S and rGO-L in Kup5, 

and rGO-S and rGO-L in LSEC, respectively. To further examine whether rGO materials induced 

apoptosis in Kup5 and LSEC cells, we quantified the amount of caspase-3/-7, which is activated 

in apoptotic cells (Figure 2.13C, D). We found that caspase-3/-7 was significantly activated in both 

Kup5 (4.3-fold increase for rGO-S and 4.9-fold increase for rGO-L compared to cell control) and 

LSEC (2.8-fold increase for rGO-S and 2.6-fold increase for rGO-L compared to cell control), 

suggesting that rGO materials trigger apoptosis in both Kup5 and LSEC cells. Overall, GO 

triggered necrotic cell death in Kup5 cells, while rGO triggered apoptotic cell death in both Kup5 

and LSEC cells. 
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Figure 2.13: Cell death mechanisms of GO and rGO in liver cells. Flow cytometry with 

fluorescein isothiocyanate (FITC)-conjugated Annexin V and propidium iodide (PI) staining 

was used to determine the cell death mechanism—apoptosis or necrosis—induced by GO and 

rGO after 16 h in (A) Kup5 and (B) LSEC cells. Caspase-3/-7 activity in (C) Kup5 and (D) 

LSEC cells. 
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The cytotoxicity of GO materials is dependent on the GO-cell interactions, including 

membrane adsorption, cellular uptake, subcellular localization and processing. To demonstrate 

how the GO and rGO interacted with the cell membrane and the degree of cellular uptake, the 

GO/rGO were labeled with a fluorescent dye and the cellular uptake was quantified by side 

scattering flow cytometry (Figure 2.14). rGO-S and rGO-L were associated with 19.9 ± 1.3 % and 

31.1 ± 3.5 % of Kup5 cells, respectively. However, GO-S and GO-L showed minimal cellular 

association in the Kup5 cell line suggesting that the cell death mechanism of GO in Kup5 cells is 

primarily due to the membrane attachment with GO leading to membrane damage. Meanwhile, 

both GO and rGO were taken up in LSEC cells, with a cell association percentage of 25.6 ± 0.9 % 

for GO-S, 34.6 ± 1.5 % for GO-L, 27.6 ± 3.0 % for rGO-S, and 28.9 ± 0.2 % for rGO-L, 

respectively. In contrast, Hepa 1-6 cells showed a lower uptake percentage, with less than 11.5 ± 

2.1 %, for all of the materials.  

 

Figure 2.14: Cellular uptake of GO and rGO in (A) Kup5, (B) LSEC, and (C) Hepa 1-6 cells as 

measured by side scatter flow cytometry using GO/rGO labeled with FITC conjugated to BSA. 
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It is noted that GO and rGO show higher uptake by LSEC compared to Hepa 1-6. Previous 

studies found that LSEC expressed considerable amounts of scavenger receptor B1 (SR-B1, an 

essential mediator of lipid transfer and cell uptake) while in hepatocytes SR-B1 expression was 

low. We posit that the differential cellular uptake observed between LSEC and Hepa 1-6 may have 

resulted from the SR-B1 mediated selective uptake. To support this claim, a blockade of SR-B1 

signaling with a selective inhibitor, block lipid transport-1 (BLT-1), was applied in LSEC and 

Hepa 1-6 cells before treatment with GO and rGO (Figure 2.15). The results showed that the 

cellular uptake of the materials by LSEC fell dramatically to less than 5%, and the effects are less 

for Hepa 1-6 cells due to the already very low (<10%) cellular uptake levels. This suggests that 

SR-B1 is the major cell surface scavenger that mediates cell uptake of GO or rGO by LSEC, which 

at least partially explains the differential cellular uptake capability between LSEC and Hepa 1-6. 

 

Figure 2.15: Effects of SR-B1 signaling on cellular uptake of GO and rGO in (A) LSEC and 

(B) Hepa 1-6 cells. Cellular uptake of GO and rGO was measured with and without treatment 

of BLT-1, a selective inhibitor for SR-B1.   
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Recent studies demonstrated that GO materials could induce membrane lipid peroxidation and 

subsequent membrane damage in cells.209,211,242 Hence, we examined the cell membrane lipid 

peroxidation in the three liver cell types under exposure to GO and rGO using an Image-iT kit 

(Figure 2.16). The BODIPY 581⁄591 C11 reagent undergoes a shift in peak fluorescence emission 

from ~590 nm (wavelength, red) to ~510 nm (wavelength, green) during the peroxidation process, 

as demonstrated by using cumene hydroperoxide (CH) as a positive control. It is observed that GO 

induced prominent lipid peroxidation in GO treated cells compared to the cell control in Kup5 

cells, while GO showed negligible pro-oxidative effects in LSEC and Hepa 1-6 cells. These results 

were quantified using flow cytometry, which showed that GO-S and GO-L induced lipid 

peroxidation in 8.1 ± 2.6 % and 16.9 ± 3.2 % of Kup5 cells, while the lipid peroxidation levels for 

LSEC and Hepa 1-6 cells were negligible compared to the control. The differential cell membrane 

lipid peroxidation among different cell types treated with GO may be associated with functional 

differences of liver macrophages, endothelial cells, and hepatocytes which warrants further 

investigation.243 In contrast, rGO showed minimal effects on lipid peroxidation in Kup5, LSEC 

and Hepa 1-6 cells. In agreement with our previous findings, these results suggest that the lipid 

peroxidation induced by GO in Kup5 cells is likely due to carbon radicals on the GO surface that 

could generate reactive oxygen species (ROS) that react with membrane lipids.211 
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Figure 2.16: Lipid peroxidation induced by GO and rGO in (A) Kup5, (B) LSEC, and (C) Hepa 

1-6 cells using the BODIPY 581/591 C11 reagent and an Image-iT kit.  

 

In addition to cell death, previous studies demonstrated that GO-based materials could induce 

pro-inflammatory cytokine production, including IL-1β and TNF-α.168,232 IL-1β production 

involves triggering of the NLRP3 inflammasome activation resulting from lysosomal damage and 

consequent release of cathepsin B.244 Hence, we used a fluorescent cathepsin B substrate, Magic 

Red, to visualize the lysosomal damage and observed cathepsin B release after cellular uptake of 

GO or rGO in Kup5 and LSEC (Figure 2.17A). Monosodium urate (MSU) crystals were used as a 

positive control to demonstrate the change from a punctate Magic Red staining pattern seen in 

intact lysosomes in control cells to a diffuse staining pattern in the cytosol after lysosomal damage. 

The punctate Magic red staining was observed in Kup5 cells after treatment with GO-S or GO-L, 

indicating that GO did not induce lysosomal damage. The result is reasonable considering that GO 

was not internalized into Kup5 cells but instead interacted with the cell membrane. In contrast, 
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rGO-S and rGO-L resulted in extensive lysosomal damage, as demonstrated by the diffuse staining 

pattern of Magic Red in the cytosol. Similar to Kup5 cells, rGO induced significant lysosomal 

damage in LSEC, while GO had no effect on the lysosomes. 

We then assessed the IL-1β levels in the three liver cell types after exposure to GO and rGO 

(Figure 2.17). Consistent with the confocal images of cathepsin B release, the assessment of IL-

1β levels revealed that rGO induced significant increases above the non-treated control of Kup5 

and LSEC, while GO showed minimal or negligible effect. Meanwhile, it was observed that rGO-

L (at the dose of 50 µg mL-1) induced higher IL-1β (470 ± 17 pg mL-1) compared to rGO-S (371 

± 15 pg mL-1) in Kup5. However, the effect of lateral size was not observed in IL-1β secretion in 

LSEC. This is in agreement with the cytotoxicity result that a size effect was only observed in 

Kup5 cells where larger sized materials induced higher cell death. We also examined the IL-1β 

secretion in Hepa-1 cells, and there are no significant IL-1β production after treatment with GO 

and rGO. 
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Figure 2.17: Pro-inflammatory effects of GO and rGO in liver cells. (A) Lysosomal damage in 

Kup5 cells as demonstrated by the release of Cathepsin B (red) after cellular uptake. 

Monosodium urate (MSU) was used as a positive control. Significant increases in the IL-1β 

production in (B) Kup5, (C) LSEC, and (D) Hepa 1-6 cells are indicative of a pro-inflammatory 

response.  
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Looking at the aggregation of GO and rGO under simulated lysosomal conditions that utilize 

an acidic phagolysosomal simulant fluid (PSF), which exhibits a pH of 4.5, the hydrodynamic size 

of rGO increased dramatically up to a few micrometers in PSF, while the hydrodynamic size of 

GO only slightly increased to about 1 µm, which indicates that GO is relatively stable compared 

to rGO in PSF (Table 2.3). The data suggest that the poor stability of rGO in lysosomes results in 

large aggregates that could have more interactions with the lysosomal membrane and cause 

lysosomal damage given that the average size of a lysosome is from 0.1 µm to 1.2 µm.245 

 

Table 2.3: Hydrodynamic sizes of GO and r-GO after suspension in PSF for 6h.  

 GO rGO 

 GO-S GO-L rGO-S rGO-L 

GO Size (nm) 829.8 ± 80.9 

(0.378) 

1040.9 ± 142.5 

(0.322) 

12215.2 ± 896.4 

(0.472) 

16214.4 ± 8099.8 

(0.476) 
 

 

In addition to IL-1β, we examined another major pro-inflammatory cytokine, TNF-α, which is 

frequently involved in acute inflammatory events in the liver system upon exposure to 

nanoparticles.246 The production of TNF-α was dramatically increased in the Kup5 cell line after 

treatment with GO, with the secretion up to 860 ± 90 pg mL-1 for GO-S and 4000 ± 510 pg mL-1 

for GO-L at the dose of 50 µg mL-1 (Figure 2.18). However, TNF-α production was not induced 

in Kup5 cells treated with rGO, and also not detected in LSEC and Hepa 1-6 cells after treatment 

with GO or rGO. Previous studies have demonstrated that the TNF- α production in macrophages 

is stimulated through activation of toll-like receptors (TLR), and GO-induced macrophagic cell 

death occurs by activating TLR-4-dependent necrosis.247 To investigate whether the GO-induced 

necrotic process requires interaction with TLR4, a specific TLR4 inhibitor CLI-095 was used 
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before treatment with GO. The induction of TNF-α was remarkably reduced (2.2-fold decrease for 

GO-S and 2.4-fold decrease for GO-L, compared to control cells) by pre-treatment with the TLR4 

inhibitor. Also, it is known that nuclear factor-kappa B (NF-ƘB) is involved in the production of 

inflammatory cytokines (such as IL-1 and TNF-α) through TLR4 receptors.248,249 Thus, we blocked 

the NF-ƘB signaling pathway by celastrol, a quinone methide triterpenoid. The induction of TNF-

α was largely prevented (2.6-fold decrease for GO-S and 4.4-fold decrease for GO-L, compared 

to control cells). Taken together, the pro-inflammatory cytokine, TNF-α, production was induced 

by GO in the Kup5 cell line through the TLR-4 and NF-ƘB pathway. 

We found that GO materials showed significant differences in cytotoxic and pro-inflammatory 

effects among these three liver cell types. The differences in these toxicological effects are due to 

their distinct interactions with the cell membrane, cellular uptake, and the resulting lysosomal 

damage and pro-inflammatory cytokine production (Figure 2.19). In addition, the toxicological 

effects could be linked to oxidation states and lateral sizes of GO materials. 

  



 98 

 

Figure 2.18: (A) TNF-α production induced by GO and rGO in Kup5, LSEC, and Hepa 1-6 

cells. Treatment with the (B) TLR-4 or (C) NF-ƘB inhibitor illustrates that the pro-inflammatory 

response of GO is dependent on TLR-4 activation through the NF-ƘB signaling pathway in 

Kup5 cells.  
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Figure 2.19: Cytotoxic effects of GO and rGO nanomaterials are due to distinct membrane 

interactions, cellular uptake, and cellular localization and processing, which are dictated by the 

physicochemical properties of the nanomaterials, including oxidation and lateral size. 
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2.2.4 Antibacterial effects of graphene oxide nanomaterials 

Using the reduction and hydration methods, we successfully synthesized a library of GO with 

different surface functionalities as described in section 2.2.1 and tested for antibacterial effects, 

using antibiotic resistant bacteria as a model. To study the killing effects of pristine GO in bacteria, 

we selected wildtype and antibiotic resistant (AR) E. coli (Gram negative). The AR strains were 

included in light of the public health relevance of drug-resistant bacteria.  Moreover, no previous 

studies have determined if GO can overcome antibiotic resistance. The strain of E. coli that was 

chosen is resistant to 24 different types of antibiotics, including ampicillin. We found that hGO 

sheets have significantly enhanced antibacterial effects on the AR E. coli compared to pristine GO, 

with hGO-2 achieving almost 100% killing at 500 µg/mL (Figure 2.20A). In contrast, rGO-1 and 

rGO-2 showed decreased bactericidal effects compared to the pristine material. Comparison of the 

antibacterial efficiency with the physicochemical characteristics of the library materials (including 

oxidized chemical content, carbon radical density, sheet size and zeta potential), demonstrated the 

strongest correlation (r=0.99) to carbon radical density (Figure 2.20B). However, as expected, the 

correlation coefficient to the hydroxyl content was also strong (r=0.94) in light of the intimate 

relationship with the carbon radical content. These results demonstrate the important role of carbon 

radicals in GO-induced antibacterial effects in antibiotic resistant bacterial strains. Similar to 

mammalian cells discussed in section 2.2.2, the bactericidal effects of GO are dependent on 

interactions with the bacterial membrane, where surface reactive groups such as the carbon radicals 

could lead to membrane damage and cell death as a result of lipid peroxidation (Figure 2.22). 
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Figure 2.20: Bactericidal effects of the GO library. (A) Bacterial killing effects of GO samples 

in AR E. coli. To determine the bacterial killing by GO samples, AR E. coli were exposed to 8–

500 μg/mL rGO-2, rGO-1, GO, hGO-1, and hGO-2 at 37 °C for 24 h; *p < 0.05 compared to 

GO. (B) Calculation of the correlation coefficient between •C density and bacteria killing. 

Pearson’s analysis was used to evaluate the correlation between the rate of cell growth and the 

absorbance peak area of •C on the GO surface. 
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Because GO is often incorporated into composites (e.g., bandages and biofilms) for 

antibacterial activity, we were interested to see whether immobilization of hGO to material 

surfaces could attain significant bactericidal effects. Our proof-of-concept testing was covalent 

attachment of hGO-2 to the surface of a silicone catheter, which has relevance from the perspective 

of bacterial contamination of indwelling clinically used devices.250 A method was developed to 

prepare the substrate surface for coating, namely, surface amination by (3-

aminopropyl)triethoxysilane (APTES), followed by conjugation of the amine groups with hGO-2 

(Figure 2.21A). These coatings showed extraordinary durability and could stably attach to the 

catheter surface, even after sonication and washing procedures. A series of silicone catheters were 

coated with hGO-2 for 1, 3, 5, and 10 cycles (denoted as 1C, 3C, 5C, and 10C). Each layer of 

coating resulted in progressive darkening of the catheter surface. The antibacterial effects of the 

coated catheter surfaces were tested in a β-galactosidase assay, which reflects progressive bacterial 

membrane leakage (Figure 2.21B). We also performed a quantitative evaluation of the bactericidal 

effects of the 10C hGO-2-coated catheter surface. As shown in Figure 2.21C, after 1, 3, and 6 h of 

incubation, the bacteria settling on the catheter surface were collected, serially diluted, and 

introduced into LB agar plates to assess the number of colony forming units (CFU). The coated 

catheters showed a time-dependent reduction of CFU, compared to the uncoated catheters. A 

dramatic decrease of CFU could be seen after 1 h of exposure to a hGO-2 film, amounting to 2.2 

log reduction after 6 h exposure. All considered, the above results show that hGO-2 coating of 

catheter surfaces can be used to kill AR E. coli.  
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Figure 2.21: Inhibition of AR bacterial growth by hGO-2 covalently attached to the surface of 

a silicone catheter. (A) Schematic to describe hGO-2 coating of catheters as well as product 

images. (B) β-Galactosidase release from bacteria grown on coated catheters. The β-

galactosidase release from embedded bacteria on catheter surfaces was determined after 2 h 

incubation. (C) Assessing the growth of bacteria retrieved from the coated catheter surfaces. 

After bacteria settled on catheter surfaces, they were incubated for 1, 3, and 6 h. The images 

show the growing colonies from uncoated or hGO-2-coated surfaces at each time point at same 

dilutions.  
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Through detailed characterization and toxicity testing, we identified the GO surface carbon 

radical as the functional group most proximately associated with the antibacterial activity of this 

material. The hydration method could be used to modulate the carbon radical density, which led 

to the realization that the hydrated GO (hGO) material that expressed the highest radical density 

levels also exerted the most effective bacteria killing effects. To explore the potential applications 

of hGO, we coated both glass and silicon catheter surfaces with hGO in a proof-of-principle study. 

Immobilized hGO provided highly effective bactericidal effects in antibiotic resistant E. coli 

commensurate with the coating density. These results demonstrate the important role of carbon 

radicals and potential use of GO on medical devices for combating multidrug resistant bacteria. 

 

Figure 2.22: Schematic image to explain the bactericidal effect of GO including membrane 

association and lipid peroxidation. 
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2.3 Experimental methods 

2.3.1 Preparation of graphene oxide nanomaterial library 

GO was prepared using a modified Hummers’ method as described previously.167 Briefly, 

graphite flakes (Asbury Mills 3061 grade) were oxidized and then filtered and centrifuged to 

remove any residual contaminants. The oxidized graphite was then re-dispersed in DI water (for 

GO samples) or NMP (for rGO samples) and ultrasonicated using a Fisher Scientific Model 500 

Sonic Dismembrator for 1 hour at 50% power (~55 Watts) in an ice bath. The GO was then 

centrifuged using a Beckman Coulter J26-XPI at 5000 rpm for 10 minutes (~4,620g). The top 80% 

of the supernatant was retained as the final GO sample and for further processing for the reduced 

graphene oxide samples. The concentration of the GO solution was determined by optical 

absorbance at 330 nm. 

GO samples of varying lateral size were prepared by altering the above ultrasonication 

parameters. For small GO (GO-S), oxidized graphite was ultrasonicated for 2 hours at 50% power 

in an ice bath. For large GO (GO-L), oxidized graphite was bath sonicated for 30 minutes. 

Centrifugation and reduction parameters remained constant.  

To prepare reduced GO (rGO) GO was dispersed in NMP (ACS reagent grade 328634, Sigma-

Aldrich) by ultrasonication for 1 hour at 50% power (~55W) as described before.251 The solution 

was heated to 150°C with constant stirring in a silicone oil bath for 1 hour (rGO-1) or 5 hours 

(rGO-2).  

