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Since the first report of monolayer graphene in 2004, macromolecules that exhibit 

sheet-like topology including two-dimensional (2D) materials and related molecular 

networks have promised a wealth of intrigue in both fundamental science and 

technology. 2D gives rise to important interfacial behavior including molecular 

absorption, adhesion, cohesion, and bio-interfacing during materials’ synthesis, 

processing, and applications. This dissertation focuses on molecular mechanisms 

governing the interfacial behavior of 2D materials and related molecular analogues. 

Chapter 1 provides an overview of the interfacial molecular mechanisms used for 2D 

macromolecules. Chapter 2 looks into the detailed mechanisms and control of 

functional molecules’ absorption on graphene oxide (GO) nanosheets. Chapter 3 

builds a tool to understand how surface organic monolayers manipulate the adhesion 

of graphene. Chapter 4 explores reversible cohesive mechanisms in 2D synthetic 

networks using macrocyclic analogues that stack into high aspect ratio, lyotropic 

nanotubes. This dissertation ends with a complex interface between GO and cell 

surfaces in Chapter 5 to discuss how GO nanosheets stimulate biological cells and find 

potential in cancer therapeutics. These results empower adhesive engineering, stacking 

control, and therapeutics design of 2D materials and related molecular networks. 
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CHAPTER 1 INTERFACIAL INTERACTIONS IN 2D MATERIALS AND 
RELATED MOLECULAR NETWORKS 

 

Abstract: 

Since the isolation of monolayer graphene in 2004, macromolecules that exhibit sheet-like topology at 

single- or few- atom thickness have surged in fundamental science and technology. The 2D topology 

not only brings new material properties but also finds deep implications in the synthesis, processing, 

and application of these materials. Their expansive van der Waals surfaces at minimum volumes give 

rise to abundant interfacial interactions including molecular absorption, cohesion, and adhesion. 

Molecular mechanisms at the interfaces are fundamental to the functionalization, growth, layering and 

exfoliation, mechanical engineering, and device fabrication of 2D materials and related molecular 

networks. Similar interfacial problems often involve different molecular processes in different 2D 

macromolecules due to varied surface properties and diverse needs tailored to different processes. Here 

I overview concepts and understandings of molecular interactions at the interface of 2D materials and 

related molecular networks used for controlling surface functionalization, cohesion, adhesion, and bio-

interfacing. As molecular sciences continue to sophisticate at these interfaces, 2D materials and related 

molecular networks provide an increasingly powerful platform for manipulating matter at the atom-thin 

scale and miniaturizing technology. 
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1.1 Introduction: 

2D, namely the sheet-like atomic arrangement held together by covalent interactions, defines a 

fundamentally different molecular topology from 0D atomic clusters such as small organic or inorganic 

molecules and nanoparticles, and 1D chains such as linear polymers and 1D nanostructures. The 2D 

topology in these molecular objects influences many important properties such as mechanics, 

electronics, optics, and how they interact with other matter. For this reason, two-dimensional materials 

and related molecular networks (For simplicity, they will be collectively addressed as 2D networks 

from now on) have become one of the most intensely studied materials in the past decade. Their 

unparalleled combinations of mechanical, chemical, electronic, and optical properties arise from few-

atom thin structures with monolayer morphologies ideally suited for thin-film fabrication, the 

manufacturing foundation of the digital age.1 Its research is uniquely synergistic across multiple 

disciplines, with technology and fundamental science advancing simultaneously and rapidly. Ever since 

the isolation of monolayer graphene in 2004,2 the library of 2D networks, including atomic membranes 

such as graphene and transition-metal chalcogenides (TMDs), 2D polymers, and 2D covalent organic 

frameworks, has expanded significantly through mechanical exfoliation, chemical vapor deposition, 

topochemical polymerization, interfacial polymerization, and solution-phase, covalent crystallization of 

layered networks. As structural platforms diversify, manipulating various forms of these 2D networks 

has emerged as a new frontier, encompassing a broad range of interfacial questions that permeate every 

aspect of the research, including surface functionalization, exfoliation, stacking/layering, adhesion, 

delamination, folding, tribology, and bio-interfacing. Important interfacial problems include how 

molecules interact with 2D networks and move in between layered structures, how 2D networks interact 

with other flexible or rigid surfaces, how these interfacial mechanisms differ with different 2D 

networks, and how to engineer these interfaces for diverse applications such as solution processing and 

printing, electronic and nano-mechanic devices, water purification, energy storage and conversion, and 

biomedicine. Diverse molecular mechanisms such as molecular absorption, solvation, diffusion, and 

intercalation have been explored in increasingly diverse 2D networks within this context in the past 

decade. Past literature have overviewed specific 2D networks with a synthetic focus,3–11 and specific 
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aspects of graphene such as functionalization or biological applications.12,13 In this chapter, I summarize 

and compare different interfacial mechanisms and strategies in different 2D networks as this unique 

area of surface science rapidly grows on diverse 2D platforms. 

 

Monolayer 2D networks are the ultimate thin forms of matter with extremely high surface-area-to-

volume ratios. Depending on whether these monolayers adhere to solid surfaces, stack in layers, or 

suspend in fluids, a variety of interfacial mechanisms arise due to their interactions with molecules, 

solvents, and other surfaces and 2D materials. Here I classify these questions into three interfacial 

phenomena including 1) how molecules interact with 2D networks including absorption and 

functionalization; 2) how monolayer 2D networks interact with each other and the solvents including 

exfoliation, stacking/cohesion, dispersion, and assembly; 3) how monolayers of 2D networks adhere to 

solid surfaces related to adhesion and strain engineering, folding, tribology, and other aspects of nano-

mechanics. In the end, I will touch upon an increasingly important aspect of their interfaces with a 

mechanistic focus, which is their interactions with complex biological soft matter, for tissue 

engineering, imaging, drug delivery, and other aspects of biomedicine. Throughout this chapter, I will 

summarize progress in molecular mechanisms used for the above interfaces of different 2D networks 

via a comparative approach and comment on the opportunities in this nascent area. 

 

1.2. Molecular Functionalization and Absorption 

Understanding how molecules interact with 2D networks is fundamental to the interfacial mechanisms 

in 2D networks. Early on, attaching molecules to 2D networks was discovered as a strategy to template 

2D crystallization of molecules on graphene and to tune the intrinsic electronic properties of graphene 

field effect transistors (FETs).14,15 People rapidly realized that 2D networks can also acquire extrinsic 

properties through molecular functionalization such as catalytic activity, molecular recognition, optical 

emission, redox activity, and altered wettability. Molecular functionalization has been crucial to their 

applications in sensors, batteries, biomedicine, and catalysis. The choices of functionalization strategies 

vary with the surface chemical properties of 2D networks and with the final applications of the 
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materials. In this section, we overview how different 2D networks have taken mechanistically different 

routes towards molecular functionalization and identify unexplored questions. 

 

Figure 1.1 Molecular functionalization and absorption on the basal plane (A) and at edges, defect 
sites, and coordination sites (B). 

From a mechanistic standpoint, we define three modes of molecular attachment on 2D networks 

including 1) non-covalent functionalization and adsorption of molecules on the basal planes of 2D 

networks; 2) Covalent functionalization, metal coordination, and molecular grafting at the defect sites 

of 2D networks; 3) Templated 2D crystallization of molecular absorbates on the surface of 2D 

networks. Non-covalent functionalization has the advantage of preserving the pristine electronic 

structures in 2D networks while imparting extrinsic properties. This approach has been particularly 

popular for its efficiency and convenience with chemically inert pristine graphene, and much less 

popular with other 2D networks such as TMDs, hexagonal boron nitrides (hBN), 2D polymers, and 

covalent organic frameworks. Apart from challenges with chemical inertness, covalent functionalization 

on pristine graphene is undesirable also because it destroys the structural continuity and results in loss 

of conductivity, a particularly valued property for this zero-band-gap 2D network. In contrast, covalent 

functionalization is much more popular with graphene oxides, a non-conductive derivative of graphene 

with diverse organic moieties, and another non-conductive 2D material, hBN. TMD functionalization 

has also primarily focused on covalent approaches because defects such as sulfur vacancies are 

conveniently present. Coordination, covalent grafting, and edge-functionalization have been explored in 

2D covalent organic frameworks (COFs). Little has been done with 2D polymers primarily because 

studies of their functions are currently less explored. But as research in these synthetic networks 
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advances, molecular functionalization will become essential to their use the way it has been for 2D 

materials. Mechanistically, 2D assembly on 2D networks is distinct from the other two approaches due 

to the presence of lateral interactions between molecular or colloidal absorbates. Therefore, we will 

review this frontier separately in Section 1.2.3. Finally, bio-molecular absorption on 2D networks has 

found important applications in sensing and imaging. Due to their non-covalent nature, we will discuss 

them together in the non-covalent category. 

 

1.2.1. Basal-plane Non-covalent Functionalization and Absorption 

Adsorption on the vast van der Waals surface of graphene is considered very promiscuous such that it is 

more difficult to preserve the pristine, contamination-free graphene surface than it is to adsorb 

molecules on graphene.16 Nevertheless, stable molecular adsorption with defined 

association/dissociation constants is highly desirable for controlled functionalization in sensing, bio-

functionalization, batteries, and catalytic applications. In 2012 Georgakilas et al. comprehensively 

summarized non-covalent interactions that were theoretically useful for graphene functionalization.12 

As graphene became increasingly available through chemical vapor deposition around the same time, 

experimental explorations took off and have matured over the past half-decade. Polyaromatic systems 

and aliphatic hydrocarbons became the most used components in molecular absorbate design for 

graphene through van der Waals interactions and solvophobic interactions. We avoid using the term π-π 

stacking in this chapter due to the existing controversy over the term (see discussions later),17 despite 

the fact that some of the most successful molecular adsorbates were designed with this concept in mind. 

For example, in 2009 Wang et al. demonstrated the stable adsorption of a polyaromatic molecule 

(perylene-3,4,9,10-tetracarboxylic dianhydride) on epitaxial graphene.14 Cheng et al. later reported the 

observation that adsorption of 1,5-diaminonaphthalene and 1-nitropyrene on graphene at selective areas 

of graphene surface can modify the Fermi energy level.15 Huang et al. used 1-pyrenebutanoic acid 

succinimidyl ester for bio-functionalization of graphene field effect transistors.18 A prominent problem 

with non-covalent functionalization is the surface degradation due to molecular dissociation. To solve 

this problem, Mann et al. reported the use of multivalency for designing stable pyrene-containing 

molecular absorbates on graphene, creating a tripodal binding motiff with 103 slower desorption kinetics 
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compared to previous monopodal polyaromatics.19,20 The same group later systematically studied the 

interactions between polyaromatic molecules and graphene using tripodal absorbates containing a 

variety of aromatic functional groups.21 The detailed binding kinetics of these molecular tripods were 

carefully demonstrated using cyclic voltammetry, quartz crystal microbalances, and scanning 

electrochemical microscopy.20 Later, Mann et al. and Alava et al. demonstrated the use of molecular 

tripods for preserving protein activities on graphene surface for efficient biological recognition.22,23 As 

such, molecular absorbates containing one or multiple pyrenes or other polyaromatic groups become 

one of the most popular approaches to functionalize pristine graphene surface.  

 

Interestingly, calculations find little evidence to support that aromatic systems interact more favorably 

with graphene than saturated aliphatic molecules containing identical numbers of carbons.24 In most 

studies that used of polyaromatic molecules for graphene functionalization , π-π stacking should not 

overlook the contributions of van der Waals interactions and solvophobic interactions.17 

Experimentally, aliphatic hydrocarbons have, indeed, proven useful for reliable functionalization on 

graphene through CH- π interactions. For example, Zhang et al. reported the use of 1-octadecanethiol 

for graphene surface functionalization in FET sensing of mercury ions.25 Through similar mechanisms, 

polymeric coatings of graphene including polysaccharides and polyimides have been widely used to 

mitigate the toxicity of graphene, and to make graphene composites, which will not be discussed here 

due to their applicational focus. The absorption of hydrocarbons on graphene is as much a strategic 

consideration as it is a problem. Li et al. revealed that airborne hydrocarbons can cause unintentional 

contamination to pristine graphene surfaces, which results in doping.16 Indeed, residual photoresists 

plague graphene nanofabrication due to stubborn absorptions of polymer chains on graphene via similar 

interactions such that much has been explored to avoid photoresist contamination.26,27 Meanwhile, long-

chain absorbates find important applications in DNA sensing. Lu et al. demonstrated DNA sensing 

based on the absorption of fluorescently labeled, single-stranded DNA on graphene.28 Hybridization 

with the target DNA sequence results in dissociation from graphene and recovery of fluorescence 

quenched by graphene. Zhu et al. later demonstrated that this method is equally effective in 2D 

molybdenum disulfide (MoS2), further showcasing the robustness of long-chain molecules’ absorption 
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on 2D networks.29 Overall, long-chain hydrocarbons have been widely explored for graphene 

functionalization and are deeply implicated in the processing and use of graphene. 

 

Despite the theoretical predictions in Georgakilas et al.’s early review,12 till now little was reported for 

non-covalent functionalization using other mechanisms such as cation-π, and anion-π interactions. This 

is likely due to the particularly weak, and orientation-dependent nature of these interactions. From a 

mechanistic perspective, here lie abundant opportunities to uncover unique types of molecular 

interactions. For example, Long et al. reported the intriguing interactions between amines and graphene 

that seem to override the aliphatic chain-graphene interactions judging from the molecular orientation.30 

The interaction has been noted between graphene and the smallest alkylamine, ammonia, in the early 

work by Novoselov, Geim et al.2 Recently, we reveal similar observations in the context of graphene 

adhesion (See Chapter 3). Using an graphene-based adhesive force sensor, we find that amine-

functionalized glass exerts particularly high adhesive force to monolayer graphene, comparable to 

pyrene-functionalized glass.31 Not much is know about the nature of this interaction, although we 

proposed the possibility of cation (in this case, ammonium)-graphene interactions. It is intriguing what 

opportunities lie ahead for molecular engineering using these unappreciated interactions the way π–

conjugated molecules have been used in multivalent binding. 

 

Finally, we discuss the need for non-covalent mechanisms unique to the properties and use of GOs, a 

graphene derivative usually made from exfoliating and oxidizing graphites. GOs are polyanionic, water-

dispersible 2D sheets due to the presence of carboxylates and other hydrophilic moieties. Wang et al. 

took advantage of their polyanionic nature and used cationic ionic liquid 1-[3-(Npyrrolyl)propyl]-3-

butylimidazolium bromide to functionalize GO via charge interactions.32 In addition, we note a scenario 

that necessitates non-covalent functionalization on GO, a 2D network abundant with functional groups 

for covalent functionalization (see Chapter 2). The promiscuous graphitic surface together with its 

fluorescence-quenching property has been a challenge for functionalizing GO nanosheets with active 

enzymes and fluorophores. As an important 2D material in biomedicine and environmental 

applications, uncontrolled molecular interactions (see later discussions) often result in denaturation of 



 

 1-8 

enzymes due to non-specific interactions with GO,33 and quenching of fluorescence due to charge 

transfer between fluorophores and GO’s graphitic region.34 For this unique problem, non-covalent 

functionalization on GO using molecular tripods proves particularly useful. We found that molecular 

tripods can simultaneously passivate the graphitic area of GO and install organic handles for bio-

conjugation and fluorescent labeling that retains enzyme activities and fluorescences.35 The absorption 

of proteins on native graphene and GO surfaces is of intense interest for their biological use. However, 

the interfacial mechanisms vary greatly with the nuanced structural properties and surface charges of 

proteins. For example, α-chymotrypsin was found to lose activity on GOs through a combination of 

electrostatic and hydrophobic interactions, the former being the loading interactions and the latter the 

denaturation interactions (See Chapter 2).35 This presents great challenges to understanding 2D 

networks such as GOs in biological organisms and will be discussed later in 1.5. 

 

To summarize this section, non-covalent functionalization and absorption has been crucial for the use of 

a particular 2D network, graphene, in sensing and bio-recognition. The above molecular mechanisms 

have been further used for nanoparticle decoration, polymer coating, which were not discussed here due 

to their similar mechanistic underpinnings. Compared with other approaches, molecular dissociation is 

the main disadvantage in non-covalent functionalization and has been mitigated via the use of 

multivalency. Discovery of new molecular interactions with conjugated π surfaces such as graphene 

continues to press intriguing fundamental questions that benefit not only materials chemistry, but also 

supramolecular chemistry, theories, and physical chemistry.  As such, non-covalent functionalization 

represents an important interfacial mechanism in 2D networks.  

 

1.2.2. Covalent and Defect-specific Functionalization 

Functionalization through more stable interactions such as covalent bonds and coordination bonds has 

been explored widely in 2D networks. In this section, we will briefly summarize and compare 

chemistries used for graphene, GOs, MoS2, and 2D COFs, and how these have modified the surface 

properties of corresponding materials for diverse applications. 
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As the most heavily studied 2D networks, functionalization of mono- or few-layer pristine graphene has 

been explored for patterning,36 doping,37 processing,38 and use as ultrathin structural materials.39 Due to 

their chemical inertness, covalent functionalization of pristine graphene requires reactive species such 

as radicals,40 carbenes and nitrenes from azides,41 diazonium compounds,38 strong oxidizers,42 and 

reactive cycloaddition intermediates.43,44 Development of covalent chemistries for graphene matured 

rapidly, leading to two reviews in 2013 by Park et al. and Chua et al. We therefore refer the readers to 

these previous reviews for focused discussions.45,46 Here we focus on recent developments related to 

covalent functionalization on graphene’s edges such as the edges of nanopores. In 2012, Zan et al. 

observed that graphene nanopores etched by electron beams are unstable and can self-mend.47 In 2014, 

Lee et al. first reported their stabilization by Si atoms.48 Using nanopores generated by O2 plasma, 

Surwade et al. first reported water desalination using monolayer graphene with near 100% salt rejection 

and rapid water transport. Exactly how the edge functionality of the graphene nanopores affect transport 

of different species remains an active frontier in graphene research with implications in DNA 

sequencing and protein sensing. Meanwhile, Fukushima et al. have demonstrated edge functionalization 

for heterogeneous catalysis.49 Covalent modification also opens up new interfacial applications in 

imaging. For example, Russo et al. reported the use of mild hydrogen plasma to modify graphene as 

TEM substrates for reliable deposition of proteins in cryogenic electron microscopy (EM).39 The 

authors claimed that mild hydrogen plasma removes surface contamination in addition to making 

graphene more hydrophilic. A small degree of hydrogenation (less than 5%) on graphene retains the 

conductivity of graphene for EM and enhances protein deposition for imaging. Overall, since 2013, 

covalent functionalization on graphene has jointed frontier nanotechnology to provide new tools and 

platforms for various applications.  