To prepare hydrated GO (hGO), 10 mL GO aqueous suspension (5 mg/mL) was diluted into 

90 mL deionized water and mixed with 80 mg NaOH (0.02 M), using a sonication probe (Sonics 

& Materials, USA) at 32 W for 10 min. The GO mixture was transferred into a round flask and 
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refluxed at 50 or 100 °C in an oil bath with constant magnetic stirring for 24 h. 1 M HCl solutions 

were used to neutralize the reaction. The mixture was then centrifuged at 50, 000 rpm for 30 min 

to collect the hydrated GO pellets. After washing with deionized water three times, the hydrated 

GO samples were dispersed in water and stored at 4 °C. 

2.3.2 Physicochemical characterization of GO library 

To obtain AFM images, silicon wafers were pretreated by 2.5 mM APTES aqueous solution 

for 30 min to functionalize the surface with a monolayer. The wafers were rinsed with DI water 

and dried under N2. A drop of 10 μg/mL GO solution was placed on the wafer, followed by 

washing twice with DI water (∼5 s) and drying under N2. Next, the GO AFM sample underwent 

heat treatment for 30 min at 250 °C. AFM images were obtained by an Asylum Research Cypher 

ES AFM. Images were taken at random locations in the sample and showed little variation. All 

images were obtained with the same tip and scanning conditions. 

Zeta-potential and hydrodynamic size measurements of the GO suspensions were performed 

using a ZetaSizer Nano-ZS instrument (Malvern Instruments, Worcestershire WR, UK). 

X-ray photoelectron spectroscopy (AXIS Ultra DLD, Kratos, UK) has been used to investigate 

the chemical state and calculate the atomic concentration of oxidized groups on GO surface with 

monochromatic Al Kα at 15 kV and 10 mA. For sample preparation, a suspension of GO samples 

was dropped on the silicon substrate and dried at room temperature. The data analysis and curve 

fitting were performed with the CasaXPS program (Casa Software Ltd., UK). 

The EPR measurements were obtained with an X-band Bruker ELEXYS 580 spectrometer. 

Five milligrams of GO nanosheets were dried by vacuum and allowed to settle to the bottom of 

the 2 mm i.d. quartz EPR tubes prior to data collection. The field was calibrated using a standard 



 107 

sample with a known g-factor (2,2-diphenyl-1-picrylhydrazyl). The EPR spectra were detected at 

room temperature with the frequency at 9.785845 GHz, center field at 3480 G, attenuator at 13.0 

dB, and g value at 2.0029. 

2.3.3 Determination of pulmonary toxicity 

BEAS-2B and THP-1 cells were obtained from ATCC (Manassas, VA), and were cultured in 

BEGM or complete RPMI 1640 (supplemented with 10 % fetal bovine serum), respectively, at 5 % 

CO2 and 37°C. Before exposure to GO samples, BEAS-2B cells were seeded at a density of 

1×104/well in 96-well plates (Corning, NY, USA) overnight at 37°C. All the GO solutions were 

freshly prepared in BEGM containing 0.2% BSA or in complete RPMI 1640.  These suspensions 

were dispersed by sonication (Sonics & Materials, USA) at 32 W for 10 s at the desired final 

concentration, before addition to the cells. Aliquots of 3×104 THP-1 cells were seeded overnight 

in 0.1 mL complete RPMI medium into 96-well plates (Corning, NY, USA), receiving 1 µg/mL 

phorbol 12-myristate acetate (PMA), while BEAS-2B cells were suspended in BEGM media at a 

density at 1×104 cells per well. After exposure to 0-200 μg/mL of each of the GO suspensions for 

24 or 48 h, the cell culture medium was removed, followed by the addition of 120 μL culture 

medium containing 10% MTS stock solution for 1-2 hour at 37 °C in a humidified 5% CO2 

incubator.252 The supernatants were transferred to a new 96-multiwell plate and centrifuged at 

2000g for 10 min in NI Eppendorf 5430 to spin down the cell debris and nanoparticles. 100 μL of 

the supernatant was removed from each well and transferred into a new 96-well plate. The 

absorbance of formed formazan was read at 490 nm on a SpectraMax M5 microplate 

spectrophotometer. 
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To detect the cellular uptake of GO using TEM, after exposure to 100 μg/mL rGO-2, GO or 

hGO-2 for 16 h, the cells were washed and fixed with 2% glutaraldehyde in PBS.  Following post-

fixation in 1% osmium tetroxide in PBS for 1 h, the cells were dehydrated in a graded series of 

ethanol, and then treated with propylene oxide before embedding in Epon. Approximately 50-70 

nm thick sections were cut on a Reichert-Jung Ultracut E ultramicrotome and picked up on 

Formvar-coated copper grids. The sections were stained with uranyl acetate and Reynolds lead 

citrate and examined on a JEOL transmission electron microscope at 80 kV in the UCLA BRI 

Electron Microscopy Core, as previously reported. 

THP-1 cells were treated with 100 μg/mL of each of the GO samples for 16 h or 10 μM cumene 

hydroperoxide (positive control) for 1 h. Aveolar macrophages were obtained from the BALF of 

mice exposed to 5 mg/kg quartz or 2 mg/kg rGO-2, GO or hGO-2 for 40 h, and allowed to adhere 

to the bottom of 8-well chambers.  After washing, the cells were incubated with 10 µM Image-

iT® Lipid Peroxidation Sensor and Hoechst 33342 in culture media for 30 min.  The stained cells 

were washed three times in PBS and used for flow cytometry analysis on a FACS Vantage SE 

flow cytometer from BD (Franklin Lakes, NJ), using FlowJo® Software (Ashland, OR) to 

calculate the ratio of the emission fluorescence intensities at 590 nm to 510 nm. 

2.3.4 Determination of cytotoxicity in liver cells 

Mouse liver macrophagic cell line, Kupffer 5 (Kup5, obtained from RIKEN BioResource 

Center, Japan), was maintained in completed Dulbecco's Modified Eagle's Medium (DMEM 

containing 10% fetal bovine serum, 10 µg mL-1 bovine insulin, 100 units mL-1 penicillin, 100 g 

mL-1 streptomycin, and 250 µM 1-Thioglycerol) at 37 °C in a 5% CO2 humidified atmosphere and 

subcultured prior to confluence using TrypLE™ Express (Thermo Fisher, US). Human liver 
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sinusoidal endothelial cell (LSEC, obtained from ATCC, US) line was maintained in completed 

Eagle's Minimum Essential Medium (EMEM containing 10% fetal bovine serum, 100 units mL-1 

penicillin and 100 g mL-1 streptomycin) at 37 °C in a 5% CO2 humidified atmosphere and 

subcultured prior to confluence using trypsin-EDTA solution with a concentration of 0.25% (w/v) 

Trypsin - 0.53 mM EDTA. Mouse liver hepatocytes (Hepa 1-6, obtained from ATCC, US) were 

maintained in completed Dulbecco's Modified Eagle's Medium (DMEM containing 10% fetal 

bovine serum, 100 units/mL penicillin and 100 g/mL streptomycin) at 37 °C in a 5% CO2 

humidified atmosphere and subcultured prior to confluence using trypsin-EDTA solution with a 

concentration of 0.25% (w/v) Trypsin - 0.53 mM EDTA. 

2 × 104 cells (Kup5, LSEC and Hepa 1-6) in 100 µL cell medium were seeded in each well of 

a 96-well clear bottom black plate (for cell death study) and a clear bottom white plate (for cell 

viability study) and allowed to attach overnight. Then, cells were pre-treated with 100 µL of cell 

medium containing 0.5 µg mL-1 LPS for 4 h (No LPS treatment to Hepa 1-6 cells) before exposure 

to GO/rGO materials (concentration from 6.25, 12.5, 25, 50 µg mL-1) for 24 h. Cell death was 

determined by the CellTox Green Cytotoxicity assay according to the manufacturer’s instructions 

(Promega Corporation, USA). Cell viability determined by cellular ATP content was accessed by 

the ATPlite Firstep assay (PerkinElmer, USA) according to the manufacturer’s instructions. The 

fluorescence intensity (cell death study) and optical absorbance (cell viability study) were read on 

a SpectraMax M5 microplate spectrophotometer. 

To determine cell death mechanisms, 1 x 106 cells (Kup5, LSEC and Hepa 1-6) were treated 

with GO or rGO with a concentration of 50 μg mL-1 and incubated for 16 h at 37 °C, 5% CO2. 

Cells were detached using a cell lifter (Fisher Scientific, US) and then harvested by centrifugation 
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at 200 g for 5 mins. Cells were stained by resuspension in the binding buffer containing 50 μg mL-

1 Annexin V-FITC and 50 μg mL-1 PI (Abcam, Annexin V-FITC apoptosis detection kit).  After 

15 min incubation on ice in the dark, cells were analyzed for cell death using flow cytometry (BD 

FACS HTLSRII). The fluorescence from Annexin V was measured through FITC channel and PI 

was measured through PE channel. Forward scatter (FSC) and side scatter (SSC) properties were 

used to acquire a total of at least 10,000 cells and to gate out the cell debris. Apoptotic cells were 

identified as Annexin V positive and necrosis cells were identified as PI positive using FCS 

Express 6 software. 

For the determination of cell membrane lipid peroxidation, 4 × 104 Cells were seeded into an 

8-well chamber and incubated overnight and then treated with 25 µg mL-1 GO or rGO for 6h. Cells 

treated with 20 µM cumene hydroperoxide (CH) for 1.5 h were used as a positive control. After 

treatment, cells were washed three times with DPBS and then stained with 10 µM Image-iT (Fisher 

Scientific, US) lipid peroxidation sensor for 30 min and 10 µg mL-1 Hoechst 33342 for 20 min. 

The chamber was directly visualized under a confocal microscope (Leica TCS SP5, Germany) in 

the CNSI Advanced Light Microscopy/Spectroscopy Shared Facility. The lipid peroxidation of 

cells was determined by the reduction and oxidation of the image iT sensor at excitation/emission 

wavelengths of 581/591 nm (Texas Red) and 488/510 nm (FITC), respectively. Meanwhile, the 

percentage of cells with lipid peroxidation was quantified by flow cytometry (BD FACS Vantage 

SE) with a FITC channel. 

For the assessment of lysosomal damage and cathepsin B release, 4 × 104 cells (Kup5, LSEC 

and Hepa 1-6) in 200 µL of medium were seeded into each well of an 8-well chamber (Thermo 

Fisher Scientific, Rochester, USA) and allowed to attach overnight. Then, cells were treated with 



 111 

200 µL of complete cell medium containing 0.5 µg mL-1 LPS for 4 h (No LPS treatment was 

performed to Hepa 1-6). After LPS treatment, 200 µL of GO/rGO with a concentration of 50 μg 

mL-1 were added to cells and incubated for 6 h. After fixation in 4% PFA for 30 min in PBS at 

25 °C, cells were washed three times with PBS and stained with Magic Red (ImmunoChemistry 

Technologies, US) at 26 nM for 2 h. Following further washes with PBS, the cell nuclei were 

stained for 30 min with 10 μg mL-1 Hoechst 33342. The chamber was visualized under a confocal 

microscope with 60× objective (Leica Confocal SP5, Germany). Cells without GO or rGO 

treatment were used as a negative control. Cells treated with 50 μg mL-1 monosodium urate (MSU) 

crystals were used as a positive control demonstrating that the punctate Magic Red staining seen 

in intact lysosomes (control cells) changes to diffuse cytosolic fluorescence after damage to the 

lysosome. 

For assessment of pro-inflammatory cytokines, 2 × 104 cells (Kup5, LSEC or Hepa 1-6 cells) 

in 100 µL cell medium were seeded in each well of a 96-well plate and allowed to attach overnight. 

Then, cells were pre-treated with 100 µL of cell medium containing 0.5 µg/mL LPS (No LPS 

treatment was performed to Hepa 1-6 cells) before exposure to GO/rGO materials (concentration 

from 6.25, 12.5, 25, 50 µg mL−1). After 24 h incubation, the supernatant was collected for the 

assessment of IL-1β (BD Biosciences, USA) and TNF-α (BD Biosciences, USA) according to 

manufacturer’s instruction. Further, to investigate the TLR4 signaling effect on the secretion of 

TNF-α, a selective TLR4 signaling inhibitor, CLI-095 (InvivoGen, US), was used with a 

concentration of 1 μM to pretreat Kup5 cells overnight prior to GO (50 µg mL−1) exposure. After 

24 h incubation, the supernatant was collected for the assessment of TNF-α. Similarly, to inhibit 

the NK-ƘB activity, a selective NK-ƘB inhibitor, Celastrol (Sigma, US), was used with a 
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concentration of 5 μM to pretreat Kup5 cells overnight prior to GO (50 µg mL−1) treatment. After 

24 h incubation, the supernatant was collected for the assessment of TNF-α. 

2.3.5 Determination of bactericidal effects  

Five bacterial strains were used in this study: a wide-type E. coli strain (ATCC 25922), an 

AR E. coli strain (ATCC BAA-2452), a silver-resistant E. coli strain (kindly donated by Dr. 

Susanne Sütterlin from the Department of Clinical Microbiology, Uppsala University, Sweden), a 

sensitive L. crispatus strain (ATCC 53545), and an AR L. crispatus strain (ATCC 55221). 

Bacterial growth was carried out in LB broth (Lennox, Sigma-Aldrich, USA) for E. coli and 

Lactobacilli MRS broth for L. crispatus (BD, Franklin Lakes, NJ, USA), respectively. To assess 

the bactericidal efficiency of the GO nanosheets, a growth inhibition curve was constructed. In 

detail, a 5 mg/mL stock solution of each material was dispersed in LB and Lactobacilli MRS media 

at 500 μg/mL. The resulting mixture was sonicated using a sonication probe (Sonics & Materials, 

USA) at 32 W for 15 s. The GO suspensions were diluted stepwise with the culture media to obtain 

a series of gradients (7.8, 15.6, 31.3, 62.5, 125, 250, and 500 μg/mL), of which 50 μL of material 

suspension was pipetted into 384-well polystyrene microplates. Nine replicate measurements were 

performed for each concentration. Using a separate plate, 50 μL of a log-phase bacterial culture 

(OD600 between 0.5 and 0.7) was pipetted into a 384-well plate before a plastic 384 pin replicator 

(Genetix Molecular Devices, USA) was used to inoculate bacteria from the plate to the plate 

containing the serial dilution of GO samples. Sterility and blank controls (bacterial media with no 

inoculation) were also included for each concentration (three replicates). After 24 h incubation at 

37 °C, a SpectraMax M5 microplate reader was used to monitor OD600.  
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 Inhibition of bacterial growth on hGO-2-coated substrates was determined by a modified 

protocol.253 AR E. coli in log phase were collected by centrifugation at 15 000 rpm for 5 min, 

washed twice with PBS, and diluted in fresh LB medium at 0.7 o.d. Bacteria were exposed to hGO-

2 films by immersing the coated or catheters (5 × 5 mm) in bacteria suspensions for 5 min. The 

substrates were air-dried for 30 min to allow the attachment of bacteria to the surface. The bacteria 

settling on catheter surfaces were then placed in a Petri dish with fresh broth and incubated at 

37 °C for 1, 3, or 6 h. The growing bacteria were collected to perform 10-fold serial dilutions in 1 

mL of PBS. Aliquots (0.1 mL) of each dilution were introduced to LB agar plates for 24 h 

incubation.  

2.4 Summary 

Herein, a GO library with different surface functionalities was used to determine the hazard 

potential of GO nanomaterials. In the investigation of the pulmonary toxicity of GO, we 

demonstrated that pristine GO and hydrated GO samples, which express the highest carbon radical 

densities, exhibit the highest pro-oxidative effects in vitro and in vivo. This toxicity pathway 

involves plasma membrane adsorption, lipid peroxidation, membrane damage, and cell death.  

These in vitro toxicological pathways are also responsible for acute inflammation in the murine 

lung following local exposure. hGO-2, representative of a material with high carbon radical density, 

induced significantly more lipid peroxidation and membrane damage in tissue culture cells than 

rGO.  These results also accurately predict similar effects in primary alveolar macrophages, along 

with inducing acute pro-inflammatory responses in the lung.  Pristine GO showed moderate effects, 

while rGO-2 induced low levels of lung inflammation.   
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A similar study based on the same library of GO nanomaterials elucidated the critical role of 

oxidation state and lateral size of GO materials in the determination of cell death mechanisms and 

pro-inflammatory responses in three major liver cell types. We demonstrate that GO induces 

necrotic cell death via cell membrane damage and triggers the pro-inflammatory cytokine TNF-α 

secretion in Kupffer cells, while little cytotoxicity and pro-inflammatory responses were detected 

in LSEC and hepatocytes. rGO induces apoptotic cell death via cell lysosome damage after uptake 

by Kupffer cells and LSEC, and triggers the pro-inflammatory cytokine IL-1β secretion, with 

negligible effects in hepatocytes. These data provide valuable information concerning GO-induced 

liver toxicity, which again will inform efforts to realize safer design strategies for GO in 

biomedical applications. 

Finally, we delineated the GO surface groups that are responsible for bactericidal effects and 

explored the potential use of GO coatings on the surface of a medical device that may be 

contaminated by antibiotic resistant bacteria. We found that the carbon radical density on the GO 

surface plays a major role in the antibacterial effects of these materials. The efficacy of bacterial 

killing can be enhanced by a novel hydration process of the GO surface that opens its epoxy rings 

to generate more •C groups on the surface. A high •C density enhances the oxidative potential of 

hGO, which allows these sheets to induce lipid peroxidation of the bacterial membrane with 

significantly higher bactericidal effects in antibiotic-resistant bacterial strains. In contrast, surface 

reduction decreases •C density and antibacterial killing by GO. Coating of hGO on silicone 

surfaces allows effective killing of antibiotic-resistant E. coli and may be useful for preventing 

biofilm formation on catheter surfaces.  
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This chapter is based, in part, on the research described in the following publications: 

Chowdhury, I.; Mansukhani, N. D.; Guiney, L. M.; Hersam, M. C.; Bouchard, D. “Aggregation 

and Stability of Reduced Graphene Oxide: Complex Roles of Divalent Cations, pH, and Natural 

Organic Matter,” Environ. Sci. Technol. 2015; 49(18): 10886-10893. 

Shams, M.; Guiney, L. M.; Ramesh, M.; Hersam, M. C.; Chowdhury, I. “Influence of 

Functional Groups on the Degradation of Graphene Nanomaterials,” Environ. Sci. Technol., under 

review 

Alam, I.; Guiney, L. M.; Hersam, M. C.; Chowdhury, I. “Antifouling Properties of Two 

Dimensional Molybdenum Disulfide and Graphene Oxide Nanomaterials,” Environ. Sci. Nano, 

under review 

Alam, I.; Guiney, L. M.; Hersam, M. C.; Chowdhury, I. “Fouling Mitigation from Graphene 

Oxide and Molybdenum Disulfide Polypyrrole Functionalized Surfaces,” in preparation 

 

*Contribution made by L. M. Guiney in all papers: production and characterization of 

nanomaterials with refined physicochemical properties. 
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3.1 Background 

Graphene-based nanomaterials, including pristine graphene, graphene oxide (GO) and reduced 

graphene oxide (rGO), have attracted significant attention due to their exceptional properties3,5,254 

that have potential electronic, energy, medical, and environmental applications.255–258 GO is an 

oxidized version of graphene which can be easily produced from graphite in a scalable process. 