  

Unlike graphene, MoS2 present sulfur vacancies for convenient functionalization. In 2013, Chou et al. 

reported the use of thiol-containing molecules for insertion into the defects of MoS2 sheets and 

demonstrated its use in loading β-galactosidase. In 2015, Nguyen et al. reported the use of this 

chemistry for MoS2 band gap tuning, resulting in spectral shifts of MoS2’s inherent photoluminescence. 

The nature of defect functionalization by thiols had been presumed to be covalence or coordination until 
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2016, when Chen et al. reported detailed studies of MoS2 functionalization by cysteines. The authors 

reveal that MoS2 facilitates the oxidation of cysteine thiols to disulfide-containing cystines, which end 

up physisorbing on MoS2 rather than filling the sulfur vacancy. In 2015, Backes et al. reported the use 

of sulfur as coordinating atoms for absorption of metal acetates for dispersion in nonconventional 

solvents such as isopropanol and acetone. In the same year, Voiry et al. reported the use of 

organohalides for phase-selective, covalent functionalization.50 H2 plasma has recently been used by Li 

et al. to generate Janus MoS2 sheets through covalent transformation. This out-of-plane symmetry 

breaking generates vertical dipoles in 2D networks.51 The above surface modifications have found 

important applications in MoS2 processing, device fabrication, and biological use. 

 

Similar to graphene, covalent chemistry on GOs is a relatively established area. We refer readers to 

Dreyer et al.’s 2010 review for focused discussions.52 The recent use of these chemistries for 

manipulating GO assembly and dispersion will be discussed later in Section 1.3. 

 

Finally, we discuss an emerging research area of covalent functionalization in COFs. Rational design of 

2D networks from organic molecules provides unprecedented advantages for diversifying their use 

through functionalization because one can design functional groups in such networks. In 2011, Ding et 

al. reported the coordination of palladium catalysts with nitrogens in imine-linked COFs for Suzuki-

Miyaura reactions.53 The resulting catalyst composites are efficient, highly stable, and recyclable. In 

2015, Calik et al. reported edge capping of boronic ester COFs using monovalent boronic ester 

modulators to extend orthogonal functional groups on COFs.54 In 2017, Mitra et al. reported grafting of 

glycidol onto the phenolic hydroxyl groups presented in COFs followed by silanization for 

bioconjugation.55 Pore grafting is unique to 2D COFs due to their larger pore sizes in comparison to 2D 

materials such as graphene. Wu et al. demonstrated polysulfide grafting on COFs for pore filling as 

cathodes of rechargeable lithium organic batteries with a 425 mA h g−1 capacity at a charging rate of 

250 mA g−1.56 The flexibility of design in 2D COFs allows greater freedom for designing intrinsic 

properties and combining with extrinsic properties from functionalization.  
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1.2.3. 2D assembly on 2D networks 

The use of 2D networks as a template for 2D crystallization and assembly was first realized in 2009,14 

using perylene-3,4,9,10-tetracarboxylic dianhydride on epitaxial graphene. This class of molecular 

functionalization is fundamentally different from 1.2.1 and 1.2.2 because lateral interactions between 

absorbates become as important as absorbate-substrate interactions. Molecules not only have to attach 

to 2D networks but also need to organize with respect to each other to achieve order in lateral 

dimensions. Interestingly, these lateral interactions do not limit to noncovalent lateral assemblies. For 

example, in 2011, Colson et al. demonstrated the use of graphene to template the growth of 2D boronic 

ester-linked COF.57 The resulting polymer assembly is highly oriented due to the presence of graphene 

substrates. More recently, Sun et al. demonstrated the construction of organic FETs by growing imine-

linked COFs on graphene.58 As a unique molecular functionalization route, 2D assembly on 2D 

networks provides exciting opportunities for making layered hetero-structures of 2D networks in situ. It 

also presents intriguing opportunities to combine the structural modality of synthetic networks and the 

superior electronic properties of conventional 2D materials such as graphene and TMDs. 

 

1.3. Stacking, Exfoliation, Dispersion, and Assembly 

The concept of layered materials precedes monolayer 2D materials by over a century,59 making 

interlayer mechanisms such as exfoliation and dispersion one of the oldest interfacial problems studied 

in layered 2D networks. Breaking stacking to access exfoliated dispersions remains the most intensely 

studied interfacial process across most layered 2D materials such as graphites, TMDs, 2D 

organic/inorganic perovskites, 2D early transition metal carbides and nitrides (MXenes), graphene 

oxides, antimonenes, and COFs. Their exfoliation into single- or few- layer sheets dramatically 

increases the available surface areas of layered 2D networks for catalysis and payload studies, changes 

the electronic band gaps of conductive and semi-conductive 2D networks, and yields liquid dispersions 

that are amenable to diverse processing techniques such as coating, printing, and lithography. This is 

primarily why the dispersed states of 2D networks are highly desirable and heavily studied in almost all 

layered 2D networks. Mechanistic understandings of the stacking interfaces are relatively mature in 
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conventional layered materials such as graphite, yet with a recent, increasing, focus on the role of 

molecular interactions during intercalation and solvation.60–62 As the family of layered 2D networks 

diversifies, interactions at the stacking interfaces of new 2D networks such as COFs continue to press 

intriguing questions for molecular understandings and control. An earlier comprehensive review in 

2013 by Nicolosi et al. outlined the progress in exfoliation studies of many organic and inorganic 

layered materials.63 In Section 1.3.1, I overview progress in conventional 2D networks such as graphite 

and TMD since 2013, and unconventional 2D networks such as COFs. In Section 1.3.2, I discuss 

progress in manipulating the exfoliated liquid dispersions for assembly. 

 

Figure 1.2 Stacking, exfoliation, dispersion, and assembly. 

 
1.3.1 Stacking and Exfoliation 

Van der Waals stacking dominates in many layered 2D networks such as graphite, TMD, COFs, and 

MXenes. Solid-phase exfoliation by ball-milling or scotch-tape methods is an entirely mechanic process 

that has not involved molecular mechanisms. Therefore, we focus on liquid-phase exfoliation. Ideally, 

liquid-phase exfoliation requires the intra-layer, lateral bonding of a 2D network to be stronger than the 

interlayer van der Waals forces such that agitations that break the interlayer interactions do not destroy 

the 2D integrity of the exfoliated sheets. In practice, van der Waals forces scale with the surface areas 

of the layering sheets with mN/m cohesive energies. Mechanical exfoliation methods such as sonication 

alone tend to shred the exfoliated sheets at least to some degree, limiting access to large-area thin 

sheets. Intercalation of molecules in between layers has become an important mechanism for exfoliating 
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layered 2D networks alone as well as in combination with mechanical agitation. In addition to 

intercalation, achieving stable dispersions of exfoliated sheets also require matching surface tensions 

between the dispersing liquids and the 2D networks. As such, agitation, intercalation, and solvation are 

the three main processes involved in liquid-phase exfoliation, which further dictates how good an 

exfoliation procedure is, based on 1) yields; 2) processing time; 3) structural integrity and lateral sizes 

of exfoliated sheets; 4) selectivity towards single-layer sheets. Zheng et al. explored a combined 

expansion/intercalation approach for exfoliating large-area, single-layer MoS2 in 2013, using N2H4 

decomposition as the agitation method to expand MoS2 interlayer space, sodium naphthalenides as the 

intercalating species, and water as a good solvent.64 Exotic interlay expansion methods have always 

been a subject of interest. In 2014, Li et al., explored volume expansion of water during freezing to 

exfoliate a variety of 2D materials.65 Han et al. reported the use of acoustic cavitation for exfoliating 

layered 2D networks such as graphite oxides and MoS2.66 Ultrasonic agitation creates sufficient 

shearing and microbubbles that actuate the exfoliation of the above materials into their good solvents 

such as DMSO, NMP, and water. To exfoliate hBN, Cui et al. used high temperature water treatment to 

hydroxylate hBN sheets, which simultaneously agitate, intercalate, and enhance solvation of hBN.67 In 

2015, Shen et al. systematically explored the use of solvents with appropriate surface tensions for 

exfoliating a wide range of layered 2D materials including graphene, hBN, and various TMDs,68 

confirming that solvents with matching surface tensions do exhibit better exfoliating capabilities. 

However, as has been mentioned in the beginning, matching surface tension alone does not suffice for 

exfoliating large-area, single-layer sheets. Matsumoto et al. reported a procedure that combines 

agitation, intercalation, and surface tension matching to achieve fast, high-yield exfoliation of high-

quality, 93% single-layer, graphene.69 They used microwave for agitation, HF to accelerate 

intercalation, and oligomeric cationic imidozolium-based ionic liquids to solvate graphene surface 

through cation-π interactions. Using similar principles, electrochemical exfoliation of graphite was 

systematically overviewed by a recent review from Abdelkader et al.62 These mature concepts have 

enable exfoliation of increasingly diverse layered materials. For example, in 2016 Gibaja et al. 

exfoliated few-layer antimonenes with a simple isopropanol/water mixture assisted by sonication, 

although the yields and single-layer selectivity have yet to be improved.70  
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Exfoliation of synthetic van der Waals stacks such as COFs has become a subject of interest as the 

syntheses of these materials mature. Because of the intriguing potential to design interlayering stacking 

through organic syntheses, exfoliation studies of COFs have presented additional design concepts that 

are not amenable to 2D materials such as graphene and TMDs. In 2012, Berlanga et al. presented the 

concept that structural design in COFs can tune their ease of delamination.71 In 2013, Bunck et al. 

discovered that hydrozone-linked COF-43 can exfoliate in a range of organic solvents spontaneously.72 

The ease of exfoliation in this study indicates that with synthetic 2D networks, interlayer stacking 

energies may vary greatly and can be engineered by molecular design. Khayum et al. later showed that 

cycloaddition between anthracenes in COFs and N-hexylmaleimide readily disrupts interlayer stacking 

via a covalent intercalation method to yield exfoliated COF sheets.73 This is reminiscent of graphene 

oxide synthesis using Hammer’s method where covalent intercalation of oxygen-containing groups 

weakens interlayer stacking, although sonication is still needed.74 Recently, Chavez et al. reported the 

use of molecular macrocycles as models to understand interlayer stacking between COFs.75,76 The 

unique stacking behavior of imine-linked macrocycles has deep implications in diverse imine-linked 

COFs with intriguing modulation mechanism discovered and discussed in Chapter 4.  

Counter-ion mediated stacking is unique to layered double hydroxides, and metal oxides such as 

titanium oxide. These layered materials are outside the scope of 2D materials and related molecular 

networks. Nicolosi et al.’s review provides brief discussions.63 

1.3.2 Dispersion and Assembly 

Stable dispersions of 2D networks in solvents also use solvents that exhibit matching surface tensions. 

Single-layer dispersions of 2D networks open up explorations into how their 2D topology and 

flexibility affects their hydrodynamics and solution arrangement. For example, Poulin et al. reported 

that monolayer GOs exhibit superflexibility that rivals lipid bilayers such that they easily crumple with 

fluid flow. Whether GOs are naturally crumpled into random folds has been a debated question. In 

1992, Wen et al. first reported light-scattering evidence that suggested crumpled GO sheets in solution 

very much like crumpled paper balls.77 This is discouraging for a variety of applications that involve the 

deposition of 2D network dispersions into smooth thin films. Recently, Koltonow et al. clarify that this 



 

 1-15 

crumpling is largely non-existent in deposited films of 2D networks such as GOs.78 In particular, 

solvent-sheet interactions should not promote crumpling of GO sheets due to the energetic costs for 

crumpling GO. However, this does not mean that GO cannot easily crumple with fluid flow, which is 

implicated in their biointerface with cells and will be discussed in Chapter 5. The conformational states 

of dispersed 2D networks are important considerations for their liquid crystalline behavior in solutions 

(Fig. 1.2 right). Kim et al. first reported the liquid crystalline behavior of graphene oxide sheets in 

water,79 and later Shen et al. reported the electron-optical switching of this effect.80 Their liquid-phase 

order reflects their unique aspect ratios as sheets of ultimate thinness with important applications in 

their assembly and deposition. 

 

These dispersed sheets have better processability for various types of deposition and assemblies. In 

2014, Joshi et al. reported that GO films assembled by layering can precisely and rapidly sieve 

molecular species in water, blocking all species larger than 4.5 angstroms.81 They proposed that the 

ultrafast water transport dynamics arise from the capillary effects in the hydrated interlayer space 

between GO sheets. This interlayer spacing is 13.5 angstroms, typical for graphene oxide films after 

swelling in water. This intriguing interfacial mechanism has been further explored with better control of 

interlayer spacing by Abraham et al. in 2017.82 GO’s excellent water solubility and ease of modification 

has made it convenient for a variety of solution assembly strategies as well. For example, McGrail et al. 

reported the assembly of functionalized GO at the toluene-water interface for grafting thiol-terminated 

polystyrene chains at the organic phase, yielding janus GO sheets.83 Wang et al. demonstrated the 

solution assembly of MoS2 sheets into tubular structures of tunable sizes and pores for battery 

applications.84 As exfoliation methods improve to access an increasingly diverse library of single-layer 

2D networks, their assembly and processing will continue to promise new opportunities. 

 

1.4. Adhesion, Wettability, Texturing, and Strain Engineering 

The interface between substrates and mono- or few-layer 2D networks dictates a broad range of 

phenomena including adhesion, delamination, wrinkling, buckling, folding, and tribological behavior. 
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In the simplest system, three phases are present including the substrate, the 2D network in contact, and 

the solvents (liquid and gas phases) that wet both solid surfaces. These surface energies are crucial 

considerations at this interface. However, film elastic behavior, layering, and substrate surface features 

further complicate the adhesion of 2D networks, presenting intriguing fundamental questions that are 

deeply implicated in device fabrications. In terms of molecular control, the surface properties of 

substrates, the surface properties of 2D networks, and the fluidic phase all have abundant opportunities 

in store. Yet little chemistry has been done to manipulate and control this important interface. In this 

section, I overview the important questions and progress made in the past decade for molecular 

understandings and control of processes related to substrate interfaces. Furthermore, I discuss important 

applications that rely on adhesive mechanisms such as texturing and strain engineering in 2D networks. 

 

Figure 1.3 Adhesion, wetting and strain engineering 

1.4.1. Adhesion and Wettability 

The adhesive interface between substrates (e.g. SiO2) and graphene was first found interesting because 

it was implicated in generating tension and affecting the expected resonating frequencies of suspended 

graphene devices.85,86 Bunch et al. reveal the spontaneous van der Waals adhesion on the order of 10-1 

J/m2 between graphene and the side walls of trenches used to suspend a graphene drum. This 

surprisingly adhesive interface was heavily studied in a variety of device geometries. Bunch and Dunn’s 

review provided a focused discussion in graphene adhesion.87 It is believed that this is due to the high 

flexibility of monolayer graphene, which allows it to conform to substrate surface roughness with high 

fidelity.88,89 In 2016, Kawai et al. reported the superlubricity of graphene nanoribbons on gold surface 

under ultrahigh vacuum and emphasized that control of the interfacial contact is crucial in making this 
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observation.90 Even though these model studies set the basis for our physical understandings of 

graphene adhesion, many questions remain unanswered when graphene devices are used in practical 

environments as biosensors and battery electrodes. For example, interfacial water and ions are 

sometimes implicated in graphene adhesion in these environments.91,92 And little is done to explore 

molecular control of these interfaces. In 2016, controlled release of adhesion was done using a 

sacrificial metal layer deposited before graphene transfer. Blees et al. used this method to demonstrate 

free-standing graphene kirigami devices.93 This seminal work demonstrates the intriguing opportunities 

in making nano-mechanical devices with atom-thin layers by releasing graphene off substrates. In 2017, 

Wang et al. reported controlled folding of single-crystal graphene film using a tailored substrate surface 

that presents both hydrophobic and hydrophilic regions.94 Direct transfer of graphene using in situ Cu 

etching allows graphene to settle on the functionalized SiO2 substrate under water. Graphene forms 

adhesion with the hydrophobic area of the substrate readily, leaving the hydrophilic area solvated by 

water. The untethered part of graphene folds on top of the adhered part when the device is pulled out of 

water. In 2018, we demonstrated molecular control of graphene adhesion for the first time (see Chapter 

3).31 Patterning of surface organic monolayers allowed us to pattern areas of distinct surface energy for 

graphene adhesion under water. Using arrays of graphene adhesive force sensors built in situ, we were 

able to measure the works need to delaminate graphene from diverse surface monolayers under water 

for testing adhesion, hysteresis, and fatigue. The ability to control and test the adhesive interface 

between graphene and surface-tethered moieties further allowed us to understand interactions that have 

been used in molecular functionalization of graphene. For example, we found that surface-tethered 

pyrene groups can enhance graphene adhesion with non-monotonic dependence on density.31 Amine-

terminated silanes were also found to enhance graphene adhesion, as has been discussed in 1.2.1, 

revealing the emerging mechanistic common ground among molecular, cohesive and adhesive 

interfaces. Furthermore, We think these advances lay the foundation for responsive adhesion based on 

interfacial molecular engineering through chemical, light and electric control. 