Due to the presence of oxygen-containing functional groups on the surface of GO, it is easily 

dispersed in water without the need for surfactants. However, the disruption of the graphene lattice 

renders GO electronically insulating, unlike graphene which is highly conductive. A variety of 

scalable processes can be used to drive the reduction of GO to rGO, restoring some of the 

superlative electronic properties of graphene. rGO is one of the most common forms of graphene-

based nanomaterials widely used in electronics, energy storage devices and biomedical 

applications thanks to the scalable production of GO.5,259 With many promising applications, rGO 

will eventually enter the environment which necessitates a thorough understanding of its 

environmental fate.   

Most graphene-based materials in the environment will appear in reduced form. GO is 

considered a metastable material which undergoes spontaneous reduction.260,261 UV irradiation,262 

natural reductants, bacteria,263 and biota can accelerate this reduction in the environment. Recent 

studies show that GO is reduced to rGO by sunlight exposure264,265 and by bacterial degradation.263 

Most recent work on environmental implications of graphene-based nanomaterials have primarily 

focused on GO266–269 and found that aggregation of GO267 follows colloidal theory including 

Derjaguin-Landau-Verwey-Overbeek (DLVO) theory270 and the Schulze-Hardy rule.271 Presence 

of natural organic matter (NOM) noticeably increases the stability of GO due to steric repulsion. 
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Furthermore, long-term stability studies show that GO is highly stable in natural surface water.267 

Studies on GO transport through porous media269,272,273 found that GO is highly mobile in saturated 

porous media and that any retention is reversible. Increased ionic strength (IS) results in greater 

GO retention primarily due to straining. These observed transport trends can be explained by 

DLVO theory.  

Photodegradation is one major pathway for the transformation of nanomaterials in the 

environment. To further understand the long-term environmental impact of graphene 

nanomaterials, it is important to study sunlight mediated photolysis and degradation. Recent 

studies have shown that GO can be highly stable against aggregation in a natural aquatic 

environment, indicating that GO will persist in water where sunlight mediated photo-

transformation can occur.267,268 This transformation can have an impact on the fate and transport 

of these materials. Transformation by sunlight photolysis is one of the primary routes by which 

carbonaceous materials such as fullerenes transform into CO2 and other oxygen containing 

functionalities.265,274–276 A recent study277 showed that GO readily photo-reacts under simulated 

sunlight and photo-disproportionates to CO2-reduced materials similar to rGO as well as more 

fragmented low molecular-weight species. Furthermore, GO photoreactivity involves the 

simultaneous formation of oxidative and reductive transient species. To date, studies have 

investigated only the photodegradation of GO. The influence of functional groups on the 

degradation process of graphene nanomaterials is still unknown. These knowledge gaps have 

motivated this study to determine the influence of functional groups on the direct photolysis of 

graphene nanomaterials. We hypothesize that the degradation of the graphene flakes starts at the 

defect sites on the basal planes, caused by the presence of the epoxy and hydroxyl functional 
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groups.  Thus, we anticipate that the presence, identity, and quantity of these functional groups 

will influence the degradation process of the materials.278,279 Furthermore, we hypothesize that 

rGO will be more resistant to degradation due to the presence of fewer functional groups and 

increased hydrophobicity. 

Since most graphene-based nanomaterials in the environment are expected to be in reduced 

form, understanding fate and transport of rGO is essential. Through the creation of a highly 

characterized GO nanomaterial library, we systematically investigated the role of surface oxidation 

state on the fate of GO and long-term stability of rGO in natural and engineered aquatic 

environments. pH, ion valence and NOM were determined to play significantly complex roles with 

GO and rGO species. Furthermore, the photodegradation of GO nanomaterials was investigated as 

a function of surface oxidation. While GO degrades rapidly upon sunlight irradiation, rGO 

degrades at a significantly slower rate as a result of both the level of oxygen-containing functional 

groups and the dispersion stability of the nanomaterials. The transportation and transformation of 

nanomaterials are key factors to consider when determining their environmental risk.280 This work 

provides important insight into the role of functional groups in the stability and degradation of 

graphene nanomaterials, and thus contributes to the design of sustainable applications of these 

materials. 

Based on the interactions of GO with foulants (e.g., NOM and E. coli) in aquatic environments 

observed in our investigation of their environmental stability, the use of 2D nanomaterials—

specifically GO and molybdenum disulfide (MoS2)—in water membrane technologies was 

explored. Membrane-based water treatment processes have become the prominent choice for 

producing potable water due to their potential to solve the global fresh water challenge.281 
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Modification of membrane surfaces for improved permeability, salt rejection, and recovery is one 

of the research priorities in this field. However, the advancement of membrane technology is 

severely hampered by the long-standing problem of fouling, which is caused by the accumulation 

of foreign substances on membrane surfaces or inside the membrane pores.282,283 Fouling has been 

found to deteriorate membrane performance causing low water permeability, poor product water 

quality, high energy consumption, and short membrane life. Biofouling, colloidal fouling, organic 

fouling, and scaling remain the most significant problems for efficient application of nano-

filtration and reverse osmosis.284,285 Recently, many synthetic polymers such as polysulfone (PSF) 

and polyethersulfone (PES) have been used to prepare membrane surfaces due to their desirable 

thermal and mechanical properties, and chemical stability.286 Although these modified membranes 

show slightly improved antifouling properties, they still suffer from low water permeability and 

favorable electrostatic interactions between the membrane surface and diverse foulants.287 Thus, 

the concept of making composite membranes with hybrid materials such as mesoporous silica, 

TiO2, ZnO, and oxidized multi-walled carbon nanotubes (CNTs) have been explored for better 

efficiency during water filtration, but improvements thus far have been minimal due to the 

additives that are required.288  

Graphene-family nanomaterials, such as graphene oxide (GO), demonstrate both antibacterial 

and anti-corrosive properties, which can be exploited in membrane coatings.235 Several studies 

have demonstrated the strong antimicrobial properties of GO against a wide variety of 

microorganisms including gram-positive and gram-negative bacterial pathogens, phyto-pathogens, 

and biofilm-forming microorganisms.207,212,289–291 Additionally, GO is hydrophilic which could 

result in higher water permeation, making the membrane less susceptible to fouling during 
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filtration.288,292,293 In addition to GO, molybdenum disulfide (MoS2) is explored as a candidate for 

antifouling surfaces due to its analogous structure and size when prepared using a lithiation 

exfoliation process. Unlike GO, MoS2 has a very smooth surface without reactive oxygen-

containing functional groups and thus could provide an unfavorable surface for foulant attachment. 

Despite significant research that has focused on MoS2 as a material for water filtration applications, 

its use as an antifouling material has not been extensively explored. In order to effectively integrate 

MoS2 into filtration membranes, it is important to understand both the antibacterial properties as 

well as the antifouling mechanisms.  

Furthermore, removal of foulants increases cost and produces additional waste as a result of 

chemical cleaning.294 Chemical cleaning efficiency depends on a wide range of parameters such 

as ionic strength and pH of the cleaning solutions, pressure, temperature, and cleaning duration.295 

Therefore, modification of the commercially available membranes to prevent initial fouling is a 

new field of research. Previously, voltage application was successfully used to delay the 

attachment of bacteria and remove the biofilm effectively.296–298 However, in water treatment 

plants there are also many organic foulants present along with bacteria. These foulants, collectively 

called extracellular polymeric substances (EPS), are found in metabolic products of bacteria and 

are difficult to remove from membrane surfaces.299,300 Thus, the attachment and release of model 

foulants on GO and MoS2 functionalized surfaces was also investigated as a function of applied 

voltage.   
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3.2 Results and discussion 

3.2.1 Aqueous stability of graphene oxide nanomaterials 

In this study, GO and three differently-reduced GO—partially reduced GO (rGO-1h), 

intermediate reduced GO (rGO-2h), and fully reduced GO (rGO-5h)—were used. GO was 

synthesized using a modified Hummers method described previously.167,267 In this study, rGO was 

reduced by a solvothermal process. Chemically reduced GO, rather than rGO reduced via 

environmental processes, was used to obtain similarly sized rGO sheets with varying oxidation 

states so that the fundamental role of surface oxidations on the fate of rGO could be investigated. 

The reduction was achieved by heating a purified GO suspension in NMP to 150°C with constant 

stirring in a silicone oil bath. The heat reflux was performed for 1, 2, or 5 hours to achieve varying 

levels of reduction. After solvothermal reduction, the rGO was separated from the NMP using 

vacuum filtration with 0.1µm alumina filters (Millipore), rinsed heavily with DI water, and re-

dispersed in DI water at an approximate concentration of 1 mg/mL. Concentrations of GO and 

rGO were determined by measuring mass following vacuum filtration. For AFM and FTIR 

characterization, the original dispersions in NMP were analyzed. 

AFM images (Figure 3.1) show that average vertical and lateral size of the flakes remained 

similar from GO to rGO-5h, indicating the reduction process did not significantly change physical 

dimensions of the graphene flakes. XPS and FTIR were utilized to determine surface 

functionalities of the GO nanomaterials. XPS results confirm the reduction of oxygen-containing 

functional groups as the GO was reduced to rGO-5h (Figure 3.1). The relative amounts of 

functional groups on GO and rGO, as determined from XPS spectra, is summarized in Table 3.1. 

Progressing from unreduced GO to rGO-5h, the relative presence of carbon increases from 40% 
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to 64% while the presence of various functional groups correspondingly decreases. We note that 

the percent of carboxyl functional groups increases as the reduction process proceeds due to the 

higher thermal stability of carboxyl functional groups relative to carbonyl and epoxy functional 

groups. The overall oxygen-to-carbon ratio also decreases as GO is reduced. These results are 

qualitatively corroborated by FTIR (Figure 3.2). 
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Figure 3.1: AFM and XPS characterization of GO nanomaterials. Each column shows the 

characterization data of one of three GO and rGO samples: GO, rGO-2h, and rGO-5h, 

respectively, from left to right. A representative AFM image (top row) and the flake size 

histograms of each (middle row) show that physical dimensions of the GO remain comparable 

despite the reduction process. Representative XPS spectra of each sample are shown in the 

bottom row, highlighting the stark drop in carbon-oxygen peaks and rise in the carbon-carbon 

peak as GO is reduced. 
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Table 3.1: XPS summary showing relative amounts of functional groups on GO 

nanomaterials. 

Sample O:C %CC/CH %C-O %C=O %O-C=O 

GO 1.0 : 2.2 40.3 29.9 25.8 4.0 

rGO-1h 1.0 : 2.8 52.9 22.4 17.7 7.0 

rGO-2h 1.0 : 3.1 53.8 23.3 14.6 8.3 

rGO-5h 1.0 : 4.0 63.9 13.2 10.6 12.2 
 

 

 

Figure 3.2: FT-IR spectra of GO nanomaterials. 

 

Electrokinetic and hydrodynamic properties of rGO were determined over a range of solution 

chemistries including different salt types (NaCl, CaCl2), varying ionic strength (IS), and NOM 

concentrations. In DI water, the electrophoretic mobility (EPM) increased as GO was successively 

reduced (Figure 3.3A). Interestingly, EPM increased initially from GO to rGO-1h, but then 

remained similar from rGO-1h to rGO-5h, indicating that further reduction of GO does not 
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influence surface potential of rGO although the hydrodynamic size of graphene changed 

noticeably. Dh of rGO increased from 373 nm to 1049 nm as GO was reduced fully to rGO-5h 

(Figure 3.3B).  Even though EPM remained quite similar from rGO-1h to rGO-5h, increased Dh 

with rGO indicates that surface functional groups are playing major roles in aggregation. XPS 

results show that functional groups of GO decrease as GO is reduced to rGO-5h which leads to 

higher hydrophobicity of the materials and increased aggregation. 

 

Figure 3.3: (A) Electrophoretic mobilities (EPM) and (B) hydrodynamic diameter (Dh) of GO 

nanomaterials in DI water.  Error bars are one standard deviation of at least three samples.  

 

In the presence of 10 mM NaCl, the EPM of GO decreased as the pH increased from 4 to 10 

(Figure 3.4A) due to the deprotonation of surface functional groups of GO with increased pH.267,268 

However, the hydrodynamic diameter (Dh) of GO was relatively unchanged (~500 nm) throughout 

the pH range (Figure 3.4B), which has been observed previously.261,262  In the presence of 10 mM 

NaCl with 0.1 mM CaCl2, the EPM of GO increased as pH increased from 4 to 10, in contrast to 

what was observed in the presence of NaCl alone. Dh of GO increased from ~460 nm to ~1350 nm 
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as pH increased from 4 to 10 in the presence of 0.1 mM CaCl2 and 10 mM NaCl. This trend 

indicates that a small amount of background CaCl2 (0.1 mM) can significantly affect the 

physicochemical properties of GO as a function of pH. Since CaCl2 concentrations in natural 

aquatic environments often exceed 0.1 mM, the presence of Ca2+ ions will play a major role in GO 

stability, an effect that may be due to the binding capacity of Ca2+ ions to functional groups of 

GO.301,302 Higher pH causes increased deprotonation of the GO surface functional groups, resulting 

in higher binding of Ca2+ ions with GO functional groups and increased surface charge of GO. 

Increased EPM also results in greater Dh due to charge screening.  In the presence of 10 mM NaCl 

with 0.1 mM MgCl2 background, EPM of GO decreased slightly as pH increased from 4 to 10.  

However, this decrease in EPM is not as significant (p > 0.05) as that observed in the presence of 

10 mM NaCl alone, indicating Mg2+ ions are also binding with GO surface functional groups, but 

not as strongly as Ca2+ ions. GO Dh values remained similar across the pH range in the presence 

of background 0.1 mM MgCl2. 
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Figure 3.4: Electrophoretic mobilities and hydrodynamic diameter of GO nanomaterials as a 

function of pH in the presence of NaCl, without (black) and with background CaCl2 (red) and 

MgCl2 (green). EPM of (A) GO, (B) rGO-1h, (C) rGO-2h; hydrodynamic diameter of (D) GO, 

(E) rGO-1h, (F) rGO-2h. Error bars are one standard deviation of at least three samples. 
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In the presence of 10 mM NaCl only, EPM of rGO-1h decreased as pH increased from 4 to 10 

(Figure 3.4B).  The decrease for rGO-1h as a function of pH is not as significant as that observed 

for GO because rGO-1h contains fewer surface functional groups (Table 3.1), and deprotonation 

of surface functional groups with increased pH is lower for rGO-1h. Dh of rGO-1h was also 

relatively insensitive to pH changes in the presence of 10 mM NaCl.  The EPM of rGO-1h 

remained almost constant from pH 4 to 10 in the presence of 10 mM NaCl with 0.1 mM CaCl2, 

and was significantly higher than in NaCl alone, indicating that binding of Ca2+ ions with surface 

functional groups of rGO-1h influences the electrokinetic properties of rGO-1h.  Increase of EPM 

due to the binding of Ca2+ ions with rGO-1h is not as significant as that observed for GO because 

rGO-1h has fewer surface functional groups. Similarly, the Dh of rGO-1h increased slightly (~400 

nm to ~600 nm) from pH 4 to 10 in the presence of 0.1 mM CaCl2 (Figure 3.4E), but this increase 

in Dh is not as significant as that observed for GO. In the presence of 10 mM NaCl with 0.1 mM 

MgCl2, EPM of rGO-1h decreased as pH increased from 4 to 10. In the presence of 0.1 mM MgCl2, 

Dh of rGO-1h remained fairly constant (~500 nm) throughout the pH range investigated in this 

study. 

In the presence of 10 mM NaCl only, both the EPM and Dh of rGO-2h decreased as pH 

increased from 4 to 10 (Figure 3.4C, F).  In the presence of 10 mM NaCl with 0.1 mM CaCl2, 

EPM of rGO-2h decreased as pH increased from 4 to 10, in contrast to the trend observed for GO 

in the presence of 0.1 mM CaCl2. Since rGO-2h contains a very low number of surface functional 

groups (Table 3.1), the binding capacity of Ca2+ ions is minimal. Thus, increased pH does not 

result in further binding of Ca2+
 ions with rGO-2h, and an increase in EPM as a function of pH was 

not observed. Dh of rGO-2h decreased from ~2070 nm to ~740 nm as a function of pH, also in 
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contrast to the trend observed for GO. Similar trends were observed for rGO-2h in the presence of 

10 mM NaCl with 0.1 mM MgCl2. 

Long-term stability of the GO nanomaterials in natural and artificial waters is summarized in 

Figure 3.5. In Call’s Creek water, GO remains highly stable over a month-long study, which is 

likely due to the low IS (conductivity 26 µS/cm) and presence of NOM (2.8 ± 0.57 mg/L). 

Moreover, Call’s Creek primarily contains monovalent ions (Na+, K+) and a negligible amount of 

divalent ions (Mg2+, Ca2+).  Additionally, all rGO samples were less stable than GO in Call’s Creek 

water which is consistent with the aggregation study. The suspended concentration of fully-

reduced GO (rGO-5h) decreases below 25% within one day, and below 10% within five days. 

After one day, about 60% of both rGO-1h and rGO-2h were suspended in Call’s Creek water, and 

after almost one month, ~15% of rGO-1h, ~15% rGO-2h and ~8% rGO-5h remain suspended 

which indicates reduced GO may not be completely removed from the water column in natural 

surface waters.  

Long-term stability of the GO nanomaterials in synthetic surface water in the absence of NOM 

is shown in Figure 3.5B. After one day, GO and all types of rGO concentrations decrease to less 

than 10% of the initial concentration which indicates that graphene-based materials are not stable 

in surface water in the absence of NOM. The addition of 5 mg L-1 SRHA to the synthetic surface 

water increased stability of all graphene-based materials investigated in this study (Figure 3.5C); 

after one day, 80% GO, 53% rGO-1h and 45% rGO-2h remained suspended in synthetic surface 

water in the presence of SRHA, but <5% of fully-reduced rGO-5h. After seven days, almost all 

GO settled out of the suspension, while both rGO-1h and rGO-2h remained suspended. Even after 

nearly a month, 36% rGO-1h and 7% rGO-2h remained suspended, while GO had completely 
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settled out. Two opposing processes govern interactions of SRHA with GO and rGO. First, SRHA 

can bind with GO which provides steric repulsion and increases stability. Secondly, SRHA can 

facilitate binding with GO functional groups in the presence of divalent (Ca2+, Mg2+) cations, 

which can increase aggregation of GO flakes and reduce stability. Thus, GO settled out in synthetic 

surface water in the presence of SRHA. In contrast, binding with divalent cations in the presence 

of SRHA is much lower for rGO, which has fewer surface functional groups than GO. rGO-1h and 

rGO-2h therefore remained stable in synthetic surface water in the presence of SRHA due to steric 

repulsion. Completely reduced GO (rGO-5h) was not stable due to a lack of functional groups. 

Long term-stability of GO nanomaterials in synthetic ground water is shown in Figure 3.5D.  