 

Related to graphene adhesion under water, water wettability of graphene adhered on substrates is a 

surprisingly complex and controversial phenomenon. In 2009, Wang et al. first reported water contact 
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angle of graphene to be around 127.0 degrees.95 In 2012, Rafiee et al. reported the wetting transparency 

of graphene, providing a range of values for water wetting on single-layer graphene adhered to different 

substrates.96 In their study, they found that single-layer graphene coatings do not affect the intrinsic 

wettability of substrates that interact with water droplets through van der Waals interactions. These 

substrates include copper, gold and silicon. Shih et al. provided theoretical understandings of this 

‘transparency’ using molecular dynamics simulations and suggested that this transparency is only 

partial and breaks down significantly on superhydrophobic and superhydrophilic surfaces.97 Meanwhile, 

Raj et al. reported the effects of defects in wettability determination.98 Li et al. also demonstrated that 

airborne contaminants can cause significant errors in water contact angle measurements.16 These 

combined results suggest that graphene surface is much more hydrophilic than initially thought. These 

results are relevant to previous discussion in Section 1.2, indicating that molecular interactions with 

atom-thin 2D network films such as graphene remain a fundamentally interesting question with much to 

be understood and controlled. 

 

In contrast to graphene, adhesion of MoS2 to commonly used substrates such as SiO2 is susceptible to 

the permeation of water and results in delamination without control.99 This has proven convenient for 

MoS2 transfer in device fabrications. Recently, Lyoyd et al. reported pressurized MoS2 bubbles for 

adhesion testing of MoS2 on SiO2 in air, a method previously used for graphene adhesion test.88 Without 

the influence of water, MoS2 exhibits adhesion strengths on the order of 10-2 J/m2. To our best 

knowledge, no report of molecular control for MoS2 adhesion is available so far. It is intriguing how the 

molecular interactions discussed in Section 2 might be used for MoS2 adhesion in different 

environments. 

 

The adhesion of GOs has rather complex mechanisms due to their undefined structures and random 

distribution of surface functional groups. Studies in GO adhesion have primarily focused on their 

applications in composites. We therefore do not include GO in this section for lack of general principles 

in GO adhesion. Similarly, much less about adhesion has been explored in synthetic 2D networks. For 

example, in 2D COFs, isolating single-layer, defect-free COF sheets remain an unsolved problem, 
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preventing adhesion studies, which often require well-defined adhesive interfaces. In summary, 

molecular control of adhesion in 2D networks is barely explored. With the principles of interactions 

accumulated for molecular functionalization on these materials, engineering the adhesive interface 

should allow us to dial in a range of adhesive properties extrinsic to 2D networks and allow for device 

manipulation such as atomic kirigami and origami devices, and pop-up 3D structures. 

 

1.4.2. Texturing and Strain Engineering 

Here I briefly overview two important applications that rely on the adhesive interfaces of 2D networks: 

texturing and strain engineering. Relying on the strong adhesion between 2D networks and their 

substrates, strain engineering allows for graphene wrinkles, graphene folding machines, in addition to 

wearable electronics. Wrinkling and crumpling in graphene on substrates is another complex 

phenomenon generated during substrate adhesion. Calado et al. first reported that substrate surface 

properties greatly affect the formation of wrinkles during typical CVD graphene transfer from an 

aqueous bath and that hydrophobic substrates can reduce wrinkling.100 Zhang et al. later demonstrated 

that controlled graphene crumpling could be achieved through strain engineering of biaxially stretched 

polymer substrates.101 Controlled crumpling allows dialing in a range of water wettability due to 

texturing of graphene. Strain engineering in thin films is a well-documented concept for making self-

folding devices.102 Blees et al. demonstrated kirigami concepts for making stretchable graphene 

transistors.93 Very recently, Miskin et al. built graphene-SiO2 bimorphs that self-fold due to differential 

strain built up in response to different stimuli such as pH and heat.103 For a focused review of graphene 

stretchable electronics, I refer the readers to Jang et al.’s review in 2016.104 These advances rely on the 

fundamental adhesive behavior of 2D networks and yet have limited reports of molecular control. Even 

though they are currently largely limited to graphene, it is reasonable to expect that as the syntheses of 

other 2D networks mature, these questions will be equally important in other platforms. Molecular 

control of such interfaces will enable additional tunability to these applications and enable smart 

devices that respond to diverse chemical stimuli for increasingly complex atom-thin nanomachines.  
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1.5. Interfaces with Complex Biological Surfaces 

The bio-interface of 2D networks encompasses all three aspects of their interfacial mechanisms 

including molecular absorption on 2D networks, interactions between two sheets of 2D networks, and 

interactions between 2D networks and substrates. Molecular understandings of such interfaces are 

limited, yet crucial for the applications of 2D networks in health care and the environment. These 

complex bio-interfaces divide into two distinct questions depending on the states and morphology of the 

2D networks. The bio-interfaces in biosensors using conductive or semi-conductive 2D networks such 

as graphene and MoS2,105 in cell cultures using 2D network-coated substrates,106 and in biological 

systems co-cultured with granular particles of aggregated 2D networks,107 represent an important type 

of bio-interface whose molecular mechanisms do not elude conventional aspects including the 

biological systems in question, biomolecular absorption, and functionalization of platform surfaces, the 

last two of which have been discussed in Section 1.2. Research into these interfaces is therefore not 

fundamentally different from those of conventional hard materials such as functionalized substrates and 

nanoparticle research, although new properties of 2D networks often promise new applications. The 

other type of bio-interface, however, requires 2D networks to be dispersed in their single-layer 

thickness, which impart softness to 2D networks embodied by their shape-shifting ability such as 

folding and crumpling. For example, 2D soft nanosheets can be perceived as 2D macromolecules that 

can potentially fold, assemble, and respond the way 1D peptides do to become proteins. Molecular 

mechanisms on soft surfaces are much less explored than on hard surfaces. The bio-interface of soft, 

atom-thin nanosheets engages new factors such as fluid dynamics, mechanics of the nanosheets, and 

biological responses to their unconventional combination of 2D and softness. It also begs the questions 

which factors become more important in this type of bio-interface. For example, is the biological 

response still dominated by surface presentation of molecular species or do the nanosheets’ softness and 

dimensionality become more important? Recently, increasing amounts of evidence suggest that 

monolayer 2D networks such as GOs do have bending moduli that are relevant and comparable to that 

of biological materials such as lipid bilayers. These complexities pose intriguing interfacial questions 

unique to 2D networks and are important to their biocompatibility, environmental impact, and potential 
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as new platforms for nano-medicine. In this section, I will overview rudimentary molecular 

understandings in this unique type of bio-interface. We start with bio-interfaces of individual cells, 

followed by intercellular and tissue-level questions. 

 

1.5.1. Intracellular Interfaces. 

In this section I overview theoretical and experimental studies of 2D soft sheets interacting primarily 

with individual cells. As has been mentioned before, these studies often divide into two types, one type 

involving cell cultures on 2D network-coated substrates, the other involving cells interacting with 

dispersed 2D soft sheets. Conclusions are often completely opposite depending on which type of bio-

interfaces is studied. Here we focus on the unique bio-interface between biology and dispersed 2D soft 

sheets. Previous toxicity studies of carbon nanotubes reveal the importance of a material’s 

dimensionality in their biological compatibility.108 In the past decade, much has been done to 

understand how dispersed 2D nanosheets interact with biological organisms such as a cell. In 2010 and 

2011, a controversy over GOs’ antibacterial properties gave this question a jump-start. Wang et al. 

reported that dispersed monolayer GOs can induce cytotoxicity to mammalian cells depending on doses 

and incubation time.109 They observed cell entry and loss of cell adhesion that is characteristic of 

apoptosis. In the same year, Akhavan and Ghaderi reported the antibacterial activities of dispersed 

GOs,110 which seemed to be consistent with what have been observed in mammalian cells. In their 

studies, they referred to their GO as GO nanowalls, indicating that the GO sheets they used are a 

mixture of monolayer and multilayer ones. They observed efflux of intracellular substances such as 

RNAs in the buffer and claimed that this is evidence for GOs’ sharp edges damaging bacterial cell 

membranes. However, not long after, Ruiz et al. reported that dispersed GOs are a nonspecific enhancer 

of bacterial growth.111 These entirely opposite conclusions sparked both theoretical and experimental 

studies into what happens at the bio-interface of dispersed GO sheets. Hereafter we highlight 

mechanistic studies in the following years to understand this complex interface. It was soon realized 

that an important source of discrepancy comes from the properties of GOs used in these experiments. 

As a poly-dispersed nanomaterial with poorly defined structures, GOs’ properties vary with their 

number of layers, lateral sizes, oxidation states, types of functional groups present on the surface, and 
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purity, making it very difficult to isolate well-defined variables to study their roles at the bio-interface. 

In 2012, Yue et al. systematically studied the effects of lateral sizes in GOs’ toxicity using mammalian 

cell models.112 They found that uptake of GOs is minimal in non-phagocytic cell lines but observable in 

phagocytic cell lines such as macrophages. Interesting, TEM captured the softness of GO sheets during 

cell entry in the form of crumples and creases, suggesting that the initial bio-interface of 2D networks 

does involve unique factors such their mechanic properties. Furthermore, GOs of larger lateral sizes 

(µm) induce stronger inflammatory responses than nanosized GOs. In 2013, the controversy over GOs’ 

antibacterial property and potential mechanisms was rekindled by Tu et al.’s report focusing on 

molecular dynamics simulations. The authors hypothesized that molecular processes involved in the 

insertion of GOs into lipid bilayers is important for understanding this interface. They therefore 

simulated this process, revealing that lipids can absorb onto the basal planes of GO sheets. Extraction of 

lipids by GOs was therefore proposed to be the interfacial mechanism behind GOs’ antibacterial 

properties. Interestingly, in 2015, Castrillón revisited the interface between GO sheets and bacteria 

using force spectroscopy.113 Using GO nanosheets functionalized AFM tips, they reveal that GOs’ 

interface with bacteria surfaces are primarily repulsive. In 2016, Barbolina et al. revisited the bacterial 

culture with GOs experimentally and concluded that GO’s antibacterial activity has nothing to do with 

GOs but with contamination such as residual acids from GOs’ preparation.114 These works appear to 

have closed the case for dispersed GOs’ bio-interface with bacteria at the moment. It remains to be seen 

whether new opinions may emerge in the following years. 

 

Meanwhile, GO’s bio-interface with mammalian cells remains to be better understood. Due to the 

absence of cell walls, mammalian cell plasma membranes are considered the first barrier and one of the 

most important bio-interface with GOs. Due to GOs’ oxidized nature, reactive oxygen species were 

long speculated to play important roles in GOs.115 However, whether reactive oxygen species are the 

cause of cellular toxicity or symptoms of cell death has been long debated. What about interfacial 

processes? In 2016, we revealed that biophysical mechanisms at the interface might, indeed, play 

important roles. In four mammalian cell lines, we observed acute and profound cellular responses in the 

presence of GO at the plasma membrane level including ruffling and shedding.116 The treated cells were 
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mostly viable, yet with significant morphology changes. Bussy et al. reproduced these results and 

revealed that culture media played an important role in stimulating these responses.117 It becomes 

increasingly clear that the interface between GOs and mammalian cells is deeply implicated in GOs’ 

cytotoxicity including non-lethal cell responses.118 For example, the fact that culture media change how 

cells respond to GO may suggest that the biological corona of GO sheets affects how GOs interact with 

the plasma membranes. The way this complex bio-interface causes profound disruptions to cell plasma 

membranes likely involve nuanced interplays between GOs and the dynamic, complex structures of 

lipid-bilayer based membranes via a combination of physical, chemical, and biological effects. For 

factors that are not interface-related such as oxidative stress, we refer the readers to toxicity reviews 

such as Seabra et al.’s and Kiew et al.’s.119,120 

 

Unfortunately, due to graphene’s poor dispersibility in water, its bio-interface as soft 2D nanosheets 

cannot be conveniently explored without coating, which fundamentally changes its bio-interface. 

Pumera and coworkers explored cytotoxicity of various covalently modified graphene sheets.121,122 

Little has been done to understand the underlying interfacial mechanism. The bio-interface studies of 

TMDs such as MoS2 and COF nanosheets emerged much later. In 2015, Shah et al. reported one of the 

early cytotoxicity studies of MoS2, reporting little biocompatibility issues.123 However, as is the case 

with GO, low cytotoxicity does not mean no disruptions to cell functions. Mitra et al. were among the 

first to use exfoliated COF sheets in biology.55 We expect that as these 2D networks become 

increasingly available, their bio-interface studies will follow the course of progress seen in GOs. As of 

now, GOs, as an important class of graphene materials with excellent water solubility and promising 

biocompatibility, remain the most heavily studied 2D networks for bio-interfacing. 

 

1.5.2. Intercellular & Tissue Interfaces, and Applications 

How bio-interfacial mechanisms of 2D networks affect intercellular and tissue-level phenomena 

fundamentally relies on the understandings of cellular mechanisms. However, they have attracted 

intense interest due to their tighter connections with important applications such as tissue engineering 

and wound healing. In 2015, Park et al. reported the use of GOs for stem-cell based cardiac repair 
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surgery.124 They found that GOs can increase cell adhesion to heart tissues and suggested this is due to 

GO’s ability to attach extracellular matrix proteins, which mitigate reactive oxygen species in the 

ischemic myocardium. Similarly, we observed intriguing changes in cell-cell contacts during GO 

treatment.116 Rat basophilic leukemia cells, a contact-inhibited cell line that normally do not grow in 

multilayers, lose contact inhibition after GO treatment and grow in clusters. This abnormal growth was 

attributed to the presence of shed plasma membranes, which disrupts cell-cell communication. Exactly 

how GO alters the interfaces between cells remains an elusive question for future studies to explore. 

Meanwhile, GOs have been proposed for a variety of biological applications that show intriguing 

connections with previously discussed bio-interfacial effects. For example, in 2014 Hung et al. reported 

that GOs can permeabilize cell membranes for drug delivery,125 an observation unsurprising considering 

studies of their disruptions to plasma membranes.116,126 For a more comprehensive overview of 

graphene materials’ biological applications, we refer the readers to a recent review by Cheng et al.’ 

review.127 The use of other 2D networks in similar contexts is virtually unexplored. These studies will 

likely emerge together with explorations into their bio-interfacial mechanisms and toxicities. 

 

1.6. Conclusions and Prospects 

2D networks represent a distinct class of macromolecules, whose interfacial mechanisms are parallel to 

the complex interactions within 1D polymeric chains. The complexity one can imagine for 2D 

macromolecules can be mapped based on that of the most sophisticated 1D polymer systems that is the 

peptides, which are capable of peptide-small molecule interactions, folding into protein machineries, 

and assembly of folded proteins. Similarly, 2D macromolecules are capable of molecular, intra-sheet, 

inter-sheet, and surface interactions. Using molecules to control these interfaces is crucial for their 

future prospects such as folding 2D networks into functional 3D structures the way nature folds 

peptides into complex, functional, 3D protein machineries, and assembling complex, multifunctional 

layered structures such as the van der Waals heterostructures. These challenges require 1) the designs of 

smart small molecules capable of interacting with basal planes, intercalating into interlayers, and 

mediating adhesive interfaces; 2) the designs of more sophisticated 2D networks via synthetic 



 

 1-25 

approaches; 3) and a deep understanding of their complex bio-interfaces. 2D networks also promises a 

new frontier in surface chemistry built on diverse soft surfaces. As such, the interfacial interactions of 

2D materials and related molecular networks emerge to be an exciting frontier for fundamental science 

and new technology.
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CHAPTER 2 RETAINING THE ACTIVITY OF ENZYMES AND 
FLUOROPHORES ATTACHD TO GRAPHENE OXIDE  

 

Abstract: 

In this chapter, I discuss nuanced understandings and control of molecular absorption on graphene 

oxide (GO). GO nanosheets have drawn interest for impermeable coatings, water purification, drug 

delivery vectors, and other applications that involve functionalizing its surface with molecular, 

polymeric, or biomolecular species. Existing GO functionalization strategies rely on covalent 

attachment to polar functionalities at its oxidized regions. These modifications risk disrupting GO’s 

aqueous dispersibility and leave its hydrophobic patches available to disrupt protein structure and 

quench the emission of fluorophores. Here we demonstrate a general strategy to functionalize GO 

noncovalently using tripodal binding motifs, which present three pyrene moieties that bind to the 

hydrophobic regions. Tripods immobilize the serine protease enzyme chymotrypsin (ChT) onto GO and 

preserve its native structure and activity. In contrast, unmodified GO is one of the strongest known ChT 

inhibitors. Furthermore, GO quenches the photoemission of many fluorescent probes and its weak 

inherent photoemission is inconvenient for imaging via fluorescence microscopy. When interfaced to 

GO through a tripod, the fluorescent dye Alexa Fluor (AF) 488 retained its fluorescence, allowing the 

GO sheets to be imaged using a standard fluorescence microscope. As such, tripod binding groups 

represent a useful strategy to functionalize GO with biomolecules and study its interactions with cells 

and living organisms.  

 

The studies in this chapter were in collaboration with Katherine Walker and Dr. Devin Wakefield. This 

chapter was first published in Chemistry of Materials: Sun, C.; Walker, K. L.; Wakefield, D. L.; 

Dichtel, W. R. Retaining the Activity of Enzymes and Fluorophores Attached to Graphene Oxide. 

Chem. Mater. 2015, 27, 4499–4504, and is reprinted with permission. 
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2.1. Introduction 

Graphene oxide (GO) is one of the most intensely studied nanostructured materials of the last decade 

because of its two-dimensional structure, low cost, water dispersibility, facile processibility, and ability 

to be reduced to graphene with acceptable conductivity for many applications.1,2 Improved methods to 

interface active functionalities to its surface, such as biomolecules or fluorophores, will increase its 

utility for nanomedicine and clean technologies.3–7 GO is comprised of nanometer-sized islands of 

graphitic carbon surrounded by hydrophilic oxidized areas and edges,[8] such that it may engage 

fluorophores, cells, and biomolecules through a full complement of noncovalent interactions.9–11 A few 

strategies have emerged to functionalize GO or limit nonspecific protein interactions.1 PEGylated GO 

has been used to engage serine proteases for enzyme engineering,12 and bovine serum albumin was 

employed to adhere enzymes and metal nanoparticle catalysts.13,14 Covalent functionalization of GO 

occurs at its oxidized regions. These modifications risk disrupting GO’s aqueous dispersibility and 

leave the graphitic areas solvent exposed,15,16 such that they may denature biomolecules or quench 

fluorescent labels.17 Modular binding motifs capable of anchoring active functionalities promise 

improved generality and operational simplicity. Here we functionalize GO with a model enzyme and 

fluorophore onto molecular tripods18,19 adsorbed to the hydrophobic regions. Although unmodified GO 

strongly disrupts the catalytic activity and fluorescence of these moieties, they retain their desired 

functions when immobilized onto GO in this way. 