Within one day, the concentrations of all samples decreased to below 10% in synthetic ground 

water in the absence of SRHA.  The addition of 1 mg/L SRHA did not significantly increase 

stability of GO and rGO in synthetic groundwater, indicating rGO will settle out from groundwater 

in the environment due to higher concentrations of divalent cations (Ca2+, Mg2+) than in synthetic 

surface water. 
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Figure 3.5: Long-term stability of GO nanomaterials in natural and artificial water. Normalized 

rGO concentrations in the presence of (A) Call’s Creek; (B) synthetic surface water; (C) 

synthetic surface water with 5 mg/L SRHA; (D) synthetic groundwater; (E) Oconee effluent 

wastewater; and (F) synthetic wastewater. 

 

Among all water samples investigated here, effluent wastewater collected from North Oconee 

Water Reclamation Facility was the most effective in reducing GO and rGO aqueous stability 

(Figure 3.5F). Within one day, almost all GO and rGO had settled out from the suspension due to 

high wastewater IS (conductivity 881 µS/cm), although a substantial amount of organic matter was 

present (6.5 mg/L TOC). Moreover, the effluent wastewater may have had residual coagulant 

(primarily alum), which would cause rapid rGO aggregation. In synthetic wastewater (as per 

OECD guideline), the suspended concentration of GO remained quite similar throughout the 

month-long stability study, indicating GO will be highly stable in this wastewater (Figure 3.5F).  
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Fully-reduced rGO-5h started to settle out very quickly and after a month, only 12% of rGO-5h 

remained suspended. Both rGO-1h and rGO-2h followed similar trends and after a month, about 

36% rGO-1h and 42% rGO-2h remained suspended. 

Overall, pH, divalent cations and NOM can play complex roles in the aquatic stability and fate 

of rGO and GO. These results show that stability of GO in water decreases with successive 

reduction of functional groups, with pH having the greatest influence on rGO stability. Stability is 

also dependent on ion valence and the concentration of surface functional groups. While pH did 

not noticeably affect stability of GO in the presence of 10 mM NaCl, adding 0.1 mM CaCl2 reduced 

the stability of GO with increased pH, due to adsorption of Ca2+ ions on the surface functional 

groups of GO which reduces the surface charge of GO. As the concentration of rGO functional 

groups decreased, so did the influence of Ca2+
 ions on rGO stability. Long-term studies show that 

a significant amount of rGO-1h and rGO-2h remain stable in Call’s Creek surface water, while 

effluent wastewater readily destabilizes rGO.  

3.2.2 Photodegradation of graphene oxide nanomaterials 

The transportation and transformation of nanomaterials are key factors to consider when 

determining their environmental risk.280 This next study provides important insight into the role of 

functional groups on the stability and degradation of graphene nanomaterials and will contribute 

to the design of more sustainable applications of these materials. Graphene oxide nanomaterials 

were prepared as described in the previous section. To vary the functional group composition, two 

samples of reduced GO—partially reduced graphene oxide (rGO-2h) and fully reduced graphene 

oxide (rGO-5h) —were prepared by a solvothermal reduction process. The GO nanomaterials were 

exposed to simulated sunlight at 25 °C for one week and the physical and chemical changes of the 
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nanomaterials were characterized to determine the role of surface oxidation on the 

photodegradation of GO nanomaterials.  

Upon irradiation, GO shows obvious physical changes within the first 24 hours. A significant 

decrease in average flake size in this first 24 hours can be seen in the AFM image analysis (Figure 

3.6). This size reduction is attributed to the degradation of graphene oxide flakes during irradiation. 

Conversely, rGO-5h does not show any significant change in the average lateral size of the flakes. 

A Zetasizer Nano ZS was also used to analyze the change in particle size. From the hydrodynamic 

diameter values, a rapid decrease in size of the GO is observed, compared to rGO-2h and rGO-5h 

(Figure 3.7A), implying that the rGO samples degrade at a significantly slower rate. 

 

 

Figure 3.6: AFM images of GO showing degradation of particles before and after irradiation. 

Degradation of GO and rGO particles was further analyzed by total organic carbon (TOC) 

measurements (Figure 3.7B). GO samples showed a TOC reduction of 32.1% after 3 days of 

irradiation. It should be noted that the majority of this TOC reduction occurred in the first 6 hours 

(27.65%) but then slowed considerably over the next 162 hours, indicating that GO undergoes 

rapid photodegradation upon the initial 6 hours of exposure to sunlight. Among all samples, the 

slowest rate of TOC reduction was observed for rGO-5h. These results indicate delayed 

degradation of rGO samples.  
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Figure 3.7: (A) Hydrodynamic diameter and (B) total organic carbon analysis of GO, rGO-2h 

and rGO-5h as a function of irradiation time.  

 

Additionally, upon irradiation, the GO samples darkened due to sunlight exposure, which can 

be clearly seen in the photos of the GO dispersions (Figure 3.8), again indicating the degradation 

of GO. Previously, this color change has been suggested as partial restoration of the conjugated 

carbon ring network due to removal of oxygen-containing functional groups. This same 

phenomenon has been observed during the chemical reduction of GO sheets.303,304 Removal of 

these functional groups due to sunlight exposure in turn increases the hydrophobicity of the 

particles and thus induces aggregation in aqueous environments. This aggregation is noticeable in 

the images of the rGO dispersions and may lead to slower degradation of these particles due to 

limited absorption of light of these particles. 
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Figure 3.8: Images of (A) GO, (B) rGO-2h, and (C) rGO-5h dispersions as a function of time 

after irradiation, from left (t = 0 hours) to right (t = 168 hours).   

 
Changes in the oxygen-containing functional groups and delayed degradation was also 

verified by XPS. Figure 3.9 and Table 3.2 summarize the chemical degradation of the GO 

nanomaterials. The spectra exhibit three major peaks corresponding to C-C at 284.8 eV, epoxy 

and hydroxyl functional groups (C-O) at 286.9 eV, and carbonyl groups (C=O) at 289 eV.  

During the solvothermal process, the epoxy and hydroxyl groups on the basal plane of the GO 

are driven off, evident by the decrease in the C-O peak and the overall decrease of oxygen in 

rGO-2h and rGO-5h. Furthermore, the emergence of the peak at 292 eV, due to the π→π* 

transition, is indicative of the restoration of the graphene lattice. After 72 hours of irradiation, 

no significant compositional changes in the rGO materials are observed. GO, on the other hand, 

undergoes a noticeable chemical reduction where the amount of hydroxyl (C-OH) and epoxy 
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(C-O-C) groups decreases significantly from 39.7 at.% to 13.9 at.% upon irradiation for 72 

hours. These hydroxyl and epoxy functional groups are located mainly on the basal plane of 

graphene oxide and it is hypothesized that these functional groups will react first in the presence 

of sunlight as they are single bonded groups. Functional groups on the edges, such as carboxylic 

acid, are much more stable and not likely to react initially.  
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Figure 3.9: Chemical degradation of GO nanomaterials. XPS spectra of initial dispersions of 

(A) GO, (C) rGO-2h, and (E) rGO-5h prior to irradiation and (B) GO, (D) rGO-2h, and (F) rGO-

5h after 72 hours of irradiation.   
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Table 3.2: XPS summary showing atomic % (at.%) of oxygen and carbon associated with 

different functional groups on GO nanomaterials after 72 hours irradiation. 

 GO rGO-2h rGO-5h 

 0 hr 72 hr 0 hr 72 hr 0 hr 72 hr 

C-C 24.4 ± 1.6 47.4 ± 0.1 43.6 ± 0.5 49.2 ± 0.2 51.6 ± 0.6 47.4 ± 0.1 

C-O 39.7 ± 0.9 13.9 ± 0.1 27.2 ± 1.1 22.7 ± 1.7 15.9 ± 0.7 21.6 ± 0.3 

C=O 3.1 ± 0.2 12.1 ± 0.1 5.2 ± 0.7 5.6 ± 1.5 10.5 ± 1.5 7.2 ± 0.4 

π→π* - 3.3 ± 0.1 2.4 ± 0.1 4.4 ± 0.1 8.3 ± 0.1 9.7 ± 0.1 

       

Oxygen 32.8 ± 0.4 23.4 ± 0.1 21.6 ± 0.1 18.0 ± 0.1 13.7 ± 0.1 14.1 ± 0.1 
  

 
This composition data is further supported by the optical absorbance spectra of the GO 

nanomaterials. The initial GO dispersion shows absorption peaks at 230 nm, related to the π-π* 

transitions of the aromatic C–C bonds, and a shoulder at 300 nm, corresponding to the n-π* 

transitions of the C=O bonds (Figure 3.10A). Conversely, the initial rGO-2h and rGO-5h 

dispersions show a single absorption peak at 270 nm, indicating the restoration of the π-conjugated 

network of graphene. Furthermore, the disappearance of the shoulder at 300 nm suggests the loss 

of oxygen-containing groups (Figure 3.10B, C). Changes in the oxygen-containing functional 

groups as a result of the photodegradation were also verified by UV-Vis optical absorbance 

spectroscopy. The presence of oxygen-containing functional groups on the surface disrupt the 

conjugated system of graphene, causing a shift in the absorbance peaks. In the case of GO, the 

absorbance increased over time, indicating a photochemical change likely caused by the formation 

of light-absorbing photoproducts. Sunlight exposure also resulted in a shift in the peak position 

from 230 nm to 270 nm, indicating the restoration of the π-conjugation network of graphene. The 

disappearance of the shoulder at 300 nm suggests the removal of oxygen groups consistent with 

the XPS results. Conversely, no significant changes of UV-Vis spectra are observed in the rGO 

materials. 
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Figure 3.10: Optical absorbance spectra of irradiated (a) GO, (b) rGO-2h (c) rGO-5h samples. 

The shift in the major peak from 230 nm to 270 nm in GO implies the restoration of graphene 

lattice and disappearance of the peak at 300 nm indicates the removal of oxygen containing 

functional groups in GO. No significant changes are observed in the optical absorbance spectra 

for the rGO materials after irradiation. 
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The proposed mechanism for the photodegradation of GO and rGO under direct sunlight is 

illustrated in Figure 3.11. In direct photolysis, functional groups of graphene nanomaterials act as 

chromophores. Hydroxyl and epoxy functional groups, located mainly on the basal plane of GO, 

are hypothesized to react first in the presence of sunlight as they are single bonded groups. Other 

functional groups on the edges are double bonded groups, which require more energy to break than 

single bonds, and are thus less likely to react initially.  

The hydroxyl and epoxy functional groups (C-OH and C-O), which are strong electron 

donating groups, absorb photons that excite electrons from the ground state to the excited state, 

producing many excited electrons and holes. Eventually, these electrons and holes disrupt the 

chemical bonds of the functional groups, initiating the breaking of the covalent bonds and 

contributing to the physical breakdown of the GO material.  

rGO has significantly fewer oxygen-containing functional groups than GO.  Specifically, the 

amount of hydroxyl and epoxy functional groups is significantly lower. This reduction in electron 

donating functional groups in rGO will reduce the breaking of covalent bonds in rGO. Hence, rGO 

is more resistant to degradation than GO under direct photolysis, as we have shown in our 

photodegradation studies. Furthermore, rGO particles aggregate due to the increased 

hydrophobicity of these materials, which can reduce the opportunity for photodegradation. 
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Figure 3.11: Proposed mechanisms for the photodegradation of GO nanomaterials as a function 

of surface oxidation. Oxygen-containing functional groups on the basal plane of GO (top) such 

as hydroxyl and epoxy groups will react first after exposure to sunlight, initiating the degradation 

of the GO and creating holes in the graphene lattice, which further accelerates the GO breaking 

apart into smaller and smaller flakes. rGO (bottom) contains significantly fewer oxygen-

containing functional groups on the basal plane resulting in less hole formation and higher 

overall stability. 
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Overall, these results suggest that sunlight exposure causes degradation of both graphene oxide 

and reduced graphene oxide nanomaterials. Oxygen-containing functional groups on the basal 

plane, such as epoxy and hydroxyl groups, are the most likely photoreactive sites that contribute 

to the breakdown of GO nanomaterials. The presence of fewer oxygen-containing functional 

groups on the surface of rGO materials leads to higher hydrophobicity of the materials and delayed 

degradation. 

3.2.3 Antifouling properties of graphene oxide and molybdenum disulfide functionalized 

membranes 

In this work, a quartz crystal microbalance with dissipation monitoring (QCM-D) was used to 

study the interactions of GO and MoS2 with NOM and E. coli (K-12). NOM is mainly composed 

of humic substances and polysaccharides and is very common in the aquatic environment.305 E. 

coli is also common in natural water and one of the most commonly used bacteria strains for 

fouling studies.235,306,307 Interaction of these foulants with MoS2 and GO will thus give a clear 

indication of the antifouling properties of the materials. The impact of ion presence and valency 

on the fouling properties in natural surface water is also investigated. 

The average hydrodynamic diameters of 10 mg/L GO (pH 4.51) and 50 mg/L MoS2 (pH 4.32) 

were 385.3 nm and 153.5 nm, respectively. Zeta potentials of GO and MoS2 were -41.33 mV and 

-40.34 mV, respectively. The high polydispersity index (PdI) of the materials suggests the presence 

of a range of differently sized particles, which is further confirmed by AFM image analysis. The 

highly negative zeta potential of MoS2 and GO indicate that they are moderately stable in water. 

Additionally, this suggests that MoS2 and GO functionalized surfaces could effectively repel 

foulants due to the negative surface charge of most foulants.308 Representative AFM images of GO 
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and MoS2 on silicon dioxide (SiO2) are shown in Figure 3.12. The roughness of the GO and MoS2 

on PLL coated gold sensors were 2.5 ± 0.3 nm and 2.4 ± 0.3 nm, respectively. The surface 

roughness of a bare PLL surface was found to be 5.1 ± 1.2 nm. From these measurements it is 

clear that the deposition of the 2D materials reduced the roughness of the polymer surface by half. 

 

Figure 3.12: AFM images of GO and MoS2 on SiO2. The flakes are mainly monolayer or bilayer 

with a range of lateral sizes. 

 

Gold sensors were coated with the nanomaterial of interest using the same procedure from 

previous studies.267,301 Briefly, the gold sensor surface was rinsed with Milli-Q water for 50-60 

min to achieve a stable baseline reading. The QCM-D system was equilibrated with HEPES buffer 

in 100 mM NaCl solution for 30 min at a flow rate of 0.1 mL/min. Poly-L-lysine hydrobromide 

(PLL) in HEPES buffer solution was introduced at 0.1 mL/min. The PLL layer was rinsed with 

HEPES for 20 min to remove the unadsorbed PLL. Finally, 1 mM NaCl solution (background 

electrolyte) was used to remove the buffer at a flow rate of 0.1 mL/min for 30 min. 10 mg/L GO 

or 50 mg/L MoS2 was deposited on the PLL coated surface by flowing at a rate of 0.1 mL/min for 

at least 30 min. MoS2 showed slow deposition on PLL and thus a higher concentration of MoS2 
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was employed to achieve a fully coated sensor in a reasonable time period. The sensors were 

exposed to the GO and MoS2 solutions until maximum frequency was achieved and the frequency 

shift became stable indicating maximum coverage of both materials on the PLL surface. To test 

the antifouling properties, NOM and E. coli were injected across the nanomaterial-coated surface 

at a flow rate of 0.1 mL/min until the QCM-D showed a stable frequency shift.  

The deposition kinetics of NOM and E. coli were determined from the frequency shifts 

monitored by QCM-D from which the deposition rate and attachment efficiency can be 

calculated.30 Shifts in frequency and dissipation were monitored at the third overtone. NOM and 

E. coli were directly deposited on PLL surfaces as a control to investigate the deposition behavior 

of foulants that may occur as a result of interactions of the bare polymer surface and the foulants. 

The maximum frequency shift caused by the deposition of NOM on both surfaces was used to 

determine the maximum fouling that may occur on the material surfaces during filtration. 

Following injection of NOM onto the nanomaterial functionalized surfaces, a slight frequency shift 

was observed on the GO surface (<1.5 Hz), and no frequency shift was observed on the MoS2 

surface, indicating that MoS2 will be less prone to fouling from NOM. Due to the high zeta 

potential of GO and MoS2 and the slight negative charge of NOM, the interaction of NOM with 

the material surfaces will be minimal due to electrostatic repulsion, and thus there is hardly any 

deposition of NOM on the material surfaces.  

Although some NOM deposition is observed on GO, NOM attaches to a GO functionalized 

surface 70% more slowly than a bare polymer surface (Figure 3.13A). These results agree with 

previous studies which have shown that interactions between GO surfaces and NOM are 

electrostatically unfavorable309 as NOM is negatively charged under environmentally relevant 



 145 

conditions.310 No significant deposition of NOM was observed on the MoS2 surface despite a zeta 

potential similar to GO. The small difference in their interactions with NOM is most likely due to 

the presence of functional groups on GO that can interact with NOM. Previously it has been shown 

that GO deposits more readily on surfaces that have been coated with NOM due to the high amount 

of hydroxyl and carboxyl functional groups on GO that readily bind with functional groups of 

NOM.309 

Sodium, a major monovalent ion in natural and waste water, may interact with the functional 

groups of organic molecules and can play a role in NOM deposition on membrane surfaces during 

filtration. In the presence of Na+, The initial deposition rate of NOM was 0.98 Hz/min on a GO 

surface and 0.64 Hz/min on an MoS2 surface and the maximum shift observed was 1.65 Hz on the 

GO surface and 1.52 Hz on the MoS2 surface. Using these deposition rates, the attachment 

efficiencies (Figure 3.13B) of NOM were found to be 57% and 36% on GO and MoS2 surfaces, 

respectively, indicating that NOM deposits on MoS2 21% more slowly than on GO. Also, it 

indicates that NOM in the presence of Na+ deposits 43% and 64% faster on a bare PLL surface 

than on GO and MoS2 surfaces, respectively. The slower deposition rate of NOM on MoS2 makes 

it a more advantageous material choice than GO for antifouling properties. The increase in the 

overall deposition of NOM in this case is mainly due to reduced electrostatic repulsion and the 

effect of charge neutralization caused by the presence of Na+ ions. The presence of Na+ clearly 

plays a strong role in the deposition of NOM as indicated by the resulting higher frequency shifts 

and higher attachment efficiencies to the GO and MoS2 surfaces. 
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Figure 3.13: Attachment efficiency of NOM on GO and MoS2 functionalized surfaces in (A) 

the absence of salts and in the presence of (B) monovalent cations and (C) divalent cations. (D) 

Attachment efficiency of E. coli in the presence of monovalent and divalent cations.  