 

GO was modified using two tripodal binding groups (Figure 2.1B). Tripod 1 bears an active N-

hydroxysuccinimidyl (NHS) ester capable of bioconjugation to primary amines, including the lysine 

residues of proteins. Tripod 2 instead contains an inert tri(ethylene glycol) chain to reduce nonspecific 

interactions with biomolecules. 1 and 2 spontaneously adsorb to GO upon combining a THF/H2O 

solution of the tripod with an aqueous GO dispersion, as evidenced by fluorescence quenching of the 

tripod’s pyrene moieties. Stern-Volmer plots of this phenomenon are approximately linear (Supporting 

Information Figure S2.4) and indicate that GO is capable of quenching ~47% of its weight in tripod-

based pyrene fluorophores. This value is reasonable for the static quenching of tripods bound to the 
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graphitic regions on both sides of a GO sheet. The applicability of a static quenching model is further 

supported by our previous observations that tripod monolayers do not desorb from graphene under 

similar conditions because of the high kinetic stability of their monolayers and negligible solubility in 

aqueous buffer.20 Therefore, the tripods are likely to form a uniform monolayer over most of GO’s 

graphitic regions.  

 

Figure 2.1 Functionalization of GO (A) Model for the interaction of ChT and AF 488 to native GO 

and GO functionalized with tripod 1. Tripod 1 passivates the hydrophobic regions, and reacts with 

primary amines to anchor active ChT and AF 488 to the surface (right reaction). ChT activity and AF 

fluorescence are lost when the hydrophobic regions are solvent-exposed (left reaction). (B) Structures 

of the tripods 1 and 2 used in this study. 
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2.2 Retaining Enzymatic Activities on GO 

The biofunctionalization of the GO-tripod complexes was first evaluated using the serine protease 

enzyme chymotrypsin (ChT). This enzyme was chosen because unmodified GO is its strongest known 

artificial inhibitor.21 ChT activity was characterized by measuring changes in solution fluorescence 

associated with the hydrolysis of amino-4-methylcourmarin (AMC) from an oligopeptide bearing an N-

terminal succinate moiety. ChT exhibits burst kinetics under these conditions,22 in which an initial non-

linear increase in solution fluorescence is followed by a linear regime. A Michaelis-Menton model has 

been fit to the linear regime, in which the slope is proportional to kcat[E] and the extrapolated y-intercept 

is proportional to [E].22 We confirmed the burst kinetics of this system with excellent time resolution at 

0 °C (Supporting Information Figure S2.11), but this phase is shorter than 1 min at rt. Therefore, it 

manifests itself as a variation in the initial fluorescence intensity in activity assays shown in Figure 2.2. 

However, [E] and kcat are derived from fits of the linear regime and do not require quantitative analysis 

of the burst phase. We also confirmed that ChT forms conjugates to both GO and GO-1 that survive 

centrifugation. Gel electrophoresis of ChT incubated with either GO or GO-1 exhibit bands 

corresponding to ChT-GO assemblies with enhanced mobility compared to ChT because of GO’s 

overall negative charge, suggesting stable conjugates in each case (Supporting Information Figure 

S2.16).21 Furthermore, an 80 mg/mL ChT solution incubated with 25 mg/mL GO and GO-1 showed 

93% and 88% decrease in protein concentration, respectively, after the GO or GO-1 was separated by 

centrifugation, indicating that most of the enzyme is associated with the surface. In contrast, a 25 

mg/mL GO-2 solution removed only 53% of the ChT from solution upon centrifugation.  

 

Plots of AMC fluorescence with respect to time and Eeff obtained as a function of GO, GO-1, and GO-2 

concentration indicate that tripod-functionalized GO does not inhibit ChT significantly (Figure 2.2). 

The concentration dependence of [E] and kcat indicate the degree to which each material affects ChT 

function. Specifically, we define the parameter Eeff = [E]GO / [E], which corresponds to the fraction of 

enzymes that remain active after incubation with a given weight concentration of GO. Similarly, the 
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value of kcat measured in the presence of GO, GO-1, or GO-2 normalized to that measured for ChT 

alone (kcat,GO / kcat) reflects the catalytic performance of the enzymes that remain active. Eeff decreases in 

the presence of unmodified GO, and this effect is mitigated when GO is functionalized with either 

tripod. For example, experiments performed in the presence of 25 µg/mL GO exhibit a dramatic 

decrease in the evolution of solution fluorescence (Figure 2.2A), whereas identical amounts of GO-1 or 

GO-2 inhibit ChT activity only slightly. These observations suggest that unmodified GO inhibits ChT 

activity, but it is also possible that GO simply quenches the emission of the amino-4-methylcourmarin 

fluorophore. Although a control experiment indicated that unmodified GO does quench AMC 

fluorescence, GO preincubated with ChT under identical conditions to the activity assay does not 

quench AMC (Supporting Information Figure S2.5), presumably because the adsorbed enzyme blocks 

the dye from interacting with the graphitic regions. These experiments indicate that unmodified GO 

inhibits ChT activity and tripod-functionalized GO-1 and GO-2 are much less effective inhibitors, 

suggesting that unpassivated hydrophobic areas inhibit enzyme activity. 

 

Figure 2.2 Retaining enzyme activity on GO. A) Fluorescence intensity as a function of time of 

released AMC in the presence of ChT alone (purple), ChT + GO-2 (red), ChT + GO-1 (blue) and ChT + 

GO (green). All GO samples were tested at 25 µg/mL. B) The active fraction of ChT (Eeff = [E]GO / [E]) 

at various [GO], [GO-1], [GO-2]. 
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Table 2.1 Relative kcat of ChT measured as a function of GO concentration and functionalization 

method. 

[GO] (µg/ml) 
kcat,GO / kcat 

GO GO-1 GO-2 

0.00 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 

12.5 2.4 ± 0.2 1.3 ± 0.1 1.6 ± 0.1 

25.0 5.3 ± 0.1 2.0 ± 0.1 1.3 ± 0.1 

  

The linear regimes of the data in Figure 2.2A provide Eeff at each GO concentration, which is the 

fraction of active enzyme relative to an identical initial [ChT] in the absence of GO (Figure 2.2B). 

Titration of ChT with 0-25 µg/mL [GO] decreases Eeff to as low as ~0.3 at the highest concentration 

studied. In contrast, both GO-1 and GO-2 induced much less change in Eeff over the same concentration 

regime: 0.75 in the case of GO-1 and 0.97 in the presence of GO-2 at the highest studied concentrations. 

GO also increases kcat for the fraction of ChT that remains active (Table 1), up to a factor of 5.3 at the 

highest [GO]. kcat is much less sensitive to [GO-1] and [GO-2], as the relative kcat increases by 2.0 and 

1.3, respectively at the highest added concentrations. ChT’s kcat reflects the rate of peptide hydrolysis 

and release from the active site that occurs after the dye is cleaved,22 which is more rapid for the 

population of still-active but deformed enzymes. These observations are consistent with our hypothesis 

that the hydrophobic regions induce structural changes responsible for enzyme inhibition. Passivating 

the hydrophobic regions with either tripodal compound retains ChT activity and perturbs kcat to a 

smaller extent than unfunctionalized GO. 
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Figure 2.3 Retaining native structures of enzymes on GO. A) Photoemission spectra (lex = 280 nm, 

20 mM PB buffer, rt) of ChT upon titration with GO from 0 µg/mL to 25 µg/mL. Inset: Normalized 

photoemission spectra indicate that the ChT emission is bathochromically shifted with increased [GO]. 

B) Photoemission spectra of ChT upon titration with GO-1 from 0 µg/mL to 25 µg/mL. Inset: 

Normalized photoemission spectra indicate that the ChT emission does not shift with increased [GO-1]. 