 

Next, the interactions of GO and MoS2 with NOM in the presence of divalent cations was 

investigated. The maximum shifts observed for NOM in Ca2+ were 5.97 Hz and 5.37 Hz on GO 

and MoS2, respectively, and in Mg2+ the maximum frequency shifts were 4.60 Hz and 3.81 Hz on 

GO and MoS2, respectively. From these values of maximum frequency shift, it is clear that the 
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deposition of NOM on both material surfaces in the presence of divalent cations is higher than in 

the presence of monovalent ions. The attachment efficiencies of NOM in the presence of Ca2+ were 

66% and 41% on GO and MoS2 surfaces, respectively, suggesting NOM in the presence of Ca2+ 

deposits more slowly on MoS2 than GO (Figure 3.13C). The initial deposition rate of NOM in Ca2+ 

on GO was 1.18 Hz/min while the rate on MoS2 was 0.74 Hz/min. On the other hand, the initial 

deposition rate of NOM in Mg2+ on GO was 1.31 Hz/min while the rate on MoS2 was 0.69 Hz/min. 

The attachment efficiencies of NOM in Mg2+ were 73% and 39% on GO and MoS2 surfaces, 

respectively, indicating the superior antifouling properties of MoS2 over GO. However, increased 

values of both maximum frequency shifts and attachment efficiencies suggest that electrostatic 

repulsion between the NOM and the GO or MoS2 surface is reduced in the presence of Ca2+ or 

Mg2+. This decrease in the energy barrier between NOM and the surface allows the NOM to come 

into close contact with the material surfaces in the presence of divalent ions. This higher deposition 

of NOM can also be attributed to salt bridging caused by the divalent ions. This bridging effect is 

well documented in the literature.311,312 Chen and Elimelech observed a slightly higher interaction 

of fullerenes and Suwannee River humic acid (SRHA) on bare silica in the presence of CaCl2 due 

to SRHA macromolecules undergoing complex formation with Ca2+ that reduces electrostatic and 

steric effects.308 Chowdhury et al. found a similar bridging effect of divalent cations during the 

interaction of GO and Suwannee River fulvic acid (SRFA) using QCM-D.309 Chowdhury et al. 

also reported the decrease of surface charge of GO in presence of NOM and divalent cations that 

caused GO aggregation in solution. It is clear from this study that the antifouling ability of both 

GO and MoS2 decreases significantly when NOM is present with divalent cations in solution.  
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Finally, the deposition of E. coli was investigated in the presence of monovalent and divalent 

cations (Figure 3.13D). After 30 minutes of E. coli injection in Na+ and Ca2+, a maximum 

frequency shift of 7.39 Hz and 9.42 Hz was observed on GO surfaces, while the shift was 5.59 Hz 

and 5.08 Hz on MoS2 surfaces, respectively, indicating that overall deposition of E. coli was 

significantly lower on MoS2 than GO. Both of the 2D material functionalized surfaces showed 

reduced deposition of E. coli compared to the bare PLL surface where the maximum frequency 

shift was 16.23 Hz on average after 30 min of E. coli exposure. The attachment efficiencies of E. 

coli in the presence of Na+ were 71% and 62% on GO and MoS2 surfaces, respectively, and in the 

presence of Ca2+ were 50% and 55% on GO and MoS2 surfaces, respectively. The initial deposition 

rate of the E. coli suspension (≈ 10^6-10^7 cells/mL) in 10 mM Na+ and 0.5 mM Ca2+ on GO were 

0.26 Hz/min and 0.18 Hz/min, respectively, while the deposition rate of E. coli in Na+ and Ca2+ on 

MoS2 were 0.22 Hz/min and 0.20 Hz/min, respectively. Low attachment efficiency for both cases 

compared to the bare PLL surface indicates an improvement of the antifouling properties due to 

the presence of the 2D materials on the surface. The initial deposition rate of E. coli on the bare 

PLL surface was 0.36 Hz/min on average, which is higher than both of the functionalized surfaces. 

However, the attachment efficiencies reported in this study may be underestimated. Poitras and 

Tufenkji reported that QCM-D underestimates the mass adsorbed on the crystal surface for “soft 

mass” such as bacterial cells.313 They reported that along with frequency shift, the dissipation shift 

also changed significantly during E. coli deposition. Values reported here are higher than 

previously found,313 which may be due to different E. coli strains. However, it is important to 

report that the increase in dissipation shift during the E. coli deposition was much higher than the 

NOM deposition, which indicates that the E. coli creates a softer layer than NOM on these surfaces.  
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E. coli, which are gram-negative bacteria, have an outer covering of lipopolysaccharides that 

impart a strongly negative charge to the surface of the gram negative bacterial cells.314 Due to 

electrostatic repulsion, E. coli showed less attachment to both MoS2 and GO. Any attachment of 

E. coli to the material surfaces that did occur might be due to extracellular polymeric substances 

(EPSs). EPSs are natural polymers of high molecular weight that are secreted 

by microorganisms into the environment.315 EPSs constitute 50% to 90% of a biofilm's total 

organic matter and are responsible for bacterial attachment to a surface.316–318 Previously, it has 

been observed that stationary phase cells cultivated in LB media have less negative charge than 

the exponential phase cells and tend to aggregate more,319 which may also contribute to the cell 

attachment on the material surfaces. In another study, it was reported that E. coli MG1655 

aggregate more in the stationary phase due to high protein content on free EPS. In the stationary 

phase, bacterial cells usually secrete maximum EPSs that help them to adhere to the surface.320   

Overall, MoS2 showed superior antifouling properties compared to GO. In most cases, the 

deposition of foulants was more reversible on MoS2 than GO due to the presence of functional 

groups on GO that bind more easily with the foulants. Unlike NOM, interactions of E. coli with 

material surfaces in the presence of monovalent and divalent cations did not vary based on valency.  
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3.2.4 Foulant removal from graphene oxide and molybdenum disulfide functionalized 

membranes 

Next, we investigated the use of these types of GO- and MoS2-modified surfaces for their 

potential application in reducing the fouling and improving the self-cleaning ability of water 

filtration membranes. Specifically, the application of external voltage to the surface is explored as 

an alternative to standard chemical cleaning procedures to remove foulants from the membrane 

surface. In this study, gold sensors were first coated with polypyrrole (PPy), a conducting polymer, 

instead of the PLL used in the previous study. This PPy surface was then functionalized with GO 

or MoS2 using the same method as described in the previous section. The attachment and release 

of a model foulant, bovine serum albumin (BSA), on GO and MoS2 functionalized surfaces is 

investigated with and without an applied voltage (Figure 3.14).  

 

Figure 3.14: Schematic illustrating the proposed antifouling and self-cleaning mechanisms of 

GO- and MoS2-functionalized surfaces upon application of an external voltage.   
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To understand the fouling behavior of BSA, the model foulant was deposited on a bare PPy 

surface, a GO-PPy surface and a MoS2-PPy surface without the application of any voltage. BSA 

deposited more on the bare PPy surface than on GO-PPy and MoS2-PPy surfaces with a maximum 

frequency shift of 44.27 ± 10 Hz. BSA deposited on GO-PPy and MoS2-PPy surfaces with 

frequency shifts of 33.55 ± 5.02 Hz and 26.73 ± 4.21 Hz, respectively. Figure 3.15 shows that BSA 

attached to GO-PPy and MoS2-PPy surfaces 45% and 47% more slowly than the bare PPy surface, 

respectively.  

 

Figure 3.15: Attachment efficiency of BSA on GO and MoS2 functionalized surfaces.  

 

Electrochemical control was then used to explore whether applying a potential difference can 

delay the attachment or accelerate the release the foulants. Figure 3.16 shows the deposition 

behavior of BSA on bare PPy, GO-PPy and MoS2-PPy surfaces under -0.5/+0.5 VAg/AgCl. 

Comparing these maximum frequency shifts with the no voltage condition, the application of 

negative external voltage (-0.5 VAg/AgCl) delays the attachment of BSA on bare PPy and MoS2-PPy 

surfaces. Frequency shifts during BSA attachment decreased to 9.2 ± 1.1 Hz and 6.28 ± 0.26 Hz 
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on PPy and MoS2-PPy surfaces, respectively, under -0.5 VAg/AgCl (Figure 3.16A). Under negative 

bias, BSA attaches to the GO-PPy surface 36% more slowly and to the MoS2-PPy surface 91% 

more slowly than to the bare-PPy surface (Figure 3.16B). The negative bias creates a repulsive 

electrostatic force between BSA and the surfaces. Small attachment of BSA on PPy and MoS2-

PPy surfaces under negative potential is most likely due to the positively charged amine groups on 

its structure, as these will interact favorably with the negatively charged surface. In contrast, Figure 

3.16A also shows that the attachment of BSA does not change under a positive bias. The only 

difference between the control and the positive bias condition was found in the attachment 

efficiency of BSA. The BSA deposition rate during +0.5 VAg/AgCl application decreased by ~50% 

for all of the surfaces compared to the control condition (Figures 3.16B). 
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Figure 3.16: (A) Deposition behavior of BSA under positive and negative potential. Reduced 

deposition of the BSA is observed upon application of -0.5 VAg/AgCl on PPy and MoS2-PPy 

surfaces. Deposition is reported in terms of the EQCM-D frequency shift. (B) Attachment 

efficiency of the BSA molecules on GO-PPy and MoS2-PPy surfaces under positive and 

negative potential. Higher attachment efficiency of BSA on the PPy-GO surface indicates faster 

deposition during negative bias application. However, efficiencies of <1 suggest that both the 

modified surfaces perform better than the bare polymer surface under negative potential.  
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Figure 3.17:  (A) Initial and (B) average release rates of BSA under different concentrations of 

NaCl and SSW electrolysis treatment under +0.74VAg/AgCl.  

 

As BSA showed some deposition on all surfaces, the release of BSA from the surfaces was 

further investigated using an external specific voltage. Graded solutions of 0.01 M, 0.1 M, 0.5 M 

and 1 M NaCl were used to release the deposited BSA from PPy, GO-PPy and MoS2-PPy surfaces. 

After deposition of BSA on the surfaces, the NaCl solutions were passed through the EQCM-D 

cells without the application of voltage, but no release was detected as there was no change in the 

frequency shift. Upon application of +0.74VAg/AgCl bias, 0.01M and 0.1M NaCl solutions still 

resulted in no release for 20 min. With the +0.74VAg/AgCl bias, 1 M NaCl showed the highest rate 

of BSA release from all surfaces as shown in Figure 3.17. The BSA removal rate was highest from 

the MoS2-PPy surface with a rate of 8.8 Hz min-1 initially and 7.7 Hz min-1 on average. From the 

PPy and GO-PPy surfaces, the average release rate was almost the same (6.215 Hz min-1 and 6.205 

Hz min-1, respectively). The release rate varied with time, with the highest release occurring in 
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first 5 minutes. Initially, current generated during chronoamperometry (under constant voltage) 

was high which indicates a more rigorous electrochemical reaction occurs in first 5 min. The 

addition of GO and MoS2 onto the surface did not hamper the release performance. In the case of 

MoS2-PPy the release rate was slightly higher than from the PPy surface. Slower release rates were 

observed for all surfaces for release experiments with 0.5 M NaCl at +0.74 VAg/AgCl. Under these 

conditions, average release rates of BSA from PPy, GO-PPy and MoS2-PPy surfaces were 3.76 Hz 

min-1, 2.61 Hz min-1 and 2.16 Hz min-1, respectively. These release rates are 2-3 times lower than 

those with 1 M NaCl electrolysis treatment. From these data, it is clear that the concentration of 

chloride ions affects the degradation and release of the BSA layer. No measurable release of the 

BSA layer during 0.01 M and 0.1 M NaCl electrolysis treatments also indicates that there was 

insufficient free chlorine generation to release the BSA. Moreover, with the decrease in NaCl 

concentration, the overall conductivity of the solution decreases, which may also affect the BSA 

release rate. Higher conductivity results in easier and faster electron transport, resulting in a more 

efficient oxidation reaction at the surface. 

In the presence of SSW with a +0.74 VAg/AgCl bias, the release rate of BSA decreased 

significantly from the PPy, GO-PPy, and MoS2-PPy surfaces when compared to the 1 M NaCl 

electrolysis treatment results (Figure 3.17). However, the BSA release rates decreased with time 

indicating that the presence of divalent cations and other ions in the SSW can hamper the release 

performance. The average release rates during SSW electrolysis from PPy, GO-PPy, and MoS2-

PPy surfaces were 1.28 Hz min-1, 1.19 Hz min-1, and 1.77 Hz min-1
, respectively. Precipitation of 

salts during the electrolysis treatment is a likely reason for the decreased BSA release rate. It has 
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been hypothesized that precipitated solids can affect the electrochemical reactions by limiting the 

direct contact of free chlorine to the deposited BSA layer on the surface. 

In brief, our results show that it was possible to delay the attachment of the BSA foulant on 

GO-PPy and MoS2-PPy surfaces significantly upon the application of -0.5VAg/AgCl, likely due to 

the electrostatic repulsion created by the external negative voltage on the surface. During the 

release study, it was found that it is possible to release the deposited BSA from all of the surfaces 

by NaCl electrolysis by applying a voltage of +0.74VAg/AgCl. Continuous generation of free 

chlorine (Cl2) accelerates the degradation of the deposited BSA, resulting in release of the foulant 

from the surface.   

3.3 Experimental methods 

3.3.1 Preparation of graphene oxide nanomaterial library 

GO was synthesized using a modified Hummers’ method as described previously.167,267 

Natural graphite flakes (Asbury Mills, 3061 grade) were oxidized by exposure to concentrated 

sulfuric acid and other oxidizing agents. The slurry was then filtered, rinsed, and centrifuged to 

remove residual contaminants and unexfoliated graphite. The pellet was then re-dispersed in NMP 

and ultrasonicated for 1 hour at 50% power (~55 Watts) in a Fisher Scientific Model 500 Sonic 

Dismembrator. Following ultrasonication, the GO was centrifuged in a Beckman Coulter JS-7.5 

rotor with a Beckman Coulter J26-XPI at 5000rpm (~4,620g) for 10 minutes. The top 80% of the 

supernatant was retained for further processing.  

Chemically reduced GO were prepared by heating a purified GO suspension in NMP to 150°C 

with constant stirring in a silicone oil bath. The heat reflux was performed for 1, 2, or 5 hours to 

achieve varying levels of reduction. After solvothermal reduction, the rGO was separated from the 
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NMP using vacuum filtration with 0.1µm alumina filters (Millipore), rinsed heavily with DI water, 

and re-dispersed in DI water at an approximate concentration of 1 mg/mL. 

3.3.2 Physicochemical characterization of GO library 

For AFM imaging, silicon wafers were cleaned and dried, and then functionalized with a 

monolayer of (3-aminopropyl) triethoxysilane (APTES) by soaking the wafers in a 2.5 mM 

solution of APTES in isopropyl alcohol (IPA) for 30 minutes. Following the APTES treatment, 

the wafers were rinsed with IPA and dried with a nitrogen gun. The GO solutions were bath 

sonicated for 5 minutes before being drop-casted onto the APTES functionalized wafers. The GO 

was allowed to sit for 10 minutes on the wafer before being rinsed with water and dried with a 

nitrogen gun. The samples were then annealed at 250°C on a hotplate before imaging with a 

Cypher Asylum ES AFM.  

FTIR measurements were performed directly on the GO and rGO in solution in NMP using 

attenuated total reflection (ATR) mode on a Thermo Nicolet Nexus 870 spectrometer. For XPS, 

approximately 5 mg of GO or rGO in DI water were deposited on a 0.1 µm mixed cellulose ester 

filter (Millipore) using vacuum filtration. The film was allowed to settle for 15 minutes, rinsed 

with 30 mL DI water, and allowed to dry in air. XPS measurements were performed promptly 

using a Thermo Scientific ESCALAB 250Xi. XPS spectra were then corrected for background and 

fitted for peaks manually. 

3.3.3 Environmental stability of GO nanomaterials 

Electrokinetic and hydrodynamic properties of rGO were determined over a range of solution 

chemistries including different salt types (NaCl, CaCl2), varying IS, and NOM concentrations.  

Suwannee River Humic Acid Standard II (SRHA) (International Humic Substances Society, MN) 
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was used as standard NOM, and an SRHA stock solution was prepared with accepted 

procedures.308,321 rGO hydrodynamic diameter (Dh), electrophoretic mobility (EPM), and zeta 

potential were measured with a ZetaSizer Nano ZS (Malvern Instrument, Worcestershire, U.K.), 

following well-established techniques.  Influence of pH on the physicochemical properties of rGO 

was investigated over a pH range from 4 to 10 in the presence of NaCl, CaCl2 and MgCl2.  This 

titration experiment was conducted using an autotitrator (MPT-2, Malvern Instrument, 

Worcestershire, U.K.); NaOH and HCl were the titrants for controlling pH.  

Change of rGO Dh as a function of IS, ion valence, and presence of organic matter was 

measured by time-resolved dynamic light scattering (TR-DLS).322 An rGO concentration of 10 

mg/L provided a strong DLS signal and was therefore used in all aggregation studies. Both NaCl 

and CaCl2 were background electrolytes. Long-term stability of GO and rGO was investigated in 

synthetic and natural waters to relate well-controlled simple solution chemistries to more complex, 

environmentally relevant conditions; eight types of water were used. 6 mL of 10 mg/L rGO 

suspended in the treatment water were placed in a 20-mL borosilicate glass bottle (Fisher Scientific, 

PA) and continuously shaken at 100 rpm; rGO concentration and Dh were monitored for 28 days.  

Concentration was determined using a UV-vis plate reader (Enspire Multimode Reader 2300, 

PerkinElmer Inc, MA) at 230 nm wavelength, and Dh was determined by a DynaPro Plate Reader 

II (Wyatt Technology, CA). 

3.3.4 Photodegradation of GO nanomaterials 

Zeta potential, hydrodynamic diameter and polydispersity index of the particles were measured 

using a Zetasizer Nano ZS (Malvern Instruments, Inc.). A 1 cm light path quartz cuvette was used 
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for size measurements and a folded capillary cell DTS1070 was used for zeta potential 

measurements. Solutions were bath sonicated for 5 minutes prior to measuring. 

Total organic carbon (TOC) was measured using a Shimadzu TOC-Vcsh total organic carbon 

analyzer utilizing the NDIR method (combustion at 720oC due to the attached total nitrogen 

measurement unit). Sample solutions were diluted and transferred to 40mL vials. The volume of 

injected solution was 80 μL, with three injections for each sample. After analyzing 10 samples, a 

wash was done. 

3.3.5 Antifouling properties of GO and MoS2 functionalized surfaces 

GO dispersions were prepared as described in section 3.3.1. Chemical exfoliation using lithium 

intercalation was used to produce MoS2 nanosheets, as described in a previous study.140 Briefly, 

lithium intercalation was achieved by combining bulk MoS2 powder and butyllithium in a low 

vapor and oxygen condition. The lithiated MoS2 was rinsed extensively with hexane, filtered, and 

exfoliated by the addition of deionized water. The resulting dispersion was centrifuged to remove 

any unexfoliated material. The supernatant was further dialyzed against DI water for 7 days to 

remove residual lithium and hexane. 

Suwannee River humic acid (Standard II, International Humic Substances Society) was used 

to prepare the NOM suspension at a concentration of 10 mg/L. Escherichia coli (E. coli, MG1655, 

K-12) was supplied by the E. coli Genetic Resource Center of Yale University. GO or MoS2 

surfaces on gold crystals for QCM-D measurements were prepared by modifying the gold sensors 

with cationic Poly-L-lysine hydrobromide (PLL, molecular weight 70 000−150 000 Da by 

viscosity, P-1274, Sigma Aldrich, St. Louis, MO). PLL was dissolved in HEPES buffer (pH 7.4) 

made from 10 mM N-(2-hydroxyethyl) piperazine-N-2-ethanesulfonic acid (Sigma), 100 mM 
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NaCl, and deionized water, and was stored at 4 °C. The final concentration of the stock PLL 

solution was 0.1 g L-1. The gold substrate cells were exposed to the PLL stock solution for 15-20 

min to create a homogeneous layer. Calcium chloride (CaCl2.2H20, CAS 10035048), sodium 

chloride (NaCl, CAS 7647-14-5), and magnesium chloride (MgCl2.6H20, CAS: 7791-18-6) were 

used to prepare salt solutions. 10 mM NaCl and 0.5 mM CaCl2/MgCl2 were used for the experiment. 

10 mg/L GO and 50 mg/L MoS2 were prepared from the stock sample solutions.  

 

3.4 Summary 

Since a significant fraction of graphene-based nanomaterials may be transformed to rGO via 

sunlight and microorganisms, it is necessary to understand the fate of rGO. We show that colloidal 

stability of rGO in the aquatic environment varies as a function of pH, ionic strength, ion valence, 

and presence of NOM. pH can play a significant role in the stability of rGO. Although GO remains 

highly stable from pH 4 to 10, stability of rGO increases significantly with increased pH, indicating 

that pH variation in the natural environment plays an important role in the stability of rGO.  We 

also show that Ca2+ ions can affect stability of GO and rGO, in particular decreasing stability at 

high pH. While GO remains highly stable at pH 7 in 10 mM NaCl, adding only 0.1 mM CaCl2 

destabilizes it immediately. Since most natural and engineered aquatic systems contain a small 

amount of CaCl2, pH and Ca2+ ions can have a major effect on stability of GO and rGO in the 

environment. The long-term stability study shows a significant amount of partially-reduced GO 

remains suspended in Call’s Creek water, indicating rGO may not be removed completely from 

surface waters. Adding NOM can increase the stability of rGO more than that of GO, particularly 
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in the presence of Ca2+ ions, indicating that NOM and divalent ions play major roles in the stability 

of rGO. 

Furthermore, our studies indicate that sunlight induced photolysis can degrade graphene oxide 

and reduced graphene oxide in the environment. The oxygen-containing functional groups, mainly 

those present on the basal plane, play a strong role in the photodegradation of the GO and rGO 

sample. This degradation will have an obvious impact on the fate on these emerging materials in 

the environment. Based on the findings of this research, it can be assumed that graphene oxide 

nanomaterials will undergo degradation in natural surface water due to sunlight exposure. 

However, graphene oxide nanomaterials with higher levels of oxidation will experience higher 

rates of photodegradation while reduced forms of graphene oxide will show a higher resistance to 

this degradation, due to fewer defects and functional groups on the surface as well as increased 

aggregation in aqueous environments.  

Due to their unfavorable interactions with NOM and other foulants present in aquatic systems, 

GO and an analogous TMDC (MoS2) offer opportunities to engineer novel membranes for water 

filtration applications. In our fundamental study of these interactions, we found that Ca2+ and Mg2+ 

play a significant role in bridging with NOM molecules and GO and MoS2 functionalized surfaces. 

The presence of Ca2+ and Mg2+ along with NOM in natural water results in the deposition of a 

layer of NOM that may impede high water flux and thus the efficiency of the membrane. 

Monovalent ions have less effect on the accumulation of foulants on the material surfaces. 

Additionally, E. coli showed deposition on both GO and MoS2 surfaces. Comparing the attachment 

efficiencies and frequency shifts in every case, it was found that MoS2 shows more potential for 

antifouling applications than GO. Functional groups on GO can interact with the monovalent and 



 162 

divalent cations as well as with foulants, causing accumulation and deposition on the material 

surface. Electrostatic interactions and bridging effects can be altered by changing the solution 

chemistry, providing a possible approach for cleaning and regeneration of the material surface.  

One such approach involved the application of an external potential in order to delay the 

attachment or reverse the deposition of foulants on the surface. We observed that the application 

of a small external potential (± 0.5V Ag/AgCl) plays a significant role in delaying the attachment of 

BSA onto MoS2-PPy and bare PPy surfaces. Even without any applied voltage, the MoS2-PPy 

surface performs better than a control PPy surface and a functionalized GO-PPy surface in terms 

of attachment efficiency and overall BSA deposition mainly due to the high energy barrier between 

MoS2 and the foulant. However, due to the complex structure and hydrophobic nature of BSA, 

there is still a significant amount of attachment. Even though this same high energy barrier exists 

in the case for GO-PPy surface, the functional groups of GO create favorable interactions for BSA 

deposition.  By applying negative voltage, it was possible to decrease BSA attachment by 50-70%, 

due to the increased electrostatic repulsion, increased mobility of foulants, and the generation of 

biocides on the MoS2-PPy and PPy surfaces. Due to the non-conductive nature of GO, the BSA 

attachment delay was not as significant, but an improvement was still observed. This application 

of external voltage provides a method to make foulant cleaning easier and faster, especially with 

the highly effective MoS2-PPy surface used in this study. The presence of chloride ions in the 

water has been found to be equally beneficial on all of the surfaces by generating biocides such as 

free chlorine under positive potential. Free chlorine generation was independent of the 

PPy/MoS2/GO surface properties and highly dependent on the concentration of NaCl in water. 

Regeneration of the membrane surface by applying an external voltage provides an alternative 
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option to full replacement of fouled membranes. This type of technology will also greatly benefit 

the marine industry for removal of foulants from ship hulls in seawater where there is an abundance 

of chloride ions. Moreover, cleaning the membrane surfaces physically by applying voltage rather 

than chemical cleaning presents several practical advantages in terms of cost and time. 
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4.1 Background 

Black phosphorus (BP), a layered allotrope of phosphorus, has recently been explored for its 

potential applications in electronics and optoelectronics.72,73,79,323,324 The bandgap of BP varies as 

a function of thickness from 0.3 eV to ~2 eV, allowing broadband absorption from the visible to 

the mid-infrared region, which is highly desirable for optoelectronics.76–78 Furthermore, the 

semiconducting nature and high carrier mobility of BP enable its use in high-performance 

electronic devices such as field-effect transistors.113,118,325–327 However, the chemical reactivity of 

BP has limited its deployment in many technologies since device performance degrades in many 

common environments such as ambient conditions.328,329 As a result, a number of schemes have 

been developed to passivate the surface of BP in an effort to mitigate deleterious degradation 

pathways. For example, the encapsulation of BP with thin films of aluminum oxide prevents 

exposure to water and oxygen and thus minimizes BP oxidation.330 Covalent chemical 

functionalization of the BP surface has also been shown to slow the degradation of BP in ambient 

conditions.331 Although these passivation schemes enable the use of BP in ambient conditions, a 

fundamental understanding of the chemical reactivity of BP in other environments has the potential 

to broaden its range of potential applications.   

Although BP is the most stable allotrope of phosphorus, in the few-layer limit, the kinetics of 

degradation are accelerated, resulting in rapid degradation in ambient conditions.332 Even though 

light, oxygen, and water have been identified as the main factors that drive the chemical 

degradation of BP, the specific roles of these factors and their relative importance in the 

degradation mechanism are still being debated.80–85,333,334 While this environmental instability is 

considered to be a drawback for many electronic and optoelectronic applications, this same 



 166 

degradation provides opportunities for biomedical applications. In particular, the biodegradation 

of BP in vivo has the potential to eliminate the challenges associated with alternative nanomaterial 

constructs that tend to persist, aggregate, or bioaccumulate, thus causing toxicity issues over time.  

As a result of this potential for biodegradability, recent research has focused on exploiting BP 

for biological applications including drug delivery, imaging, sensing, and 

theranostics.75,103,129,150,335,336 For example, the high surface area of exfoliated BP nanosheets 

allows for high levels of functionalization that are desirable for drug delivery vehicles.86–88 As an 

ultrathin semiconductor, BP nanosheets also offer potential for transistor-based biosensors.90 With 

intrinsic thickness-dependent photoluminescence, BP nanosheets can further be employed as 

biomedical fluorescence agents.91 In addition, due to efficient optical absorption in the infrared 

biological transparency window, BP nanosheets possess a high photothermal conversion rate, 

offering potential as a biodegradable photothermal therapy agent.92–94,149 Combining these 

attributes, BP nanosheets can also achieve more functional synergistic theranostic 

applications.74,95,337   

Despite this broad and diverse potential in biomedical applications, BP research in the 

biological field remains in its infancy since fundamental interactions with biological media have 

not been fully explored. In this regard, scalable solution-based production methods such as liquid 

phase exfoliation (LPE) of bulk BP crystals are critical to produce sufficient quantities of 

exfoliated BP nanosheets for thorough spectroscopic characterization in aqueous 

environments.103,118 In this manner, early work has studied the degradation products and kinetics 

of BP nanosheets in water,338 although the broader range of aqueous environments encountered in 

biomedical applications have not been thoroughly investigated. To address this knowledge gap, 
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here we study the role of biologically relevant environmental factors such as solution composition, 

temperature, dissolved oxygen, ionic strength, and pH on the aqueous stability of BP nanosheets. 

By quantifying the degradation kinetics and products of BP under this broad range of conditions, 

this work aims to establish the suitability of BP nanosheets for a diverse set of biomedical 

applications.  

4.2 Results and discussion 

4.2.1 Aqueous liquid phase exfoliation of black phosphorus 

Using a LPE process developed previously,118 BP bulk crystals were exfoliated by 

ultrasonication in deionized (DI)-water in which the dissolved oxygen has been removed by 

ultrahigh purity Ar gas bubbling. As with most solution-based exfoliation processes, this aqueous 

LPE method results in a polydisperse solution of BP nanosheets with average thicknesses of ~8 

nm and an average lateral size of ~100 nm (Figure 4.1A). X-ray photoelectron spectroscopy (XPS) 

and Raman spectroscopy were used to confirm that the BP nanosheets do not experience any 

significant chemical degradation during the exfoliation process. In Figure 4.1B, the XPS shows 

the characteristic P 2p doublet at ~132 eV. Oxidized phosphorus species (POx) would appear 

around 135 eV, but are not evident following sonication. The distinctive Raman modes of LPE BP 

nanosheets (i.e., Ag
1 at ~359 cm-1, B2g at ~435 cm-1, and Ag

2 at ~462 cm-1) are observed in the 

Raman spectrum as shown in Figure 4.1C. Optical absorbance spectra of BP dispersions possess 

peaks at ~460 nm (Figure 4.1D). The mass extinction coefficient of the LPE BP dispersion was 

determined using the Beer-Lambert law at 460 nm (Figure 4.1D, inset). 
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Figure 4.1: Characterization of BP in DI-water prepared by LPE. (A) AFM image of BP 

nanosheets. (B) XPS analysis of the P 2p doublet and (C) Raman spectrum for BP demonstrating 

no oxidation or chemical changes. (D) Optical absorbance spectra of BP nanosheets dispersed 

in DI-water at varying concentrations and the mass extinction coefficient of exfoliated BP in 

DI-water as determined by the Beer-Lambert law (inset). 
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Figure 4.2: AFM height (A) and lateral size (B) histograms for solution-processed BP 

nanosheets.  
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Figure 4.3: (A) Suspension stability and (B) chemical stability of aqueous dispersion of BP 

nanosheets after exposure to ambient conditions over time. Suspension stability was measured 

by the optical absorbance at 460 nm. Chemical stability was measured using XPS analysis. 

 

  



 171 

4.2.2 Effects of surfactant selection 

Previous reports have employed amphiphilic surfactants to stabilize BP nanosheets in aqueous 

environments.105,118 However, the LPE method employed here did not require surfactants to 

produce stable aqueous dispersions of BP nanosheets. Nevertheless, as a comparison for BP in DI-

water alone, additional surfactant-assisted aqueous BP dispersions were prepared using 2% w v-1 

Pluronic F68 (F68) and 2% w v-1 sodium dodecyl sulfate (SDS). SDS was chosen as a prototypical 

ionic surfactant since previous studies showed that SDS is effective in exfoliating and stabilizing 

BP in aqueous environments.118 In addition, F68, a triblock copolymer consisting of a central chain 

of polypropylene oxide and flanked by two chains of polyethylene oxide, was selected as a 

prototypical nonionic surfactant due to its established biocompatibility and effectiveness in 

dispersing other 2D nanomaterials in aqueous media.7,57,111,120 Under the same preparation 

conditions, the presence of F68 during exfoliation resulted in the highest exfoliation yield of 3.4%, 

whereas SDS showed the lowest exfoliation yield of 0.6% (Figure 4.4A, Table 4.1). Following 

exfoliation, the stability of these BP dispersions was monitored over time while being exposed to 

ambient conditions. After only 48 hours, BP dispersed in DI-water with SDS (red) showed 

significant degradation, while BP dispersed in DI-water (black) with F68 (blue) remained stable 

as monitored by optical absorbance spectroscopy (Figure 4.4B). In addition to solution stability, 

chemical degradation was monitored with XPS spectroscopy as shown in Figure 4.4C. For BP 

dispersed in DI-water and F68-water, the characteristic P 2p doublet remains intact following 7 

days of solution aging in ambient conditions. On the other hand, after 7 days in SDS-water, the 

XPS spectrum shows a broad peak at ~135 eV, which is indicative of the formation of POx species. 
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Therefore, it can be concluded that surfactant identity affects both the exfoliation yield and the 

overall stability of the resulting BP dispersions. 

 

Figure 4.4: Dispersion and chemical stability of BP nanosheets with different surfactants. (A) 

Optical absorbance spectra and photographs (inset) of BP exfoliated in DI water (black), 2% w 

v-1 SDS (red) and 2% w v-1 Pluronic F68 (blue) using identical preparation conditions. (B) 

Dispersion stability of BP dispersions after exposure to air under ambient conditions. (C) XPS 

spectra of the P 2p region for the BP dispersions immediately after processing, 1, and 7 days. 
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Table 4.1: Exfoliation yield of BP nanosheets in different surfactants. Final BP concentration 

is calculated from the mass extinction coefficient shown in Figure 4.1D. 

Sample 

Initial BP 

Loading  

(μg mL-1) 

Dispersion 

Absorbance at 

460 nm 

Final BP 

Concentration 

(μg mL-1) 

Yield  

(%) 

BP in DI-water 1000 1.59 21.97 2.2 

BP in 2% w v-1 SDS 1000 0.47 6.43 0.6 

BP in 2% w v-1 F68 1000 2.46 33.97 3.4 
 

 
 
4.2.3 Stability of BP in biological media 

Beyond DI-water and aqueous surfactant solutions, the dispersion stability of BP nanosheets 

in biological media must also be considered for most biomedical applications. Towards this end, 

phosphate buffered saline (PBS) and Dulbecco’s modified Eagle’s medium (DMEM) were 

selected as representative media due to their widespread use in biological assays. Native (non-

deoxygenated) DI-water was also used as a control to determine the role of dissolved oxygen on 

the stability of BP dispersions after exfoliation. The dispersion stability was monitored using 

optical absorbance spectroscopy and nanoparticle tracking analysis (NTA), while chemical 

degradation was monitored using XPS and Raman spectroscopy. As shown in Figure 4.5A, when 

diluted into native DI-water, the BP nanosheets show minimal degradation over a time period of 

48 hours. In the same time window, only 68% of the BP nanosheets remain dispersed in DMEM. 

This rapid degradation is even more pronounced in PBS with only 28% of the BP nanosheets 

remaining dispersed after 48 hours. To confirm that the changes in the optical absorbance spectra 

were due to decomposition of the BP nanosheets as opposed to aggregation, NTA was used to 

probe the average particle size over time, which revealed no significant aggregation in any of the 
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samples (Figure 4.6). XPS analysis further indicates that while some oxidation of the BP 

nanosheets takes place in native DI-water, more significant oxidation occurs in PBS and DMEM 

(Figure 4.7). A similar trend in degradation rate was observed for BP dispersions stabilized with 

SDS and F68, which indicates that the presence of surfactants does not have a significant effect on 

the decomposition kinetics of BP nanosheets in biological media (Figures 4.5B, C).  

 

Figure 4.5: Stability of BP nanosheets in DI-water (A), 2% w v-1 SDS-water (B), and in 2% w 

v-1 F68-water (C) dispersions after dilution into native (oxygen-containing) DI-water, PBS, and 

DMEM. All measurements are normalized optical absorbance intensities at 460 nm. 
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Figure 4.6: Size distributions of BP nanosheets after dilution into native biological media (DI-

water, PBS, and DMEM) after 1 hour (A) and 48 hours (B) as measured by NTA. 
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Figure 4.7: XPS spectra of BP nanosheets after dilution into native (oxygen-containing) DI-

water (A) and native PBS (B) after 1 day and 28 days. 
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4.2.4 Processing and environmental factors affecting stability 

All of the stability studies discussed thus far were carried out in ambient conditions at room 

temperature. However, for many biological applications, the performance of the BP construct 

needs to be assessed at elevated temperatures. Accordingly, a comparative study of the stability of 

the BP dispersions in deoxygenated DI-water was performed at room temperature (24 °C) and at 

body temperature (37 °C) using optical absorbance spectroscopy (Figure 4.8A). These 

measurements revealed that the degradation rate of BP nanosheets in deoxygenated DI-water is 

highly dependent on temperature with enhanced kinetics at 37 °C compared to room temperature. 

Consequently, when considering BP nanosheets for biological applications such as therapeutics 

and imaging, the window of efficacy and stability will be reduced in vivo compared to in vitro 

experiments carried out under ambient conditions. 

Figures 4.8B, C explore the role of other key factors in the aqueous stability of BP nanosheets. 

Here, the parameters of the exfoliation process were varied to determine the role of BP nanosheet 

size and dissolved oxygen in the dispersion stability. As mentioned previously, the LPE 

dispersions of BP nanosheets in DI-water contain a wide distribution of flake thicknesses and 

lateral sizes. In Figure 4.8B, the centrifugation parameters following sonication were varied to 

achieve different levels of sedimentation of the BP nanosheets. The resulting dispersions varied 

from thicker and larger flakes (750 rpm for 10 minutes) to thinner and smaller flakes (15,000 rpm 

for 10 min). As the centrifugation parameters were increased and the corresponding average flake 

size became smaller, the degradation rate of the BP nanosheets increased, indicating higher 

stability for thicker and larger flakes. Meanwhile, in Figure 4.8C, the role of deoxygenated water 

in the exfoliation process is illustrated. Here, separate dispersions of BP were prepared by LPE in 
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deoxygenated and native (non-deoxygenated) DI-water, after which the optical absorbance was 

monitored. The absorbance of BP nanosheets in deoxygenated DI-water shows no measurable 

change after 10 days, whereas the BP in native DI-water shows significant degradation, with only 

~80% of the BP nanosheets remaining dispersed in solution after 10 days. Faster degradation of 

the BP nanosheets in native, non-deoxygenated DI-water suggests that the deoxygenated DI-water 

processing results in an effective passivation layer on the BP nanosheets that arrests further 

degradation. Thus, the use of deoxygenated DI-water to initially exfoliate the BP is critical to the 

long-term stability of the material in aqueous environments.  
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Figure 4.8: Factors affecting the degradation rate of aqueous dispersions of BP nanosheets. (A) 

Stability of BP in DI-water at room temperature (24 °C) and body temperature (37 °C). (B) 

Stability of BP in DI-water with different centrifugation conditions. (C) Stability of BP in native 

DI-water and deoxygenated DI-water. All measurements are normalized optical absorbance 

intensities at 460 nm.  
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Ionic strength and pH were also varied to determine their effects on the stability of aqueous 

dispersions of BP nanosheets. Two common and biologically relevant monovalent salt solutions 

based on potassium chloride (KCl) and sodium chloride (NaCl) were prepared at increasing 

concentrations. Raw BP dispersions were then added to the salt solutions, and the optical 

absorbance was monitored to determine the suspension stability (Figure 4.9). For both KCl and 

NaCl, the degradation rate of the BP nanosheets showed a strong concentration dependence. In 

particular, at high concentrations of KCl and NaCl, BP degrades more rapidly, indicating that the 

BP decomposition rate is strongly dependent on ionic strength. These results also provide a 

possible explanation for why BP nanosheets dispersed with SDS show lower exfoliation yields 

and higher degradation rates than BP nanosheets in DI-water. Specifically, as an ionic surfactant, 

SDS leads to the presence of Na cations in solution that may play a role in accelerating the 

decomposition of BP nanosheets in a manner similar to aqueous NaCl solutions. On the other hand, 

variations in pH within a biologically relevant window from pH 5.9 to pH 8.1 resulted in no 

significant differences in the BP degradation rate (Figure 4.10). 
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Figure 4.9: Degradation of BP dispersions as a function of ionic strength. Stability of BP in DI-

water after dilution into native (oxygen-containing) solutions of varying concentrations of (A) 

KCl and (B) NaCl. Reported values are normalized optical absorbance intensities at 460 nm.  
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Figure 4.10: Stability of BP dispersion in phosphate buffers at varying pH: (A) pH 5.9, (B) pH 

6.5, (C) pH 7.1, (D) pH 8.1. All measurements are normalized optical absorbance intensities at 

460 nm.  
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4.2.5 Degradation products of black phosphorus 

Finally, the decomposition products of BP in aqueous media were identified and quantified, 

since they are likely to play a significant role in the biological fate and environmental impact of 

BP nanosheets. Using ion chromatography, phosphorus oxide species were separated and 

quantified using known standards. In particular, the BP aqueous dispersions in varying KCl 

concentrations from Figure 4.9A were measured using ion chromatography after 7, 30, and 60 

days (Figure 4.11A). These experiments revealed four chromatography peaks that all increased 

with time. The four peaks were identified as different phosphorus oxide anion species: 

hypophosphite (H2PO2
-), phosphite (HPO3

2-), phosphate (PO4
3-), and pyrophosphate (P2O7

4-). The 

phosphate and phosphite anions were the most abundant degradation products. While the 

concentration of all species increased consistently over the two-month time period, only small 

increases in the amount of pyrophosphate were observed, most likely due to the hydrolysis of 

pyrophosphate into smaller phosphorus oxide anions in water. Similar results were observed for 

the BP dispersions diluted in solutions of NaCl (Figure 4.11B). Since all of the detected 

phosphorus oxide anions occur naturally in the human body and are involved in biological 

processes, it is unlikely that the decomposition of BP will result in deleterious effects in vivo at 

biological relevant concentrations. 
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Figure 4.11: Degradation products of black phosphorus. Ion chromatography analysis of 

degradation products of BP dispersions in (A) 1 mM KCl and (B) 1 mM NaCl after 7, 30 and 

60 days.  
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4.3 Experimental methods 

4.3.1 Liquid phase exfoliation of BP 

Black phosphorus (BP) bulk crystal was purchased from Smart Elements and stored in a dark 

N2 glovebox. Dissolved oxygen was removed from deionized water (DI-water, 18 MΩ) by 

bubbling with ultrahigh purity (UHP) Ar gas for 30 minutes. For surfactant-assisted exfoliation, 

sodium dodecyl sulfate (SDS, Fisher Scientific) and Pluronic F68 (F68, Sigma Aldrich) were 

dissolved in DI-water at a 2% w v-1 loading. The solutions were then deoxygenated similarly using 

UHP Ar gas for 30 minutes. In an Ar atmosphere, BP crystal was transferred into the deoxygenated 

solution at an approximate loading of 1 mg mL-1. The vessel was then sealed and sonicated using 

a probe sonicator (Fisher Scientific model 500 sonic dismembrator) for 1 hour at 65 W while being 

cooled on an ice bath. Following sonication, unexfoliated material was sedimented by 

centrifugation at 5,000 rpm for 10 minutes (Beckman Coulter Avanti J-26 XP). In an Ar 

atmosphere, the resulting supernatant was aliquoted into vials and sealed until further 

characterization. For stability studies, BP dispersions were diluted into DI-water, Dulbecco’s 

phosphate buffered saline (PBS, 1X; without calcium, magnesium, phenol red, sodium pyruvate; 

Life Technologies), Dulbecco’s modified Eagle’s medium (DMEM, 1X, Life Technologies), salt 

solutions, or pH buffers at a 1:4 ratio and then stored under ambient conditions. 

4.3.2 BP dispersion characterization 

Atomic force microscopy (AFM) images were collected in tapping mode using an Asylum 

Cypher ES. BP solutions were dropcasted onto clean SiO2 substrates at 80 °C and allowed to 

evaporate, after which AFM measurements were immediately taken. The same samples were used 

to collect scanning electron microscopy (SEM) images using a Hitachi SU8030. X-ray 
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photoelectron spectroscopy (XPS, Thermo Fisher ESCALAB 250 Xi, Al Kα X-ray source) and 

Raman spectroscopy (Horiba LabRAM HR Evolution, 532 nm excitation) samples were prepared 

by vacuum filtration of BP dispersions onto an anodic aluminum oxide membrane (0.02 µm pore 

size, Whatman). UV-vis optical absorbance spectra were collected using an Agilent Technologies 

Cary 5000 spectrophotometer. Nanoparticle tracking analysis was performed using a NanoSight 

Nanoparticle Tracking Analysis system. 

4.3.3 Determination of degradation products 

Degradation products of BP dispersion was determined using ion chromatography (IC, Dionex 

5000+) with suppressed conductivity determination, modified from Dionex Application Note 71 

(AN71). Method details and concentration curves are shown in Figure 4.12. Samples were filtered 

using 0.22 µm PTFE syringe filters (Whatman) before measurement.  
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Figure 4.12: Ion chromatography method for the determination of phosphate species. (A) 

Example chromatogram for 0.05 mg mL-1 standard containing hypophosphite (H2PO2
-), 

phosphite (HPO3
2-), phosphate (PO4

3-), and pyrophosphate (P2O7
4-) using ion chromatography. 

Method details (B) and concentration curves for the determination of (C) hypophosphite, (D) 

phosphite, (E) phosphate, and (F) pyrophosphate anions using ion chromatography.  
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4.4 Summary 

In summary, we have demonstrated that BP nanosheets can be exfoliated using a range of 

aqueous solution processing methods. The resulting BP nanosheet dispersions have a shelf-life of 

at least one month when stored under low-oxygen conditions. Furthermore, several important 

factors such as ionic strength, temperature, oxygenation, and flake size have been identified that 

influence the degradation rate of BP nanosheets in aqueous environments. In addition, the 

degradation products of BP nanosheets in aqueous environments were identified, all of which are 

likely to enable the safe use of BP nanosheets in biological applications. Overall, this work 

suggests that BP is a promising material for biomedical applications because it offers a unique 

opportunity to design biocompatible and biodegradable 2D material constructs. Furthermore, this 

fundamental study of the aqueous stability of BP will inform ongoing efforts to understand other 

biological interactions involving chemically reactive 2D materials. 

  



 189 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CHAPTER 5: 

3D PRINTING OF LAYERED 2D MATERIALS 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based, in part, on the research described in the following publication: 

Guiney, L. M.; Mansukhani, N. D.; Jakus, A. E.; Wallace, S. G.; Shah, R. N.; Hersam, M. C. 

“Three-Dimensional Printing of Biocompatible, Thermally Conductive Hexagonal Boron Nitride 

Nanocomposites,” Nano Lett. 2018; under review 



 190 

5.1 Background 

With increasing electronic device density, speed, and power dissipation, thermal management 

has become a key consideration for integrated circuit technology.339–343 Furthermore, as the field 

moves towards mechanically flexible electronics and roll-to-roll manufacturing techniques, 

additional constraints such as flexibility, stretchability, weight, and cost are placed upon thermal 

management materials.344–346 These constraints are even more severe in the field of implantable 

bioelectronics where small changes in temperature can disrupt the normal functions or viability of 

surrounding tissues.347 Consequently, a need exists for thermally conductive yet electrically 

insulating materials that possess high cytocompatibility and can be patterned into the complex, 

mechanically flexible 3D architectures that are frequently used in bioelectronic implants. Polymer 

materials meet most of these requirements with the exception of high thermal 

conductivity,342,343,348 thus motivating the development of polymer nanocomposites with high 

thermal conductivity fillers such as hBN. Towards these ends, we introduce here a 3D printable 

polymer nanocomposite based on hBN that possesses high thermal conductivity, cytocompatibilty, 

and mechanical flexibility and stretchability with significant promise for emerging applications in 

next-generation bioelectronics. 

Three-dimensional (3D) printing is an additive manufacturing technique that offers many 

advantages including the ability to produce customized complex objects on demand in addition to 

the elimination of waste created by subtractive manufacturing techniques such as machining. The 

ability to rapidly design and fabricate architectures that are not otherwise possible with traditional 

methods has led to significant growth in the 3D printing field in both the research and industrial 

communities.193,349 However, 3D printing is generally limited by the number and types of materials 
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that are compatible with this method.178 The majority of 3D printing techniques are restricted to 

thermoplastics, photopolymers, and metals, which constrains both the mechanical and functional 

properties of the resulting structures. One approach for overcoming these limitations is to 

incorporate functional particles into polymer matrices to enhance functionality.350,351 The 

effectiveness of this approach relies on achieving sufficiently high volume fraction of particles in 

the polymer matrix to modify targeted properties while still maintaining 3D printability.   

Two-dimensional (2D) layered materials are superlative filler materials for polymer 

composites due to their high surface area, exceptional mechanical properties, and broadly tunable 

electrical, optical, and thermal properties.352  With these attributes, 2D materials have yielded 

improved performance in a wide range of applications in electronic, energy, and biomedical 

technologies.353 Several 2D materials including graphene, molybdenum disulfide, and hBN have 

been incorporated into polymer composites to impart mechanical strength or provide additional 

functionality such as electrical conductivity, thermal conductivity, or optical activity.54,158,165,354–

356 The ability to 3D print these functional composites has the potential to provide additional 

control over architecture, surface area, and manufacturability, thus further broadening their 

technological impact.357 Indeed, recent work has shown successful 3D printing of graphene-

polymer composites with high electrical conductivity that are enabling new applications in printed 

electronics, energy storage, and tissue engineering.161,358,359 However, 3D printing of other 2D 

materials has not yet been achieved due to challenges in realizing 3D printable polymer composites 

based on non-carbon 2D materials. 

Among non-carbon 2D materials, hexagonal boron nitride (hBN) is of particular interest 

because it is an electrically insulating yet thermally conductive analogue to graphene. The structure 
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of hBN consists of hexagonally bonded alternating boron and nitrogen atoms in planar 2D layers, 

which are stacked together by a combination of van der Waals forces and electrostatic 

interactions.360,361 Although it is electrically insulating, hBN is still highly thermally conductive, 

with a theoretical thermal conductivity as high as 300 W K-1 m-1 along the basal plane.362,363 

Additionally, hBN is lightweight, abundant, and readily commercially available, making it a prime 

candidate for thermal management applications. Consequently, previous work has incorporated 

hBN into polymer composites in order to enhance thermal conductivity. Using this strategy, 

thermal conductivities ranging from ~0.5-3 W K-1 m-1 have been demonstrated.364,365 Additional 

processing such as stretching, magnetic alignment, oriented shearing, and chemical treatments 

have further enhanced the thermal conductivity of these composites.55,56,366,367 The resulting hBN-

polymer composites have shown significant promise for flexible electronic devices.368,369 However, 

the hBN-polymer composites to date have shown a tradeoff between thermal and mechanical 

properties, especially in the high hBN loading limit. Furthermore, previously reported hBN-

polymer composites have been primarily prepared using casting procedures that require post-

processing steps to manipulate the 3D shape of the final structure.  

Recently, Gao et al. demonstrated that hBN can be incorporated into a 3D printable poly(vinyl 

alcohol) (PVA) composite to improve thermal conductivity and thus be used in textiles for personal 

cooling. Although the authors claim that the material is 3D printed, they only demonstrate the 

extrusion of single fibers, and do not show that the material is self-supporting or that it can be 

printed in multiple layers, which is a key challenge for material development in 3D printing. 

Furthermore, the demonstrated thermal conductivity of these printed fibers remains relatively low 

(< 0.1 W K-1 m-1), even after additional hot-drawing of the fiber to align the hBN nanosheets.370 
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5.2 Results and discussion 

5.2.1 3D printable ink formulation 

We present here a 3D printable hBN-polymer ink that builds off a highly versatile formulation 

that has been previously utilized to 3D print a wide range of particle systems such as graphene and 

carbon nanotubes,161 bioceramics,371 lunar and martian materials,372 and metals and alloys.164 The 

3D printable hBN inks contain only two solid components: hBN and poly(lactic-co-glycolic acid) 

(PLGA). PLGA is an elastomer that acts as a biocompatible polymer binder for the functional hBN 

particles. The PLGA and hBN particles are dissolved and dispersed, respectively, within a tri-

solvent system: dibutyl phthalate (DBP) is used as a plasticizer; ethylene glycol monobutyl ether 

(EGBE) is used as a surfactant to disperse the hBN particles; and dichloromethane (DCM) is a 

high volatility solvent that dissolves the PLGA and provides the mechanism for solidification 

during the printing process. Due to its high vapor pressure, in addition to the high surface area that 

is created upon extrusion, the DCM evaporates rapidly resulting in a solid construct. During this 

3D printing process, the PLGA precipitates and condenses around the hBN particles (Figure 5.1 

and Figure 5.3), resulting in a well-defined printed strut that is self-supporting (Figure 5.2). The 

printed struts are uniform in size and span gaps of several millimeters without noticeable sagging 

or deformation, allowing for the creation of complex geometries with well-controlled porosity. In 

addition, the 3D printability of the hBN-polymer ink enables the realization of structures that are 

not possible with conventional polymer processing methods (Figure 5.2A). 
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Figure 5.1: (a) Scanning electron microscopy (SEM) and (b) atomic force microscopy (AFM) 

images of the hBN powder, showing the characteristic particle lateral size (0.1–2 µm) and 

thickness (10–100 nm).  
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Figure 5.2: 3D printed hBN nanocomposite structures. (a) Photograph of complex structures 

including a small lumbar spine replica (left) and a double helix (right) that were 3D printed using 

a 60% vol. hBN nanocomposite ink. (b) Photograph and (c-e) scanning electron micrographs of 

a 3D printed 40% vol. hBN scaffold. The 3D printed strands are highly uniform and can be 

printed consistently over relatively large areas and heights. The printed strands can span gaps as 

seen in the grid inner structure in both the photograph and scanning electron micrographs as 

well as in the bridge structures of the double helix. The surface morphology is relatively smooth 

since the PLGA polymer uniformly coats and disperses the hBN flakes within the polymer 

matrix. 
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Figure 5.3: Cross-sectional SEM images of the 3D printed hBN nanocomposites as a function 

of hBN loading: (a) 20% vol.; (b) 40% vol.; (c) 60% vol. 
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5.2.2 Mechanical properties of 3D printed hBN 

The 3D printed hBN constructs are highly robust mechanically, allowing for direct handling 

immediately following printing. In addition, the hBN scaffolds are flexible and can be cut, folded, 

or rolled while still maintaining their mechanical integrity (Figure 5.4A), which allows for the 

possibility of additional manipulation of the constructs after printing in order to achieve an even 

wider range of sizes and geometries. For a quantitative assessment of the mechanical properties, 

tensile testing was performed for a range of hBN loadings, which are reported as a volume fraction 

of the solid components (Figure 5.4B-E). The tensile strength of the 3D printed constructs 

decreases significantly as the amount of hBN increases due to the decreasing amount of polymer 

present, which bears the majority of the tensile load.371 The amount of plasticizer added to the ink 

formulation is directly proportional to the amount of hBN to help improve fluidity and prevent 

clogging during the printing process, and is still present in the resulting 3D printed constructs 

(Figure 5.5, Table 5.1). Consequently, the elastic modulus shows a similar trend, where the 3D 

printed constructs become less stiff with higher hBN content due to the increasing amount of 

plasticizer. 
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Figure 5.4: Mechanical properties of 3D printed hBN. (A) Images of a single 3D printed 40% 

vol. hBN gridded sheet that has been cut, rolled and folded but still maintains its mechanical 

integrity. (B) Stress-strain curves for 3D printed samples with varying hBN content resulting 

from tensile testing. Corresponding modulus (C), strain to failure (D), and tensile strength (E) 

values (n ≥ 3) for the stress-strain curves shown in (B). Tensile strength and modulus are 

significantly different (p < 0.05) for each composition. Strain to failure of 40% vol. and 60% 

vol. samples are significantly higher (p < 0.05) than the strain to failure for 20% vol. and 70% 

vol. samples. Error bars represent one standard deviation. 
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Figure 5.5: Thermogravimetric analysis (TGA) scans of 3D printed hBN with varying 

hBN:PLGA composition ratios. PLGA curve is the raw PLGA polymer pellets used in the ink 

formulations (no solvents). Samples were heated from 30°C to 600°C at a heating rate of 

5°C/minute in a nitrogen environment.  

 
Table 5.1: Compositions of 3D printed hBN based on the TGA scans shown in Figure 5.5. 

The volume percent reported in the last two columns of the table takes into account only the 

solid components of the 3D printed hBN (i.e., hBN and PLGA). 

Sample Name Weight % 

solvents 
Weight % hBN Weight % 

PLGA 
Volume % hBN Volume % 

PLGA 

20% vol. hBN 8.4 29.7 61.9 20.8 79.2 
40% vol. hBN 10.8 47.8 41.5 38.7 61.3 
60% vol. hBN 12.6 63.2 24.3 58.8 41.2 
70% vol. hBN 14.7 68.3 17.0 68.7 31.3 
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The elongation to failure of the 3D printed constructs initially increases with increasing hBN 

content, and then sharply declines when the hBN loading is increased from 60% to 70%. The initial 

increase in ductility is likely due to the presence of increasing amounts of plasticizer, which tracks 

proportionally with the hBN content, and the crystal structure of the polymer, which was found to 

vary as a function of hBN content (Figure 5.6). In particular, when more polymer is present in the 

ink, the DCM evaporates more slowly during the printing process, resulting in a more crystalline 

polymer structure and thus a stiffer, more brittle material. On the other hand, for high fractions of 

hBN and correspondingly low fractions of polymer, the solvent evaporation occurs more quickly, 

leading to a more porous scaffold with a more amorphous polymer structure that facilitates 

increased elongation. The presence of high levels of plasticizer may also inhibit the ordering of 

the polymer chains at high hBN loadings, which would further decrease polymer crystallinity. It 

should be noted that eventually a limit is reached where there is an insufficient amount of polymer 

to adequately coat the hBN particles, resulting in a soft, brittle material, as observed for the case 

of 70% vol. hBN. Overall, by controlling the composition and trisolvent ink formulation, a wide 

range of mechanical properties can be achieved for 3D printed hBN constructs to meet the needs 

of specific applications. 
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Figure 5.6: Powder X-ray diffraction (PXRD) scans of (a) raw PLGA, (b) raw hBN powder, 

and (c) 3D printed hBN with varying hBN:PLGA composition ratios to determine the relative 

crystallinity of the PLGA polymer matrix. The relative crystallinity of the 3D printed structures 

was determined by normalizing the PXRD spectra to the primary hBN peak at 26.7° and then 

measuring the intensity of the primary PLGA peak at 16.9°. This intensity was then corrected 

for the amount of PLGA present in the hBN composite with the corrected intensity values 

provided in (d), which shows the highest relative crystallinity in the 20% vol. hBN and the 

lowest relative crystallinity in the 70% vol. hBN. 
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5.2.3 Thermal conductivity of 3D printed hBN 

One such application is the use of 3D printable hBN as a thermal interface material. Due to the 

high thermal conductivity of the hBN filler, the overall thermal conductivity of the polymer 

composite is expected to be enhanced with the addition of hBN. The thermal conductivity of the 

3D printed constructs was calculated using Equation 1, where k is the thermal conductivity, α is 

the measured thermal diffusivity, ρ is the measured density, and cp is the measured specific heat 

capacity: 

 

 𝑘 = 𝛼𝜌𝑐𝑝 (1) 

 

The resulting thermal conductivities are shown in Figure 5.7A. The thermal conductivity of 

the 3D printed materials initially increases with increasing hBN content as expected. However, 

above a threshold, the thermal conductivity of the constructs begins to decrease despite the high 

hBN loading. This reduction in the thermal conductivity correlates with a significant change in the 

microstructure of the 3D printed constructs at high hBN loadings, which is apparent from cross-

sectional scanning electron microscopy of the constructs (Figure 5.3). Specifically, due to the rapid 

evaporation of DCM for high loading hBN inks, the porosity of the printed structure increases 

(Figure 5.7B). This increased porosity likely leads to the observed decrease in thermal conductivity 

since the pores not only disrupt the percolation of the hBN particles, but also act as a thermal 

insulator within the polymer matrix. Nevertheless, at the optimal loading of 40% vol. hBN, the 

thermal conductivity reaches 2.1 W K-1 m-1, which is suitable for many thermal management 

applications.  
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Figure 5.7: Thermal conductivity (A) and porosity (B) of 3D printed constructs (n = 3) at 

varying hBN content. Thermal conductivity for 20%, 30% and 40% vol. hBN are significantly 

different from each other (p < 0.05), while there is no significant difference between 20%, 60% 

and 70% vol. hBN samples. Porosity is significantly higher (p < 0.05) in 60% and 70% vol. hBN 

constructs, while the porosity does not vary significantly between the 20%, 30% and 40% vol. 

hBN constructs. Thermal conductivity increases as a function of hBN content until a significant 

increase in the porosity of the scaffolds causes a disruption in the thermally conductive network. 

Porosity was determined by comparison of the theoretical density to the experimentally 

measured density of the constructs. Error bars represent one standard deviation. 
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5.2.4 Cytocompatibility of 3D printed hBN 

For biomedical applications, hBN also potentially offers advantages as a polymer composite 

filler due to its established biocompatibility in vitro.66,373,374  By using a biocompatible polymer 

matrix in this 3D printable hBN formulation, it is anticipated that the material can be integrated 

into implantable devices. To confirm cytocompatibility, constructs of varying hBN content (20%, 

40%, and 60% vol.) were 3D printed into sheets 6 layers thick and then cut into 5 mm cylinder 

scaffolds and rinsed with ethanol to remove residual solvents. Passage 2 female bone-marrow-

derived human mesenchymal stem cells (hMSCs) were purchased and extended to passage 5 

before seeding onto the hBN scaffolds. The growth and proliferation of the hMSCs on the scaffolds 

in Dulbecco’s modified Eagle’s medium (DMEM) was evaluated at multiple time points over 4 

weeks using a live/dead stain and confocal imaging (Figure 5.8A). This growth was further 

quantified using a double-stranded DNA (dsDNA) quantification assay (Figure 5.8C). The cellular 

attachment and morphology of the cells were further characterized using scanning electron 

microscopy (Figure 5.8B).  At day 1, we already observe a favorable interaction of the cells with 

the 40% vol. hBN scaffold, as the cells attach and spread out on the surface of the scaffold. Over 

the course of 4 weeks, high viability, growth, and proliferation of the hMSCs are also observed 

qualitatively through live/dead staining on scaffolds containing 20% vol. and 60% vol. hBN 

(Figure 5.9). The healthy growth of the cells results in the formation of extracellular matrix and 

the ability of the cells to span gaps and pores within the scaffold. Previously, Jakus et al. have 

demonstrated that hMSCs seeded onto a 3D printed PLGA scaffold containing no filler showed 

limited viability and growth over a 14 day period.161 In the same study, the addition of graphene 

to the ink system significantly enhanced the viability and growth of hMSCs similar to the high 
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cytocompatibility observed with hMSCs on these 3D printed hBN nanocomposite scaffolds.  

While further biocompatibility tests are required before this 3D printable hBN nanocomposite 

could be used for in vivo applications, the high cytocompatibility of these 3D printable hBN 

constructs offers a distinct advantage for thermal applications specifically in bioelectronics. 

 

Figure 5.8: Cytocompatibility of 3D printed hBN. (A) Top down view reconstructions from 

scanning laser confocal microscopy of live (green) and dead (red) stained human mesenchymal 

stem cells (hMSCs) on a 40% vol. hBN scaffold 1, 7, 14 and 28 days after seeding. (B) SEM 

micrographs of hMSCs seeded onto a 40% vol. hBN scaffold 1 day and 28 days after seeding. 

(C) DNA quantification of hMSCs seeded onto 40% vol. hBN scaffolds (n=3) over 28 days. 

Error bars represent one standard deviation. Scale bars for all images are 100 µm. 
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Figure 5.9: Live/dead confocal fluorescence imaging of 20% vol. hBN and 60% vol. hBN 

scaffolds after seeding with hMSCs. Live cells appear green, and dead cells appear red. Almost 

no dead cells were observed on the scaffolds, but it is hypothesized that dead cells tend to fall 

off the scaffold and thus are not observed attached to the scaffolds in these top-down 

reconstructions. The cells showed consistent growth and proliferation over the 28 day period.  

Scale bars for all images are 100 µm. 

 

5.3 Experimental methods 

5.3.1 Ink preparation and printing 

Poly(lactic-co-glycolic acid) (82:18) copolymer (Evonik), hexagonal boron nitride powder 

(MilliporeSigma), dichloromethane (MilliporeSigma), ethylene glycol butyl ether 

(MilliporeSigma), and dibutyl phthalate (MilliporeSigma) were all used as received. To prepare 
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the inks, PLGA was dissolved in DCM and then added to a mixture of hBN, EGBE, and DBP.  

Five different volume ratios of solid components were prepared and characterized ranging from 

20% vol. hBN to 70% vol. hBN. Due to the high volume fraction of particles in these inks, the 

amount of EGBE and DBP added to the ink formulations was proportional to the amount of hBN 

present in order to keep the hBN particles well dispersed and prevent clogging of the nozzle. DCM 

was added in excess and then allowed to evaporate under ambient conditions until a viscosity of 

~30 Pa s was achieved. All samples were printed using a 3D BioPlotter (EnvisionTEC GmbH). 

Depending on the composition and the tip diameter, the printing speed was varied in the range 5-

20 mm s-1 and the printing pressure was varied in the range 0.5-3.0 bar. 

5.3.2 Mechanical characterization 

Tensile testing was performed to determine the mechanical properties of the 3D printed 

scaffolds. Solid tensile bars with a gauge length of 20 mm and cross-sectional area of 3 mm2 were 

printed using a 250 µm tip. Tensile tests (LF Plus mechanical tester, Lloyd Instruments) were 

performed at an extension rate of 2 mm/min. 

5.3.3 Thermal characterization 

The thermal diffusivity was measured using laser flash analysis (Netzch LFA 457) following 

a Cowan with pulse correction model and a linear baseline. Solid films of material were 3D printed 

and then heated under vacuum for one hour at 50 °C to remove the remaining solvent preceding 

measurement. The measurements were performed at 65 °C under vacuum using a graphite coating 

as per Netzch recommendations to mitigate the translucent nature of the polymer. The 

measurements were performed with the laser pulse perpendicular to the printed filament as the 

experiments showed a lack of anisotropic thermal conductivity. The density was determined by 
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measuring the mass and geometric volume of the printed samples. The specific heat capacity of 

each sample was determined using differential scanning calorimetry (DSC822e Differential 

Scanning Calorimeter, Mettler Toledo) using the well-established sapphire method.375 In this 

method, the mass-corrected DSC signal of a sample across the temperature range of 60 °C to 70 °C 

was compared to that of a sapphire standard undergoing the same temperate profile. 

5.3.4 In vitro cytocompatibility 

For in vitro cytocompatibility studies, 2 cm x 2 cm boxes of 6 layers with an internal structure 

of 90° offset grids with a 0.5 mm distance between the center of the strands were printed using a 

250 μm tip. 5 mm cylinders were punched out using a biopsy punch and then rinsed with ethanol 

and sterile PBS before seeding with hMSCs. Compatibility with hMSCs was established using a 

method described previously.161 Briefly, passage 2 hMSCs were purchased from Lonza, extended 

to passage 5, and then seeded onto the hBN scaffolds (~25,000 cells per scaffold) in Dulbecco’s 

modified Eagle’s medium (DMEM). Viability was established using a live/dead stain (Invitrogen) 

and imaged using a Nikon C2+ Laser Scanning Confocal Microscope. Following live/dead 

imaging, the scaffolds were fixed for scanning electron microscopy (SEM) imaging using an 

aqueous solution of 3% sucrose and 2% gluteraldehyde for 15 minutes. The scaffolds were then 

dehydrated using a series of increasing ethanol concentrations followed by critical point drying 

(Samdri 795 Critical Point Dryer) and then coated with 15 nm of osmium before SEM imaging 

(Hitachi SU8030). The quantification of cells was determined using Quanti-iT Picogreen dsDNA 

Assay Kit (Invitrogen) at 1, 7, 14, and 28 days after lysing the cells by gentle bath sonication of 

the scaffolds (in 0.02% Triton X100 detergent). The fluorescence was measured at an excitation 

of 485 nm and emission of 535 nm using a Cytation 3 Plate Reader. 



 209 

5.4 Summary 

In conclusion, by incorporating hBN into a 3D printable polymer composite at high volume 

content, we have demonstrated a lightweight material with high thermal conductivity, controllable 

mechanical properties, and tailorable architecture. These hBN-polymer composites can be 3D 

printed with feature resolutions down to 100 μm, resulting in constructs that are robust 

mechanically and amenable to subsequent handling. Both the mechanical and thermal properties 

of the 3D printed constructs are affected by the underlying composite microstructure, which can 

be controlled by modifying the relative amounts of the trisolvent system in the ink formulation as 

well as the solid component ratio. The highly flexible and stretchable qualities of these hBN-

polymer composites in addition to their cytocompatibility further make them leading candidates 

for thermal management applications in emerging bioelectronic technologies. Overall, the ability 

to 3D print these hBN-polymer composites at room temperature with no additional post-printing 

processing will facilitate their widespread use in rapid prototyping for a range of additive 

manufacturing applications. 
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There are many opportunities for the continuation of the work presented in this thesis. The 

growing use of 2D nanomaterials in electronics, optoelectronics, energy capture and storage, and 

biomedical applications requires a greater understanding the health and environmental 

implications of exposure to these nanomaterials.123–126 Further studies are required to fully 

understand the role of various physicochemical properties, such as composition, exfoliation, flake 

size and thickness, surface functionalization, physical forms and chemical dissolution, in the 

interactions at the nano-bio interface. Moving forward, in order to integrate ongoing toxicity 

studies of 2D nanomaterials into a complete material hazard assessment, comprehensive material 

characterization is needed. Furthermore, understanding how the material properties and behavior 

change in biological media will be important to accurately assess the nano-bio interface. 

Dispersion stability, particle size and dissolution rate are important factors that could change 

dramatically in biologically relevant media due to changes in pH or the presence of salts and 

proteins, fundamentally changing how the material will interact with or be taken up by cells.376   

In addition to thorough material characterization, thoughtful design of toxicity studies is 

required for 2D materials. When investigating in vitro cytotoxicity of these materials, the cell line 

selection will play a large role in the measured toxicological response, especially since certain cell 

lines have already shown different sensitivities to 2D material exposure.129,150 Thus, it is important 

to resist the temptation to generalize cytotoxicity results for different cell lines based on any single 

study. In addition, when selecting cell lines, the potential exposure routes of a particular 2D 

material should be considered. To date, cytotoxicity of emerging 2D materials has focused mainly 

on biomedical exposure due to the obvious implications for biomedical technologies.147,377,378 

However, because 2D materials are being explored for a wide range of applications and industries, 
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occupational and environmental exposure also merit investigation. Understanding the effects of all 

potential exposure routes will provide the most comprehensive picture of the hazard potential 

associated with 2D materials. 

Due to their relatively infrequent study thus far in the field of toxicology, cytotoxicity has been 

the most widely used metric for gauging the biocompatibility of emerging 2D materials. This 

empirically reported cytotoxicity provides some insight, but a deeper mechanistic understanding 

is generally required to assess the hazard potential. In particular, structure-activity relationships 

need further study for 2D materials interacting with biological systems. Furthermore, 

quantification of the specific physicochemical properties that elicit deleterious biological 

responses would allow for the design of safer 2D materials.  

The lack of thorough material characterization, consistent design of in vitro assays, and 

mechanistic understanding of the cytotoxic response has led to contradictory reports of the 

biocompatibility of many 2D materials. Additionally, the cytotoxicity of the 2D materials in most 

cases is reported as a simple quantification of cell viability, without details of the characterization 

of cell growth or cell morphology that would enable better comparison across studies. To provide 

a more comprehensive understanding of the toxicity mechanisms of 2D materials, we thus 

recommend an interdisciplinary approach that relates the physicochemical properties of the 

materials to specific biological endpoints (Figure 6.1). Nanomaterial libraries should also be used 

to systematically vary the physicochemical properties of the 2D material of interest. Ideally, 

thoroughly characterized and monodisperse populations of 2D materials should be used to isolate 

the effects of specific characteristics (e.g., lateral size, thickness, surface functionalization, and 

electronic structure) on biological outcomes. Using in vitro high throughput screening (HTS) 
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assays, cellular interactions can be elucidated by quantifying the biodistribution, inflammation, 

fibrosis, and metabolic functions as a result of exposure to 2D materials. These results can then be 

validated by limited, carefully designed in vivo assays. In addition to the acute exposure testing, 

the long-term biodistribution and effects need to be investigated. From the initial toxicity studies 

of TMDCs, it is clear that some of these materials persist in organs and tissues, and thus 

bioaccumulation of 2D materials may present long-term repercussions.127 
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Figure 6.1:  A proposed approach for the hazard assessment of 2D nanomaterials. A library of 

2D nanomaterials where the physicochemical properties are systematically varied and 

extensively characterized can be used to relate specific properties to an injurious biological 

outcome. In vitro high throughput screening (HTS) assays can be used to quantify a response 

for specific biological endpoints. From these assays, carefully selected in vivo assays can be 

used to validate the in vitro results and confirm the hazard potential of the 2D nanomaterial. 
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The field of 2D material research is still accelerating, with continual discovery of additional 

2D materials and phenomena associated with their unique structures and compositions.379–381 With 

a constantly expanding library of 2D materials, the ability to predict toxicological outcomes is of 

critical importance. Recent 2D materials of interest, such as black phosphorus, indium selenide, 

and germanium sulfide, demonstrate high environmental instability.332,382,383 In these cases, a firm 

understanding of the dissolution behavior in addition to the temporal evolution of material 

properties is paramount for both their biomedical application as well as understanding the health 

and environmental risks of these materials. While some studies have begun to probe the 

toxicological effects of structural parameters such as lateral size, thickness, and surface 

functionalization, the effects of the electronic structure of 2D materials remain largely unexplored. 

In the case of MoS2, it has been observed that the crystal structure and resulting change in 

electronic properties results in a change in the dissolution behavior of the material,175 thus 

motivating further studies along these lines.384 Overall, a comprehensive assessment of the hazard 

potential of 2D materials requires an interdisciplinary approach to elucidate the relationship 

between the physicochemical properties of the materials and the resulting biological outcomes. In 

this manner, predictive toxicological models can be developed that will ultimately enable the 

development of mitigation schemes that will accelerate the safe use of 2D materials in widely used 

technological applications. 

Following from Chapter 4, additional opportunities to expand the application of our 3D 

printable 2D material ink formulation exist. While this initial study showed promising thermal 

conductivity and cytocompatibility, further optimization of the ink formulation and printing 

parameters could result in significantly improved performance. Specifically, the selection of the 



 216 

hBN flakes with larger lateral sizes and a higher aspect ratio could induce shear alignment of flakes 

during the extrusion process, resulting in aligned hBN flakes in the direction of printing, enhancing 

the overall thermal conductivity of the construct. Furthermore, this ink formulation has been shown 

to be compatible with both graphene and hBN, indicating that there are further opportunities for 

the incorporation of other 2D materials, which would expand the class of 3D printable materials 

to include new electronic, optical and mechanical properties. Successful integration of this palette 

of functional materials could enable the development of fully printable devices and constructs. 
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Scientific Laboratory Techniques          
• Atomic force microscopy 

• Cell culture 

• Confocal microscopy 

• Contact angle goniometry 

• Differential scanning calorimetry 

• Dynamic light scattering 

• Fluorescence spectroscopy 

• Fourier-transform infrared spectroscopy 

 

• High-performance liquid chromatography 

• Inductively coupled plasma-mass spectrometry 

• Raman spectroscopy 

• Scanning electron microscopy 

• Thermogravimetric analysis 

• UV-visible spectroscopy 

• X-ray photoelectron spectroscopy 

• X-ray powder diffraction

 

 