 

Spectroscopic studies of ChT in the presence of GO and GO-1 also suggest surface-functionalization 

dependent changes in enzyme structure. A previous study concluded that GO does not perturb ChT’s 

structure because the enzyme’s far-UV circular dichroism (CD) spectrum in the presence of 7.5 µg/mL 

of GO was unchanged from that obtained in the absence of GO.21 We reproduced this finding using 

[GO] as high as 25 µg/mL (Supporting Information Figure S2.9), but note that CD spectroscopy is 

insensitive to changes in tertiary structure. Furthermore, the far-UV CD spectrum of ChT exhibits only 

a weak α-helix signal at 232 nm, such that it might not even be sensitive to changes in ChT’s secondary 

structure that stop short of complete denaturation.23 Therefore, we also characterized the photoemission 

of ChT’s tryptophan residues in the presence of GO and GO-1 for further insight into structural 

changes. Native ChT emits with a λmax of 341 nm, which is dominated by four of its eight tryptophan 

residues (Trp-27, -29, -141, -207) located in the hydrophilic microenvironment of the protein’s interior 

(Supporting Information Figure S2.17).24 The other four Trp residues contribute much less to the 
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observed photoemission because they are quenched by intramolecular H-bonding or energy transfer to 

the other tryptophans. ChT fluorescence is quenched dramatically (up to 88%) in the presence of 0-25 

µg/mL GO (Figure 2.3A). In addition to its reduced intensity, λmax of the ChT emission is red shifted to 

348 nm at a [GO] of 25 µg/mL (Figure 2.3A). This emission shift is consistent with a structural change 

in which the unquenched internal Trp residues become more solvent exposed.25 In contrast, GO-1 

quenches ChT fluorescence to a much smaller degree over the same concentration range and does not 

shift its λem (Figure 2.3B). These findings suggest that both that the hydrophobic regions of GO perturb 

the ChT structure and that the tripod molecules effectively passivate these areas. These photoemission 

experiments are consistent with the above activity studies, in which the ChT structural change is 

associated with inhibition and modified kcat.  

 

Figure 2.4 Retaining fluorophore emission on GO. A) Photoemission spectra (lex = 488 nm) of 

aqueous dispersions of GO-1-AF, a GO/AF complex, and GO itself. B) & D) Bright-field optical 

micrographs of GO-1-AF and unmodified GO, respectively. C) & E) Fluorescence micrographs of GO-

1-AF and GO nanoparticles, respectively (lex = 488 nm; 500 nm - 550 nm green emission filters).  
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2.3 Retaining Fluorophore Emission on GO 

The passivating effect of GO-tripod complexes also provides a convenient means to label GO with 

fluorophores optimized for conventional fluorescence microscopy. Bare graphitic regions are excellent 

quenchers for most fluorophores, as shown above for pyrene, AMC, and the tryptophan residues of 

ChT. A fluorescent dye, Alexa Fluor (AF) 488 succinimidyl ester, was conjugated to GO-1 through an 

ethylenediamine linker. Stern-Volmer plots derived from the titration of AF solutions with either GO or 

GO-1 indicated strong quenching by unmodified GO and negligible quenching by GO-1 (Appendix-

Supporting information Figure S2.10). As a control, unmodified GO and AF were incubated in H2O and 

the physisorbed GO/AF complex was recovered by centrifugation. Fluorescence spectroscopy of the 

purified GO/AF complexes showed only weak AF fluorescence due to the quenching effect of GO’s 

graphitic regions (Figure 2.4A). In contrast, the fluorescence of GO-1-AF complexes was highly 

preserved (Figure 2.4A). Fluorescence micrographs of the GO-1-AF complexes showed stable, strong 

fluorescent emission that was colocalized with GO sheets observed in the corresponding bright-field 

images (Figure 2.4C). In contrast, the fluorescence of the GO-AF conjugates was too weak to image the 

GO sheets under the same conditions (Figure 2.4E). Although unmodified GO samples sometimes 

exhibit weak intrinsic fluorescence depending on their structure and preparation method,26 labeling GO 

with fluorophores already optimized for bioimaging applications is more advantageous for both in vitro 

and in vivo imaging of GO derivatives.  

 

2.4 Conclusions 

In conclusion, we have demonstrated the noncovalent functionalization of GO using tripodal 

compounds that bind and passivate its graphitic regions. A tripod capable of bioconjugation was used to 

immobilize the serine protease chymotrypsin and preserve its function, even though unmodified GO 

strongly inhibits the enzyme and induces structural changes. This finding was derived from a Michaelis-

Menten analysis of ChT in the presence of GO, GO-1, and GO-2, in which decreased Eeff and increase 

in kcat were most pronounced for unpassivated GO. The fluorescence of ChT’s tryptophan residues was 

strongly quenched and red-shifted in the presence of GO, but not in the presence of GO-1 or GO-2. The 



 

 2-10 

same tripodal binding group also effectively immobilized a fluorescent dye, Alexa Fluor 488, without 

significant fluorescence quenching, further demonstrating the utility of these tripodal compounds in 

passivating GO’s graphitic regions. These results demonstrate a facile and modular means to obtain 

highly fluorescent GO sheets, which will prove valuable in the context of investigating its 

biodistribution, interactions with cells, and potential as a platform for therapeutic applications.26–28  
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CHAPTER 2-APPENDIX 

SUPPORTING INFORMATION 

A. Materials and Instruments  

Materials. The synthesis of NHS-tripod (1) was prepared according to our previous report.1 Tripod 2 

was prepared using a modified literature procedure.1 Unless otherwise noted, other reagents were 

purchased from commercial suppliers and used without further purification. THF, DMSO and 

ethylenediamine were purchased from commercial sources and used without further purification. Unless 

otherwise noted, GO used for most studies had an oxygen content of 33%, as determined by x-ray 

photoelectron spectroscopy (XPS, Figure S2.1), and was a gift provided by Graphea, Inc. (Austin, TX). 

GO with a higher oxygen content (37%, Figure S2.1) was purchased from Sigma Aldrich. Type II α-

Chymotrypsin (ChT) lyophilized powder from bovine pancreas was purchased from Sigma Aldrich. 

ChT substrate N-Suc-Ala-Ala-Pro-Phe-amino-4-methylcoumarin was purchased from Santa Cruz 

Biotechnology Inc. ALEXA FLUOR 488 carboxylic acid, succinimidyl ester (AF) was purchased from 

Life Technologies. 

Instrumentation. Sonication of GO was performed on a Fisher Scientific 550 Sonic Dismembrator 

using an amplitude setting of 9.  

Fluorescence emission spectra were obtained on HORIBA Jobin Yvon Nanolog Spectrofluorimeter 

(Light source: FL-450XOFR Xenon Short Arc Lamp; double excitation and double emission 

monochromators; digital photon-counting photomultiplier; S1 channel, 250 nm-850 nm; Detector: 

Cooled R928P PMT). 

ChT activity assays were performed on TECAN SPECTRA Fluor microplate reader (Gain: 40; 

Integration: 40; Top Read mode; 96-well black plate; Ex/Em: 360 nm / 465 nm). 

X-ray photoelectron spectroscopy measurements were recorded on a Surface Science Instruments (SSI) 

model SSX-100, which utilizes monochromated Aluminum K-alpha x-rays (1486.6 eV) to strike a 

dropcast sample surface on glass substrates.  

Scanning electron microscopy imaging was conducted on a LEO 1550 FESEM (Keck SEM). 
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Dynamic light scattering and zeta potential measurements were conducted on a Malvern Nano ZS 

Zetasizer. 

B. GO Suspension, Characterization and Functionalization Procedures 

Preparation of GO suspensions: GO powder (5 mg, from Graphea, Inc.) was dispersed in H2O (18 

MW, 20 mL) through cone sonication for 0.5 h at 0 °C until fully exfoliated and dispersed. The dark, 

homogenous GO suspension remained stable for at least 4 weeks at rt. The [GO] did not change over 

the course of one month under ambient conditions, as determined by measuring the optical density of 

the suspension at 230 nm.  

X-ray Photoelectron Spectroscopy of GO. GO powder (from Graphea, Inc.) was directly analyzed by 

XPS. Aqueous suspensions of GO (from Sigma Aldrich) were drop cast on glass substrates.  

  

 

Figure S2.1 XPS analyses of GO. A) from Graphea, Inc. Batch ID: DRD-2-3 and B) from Aldrich. 

 

Table S 2.1 Elemental analysis of GO–A (from Graphea, Inc. Batch ID: DRD-2-3) and GO-B 

(from Aldrich) 
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Dynamic Light Scattering of GO. 200 mL aqueous GO suspension (0.25 mg/mL)was prepared using 

the procedure above for dynamic light scattering to characterize the size distribution of GO nanosheets. 

Z-Average: 826.5 nm. PdI: 0.458. 

 

Figure S2.2 Dynamic light scattering of GO aqueous solution (0.25 mg/mL). 

 

 

 

Figure S2.3 Electron micrographs of monolayer GO flakes.  
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Scanning Electron Microscopy of GO. 0.1 mL 2 mg/mL GO aqueous suspension was dropcast on Si 

wafer and dried over night to evaporate the solvent. The GO sample on wafer was observed under 

scanning electron microscope to complementarily elucidate the sizes of the GO flakes. 

 

Functionalizing suspended GO with tripodal adsorbates: The aqueous GO suspension (200 mL, 

0.25 mg/mL) was mixed with a THF:H2O solution of 1 or 2 (1:1 v/v, 4.95 mL, 35 mM) at rt. After 10 

min, the mixture was centrifuged (9000 rpm, 4 °C, 2 h). The supernatant was carefully removed with a 

glass pipette. The precipitate was mixed with H2O (2 mL) and centrifuged at the same condition for 

another 1.5 h. The final precipitate was resuspended in H2O (200 µL), which was used for ChT activity 

assays.   
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C. Tripod Solution Titration with Graphene Oxide. 

Tripod Solution Titration with Graphene Oxide. A THF:H2O solution of 1 (1:1 v/v, 1.80 mL, 35 

mM) was titrated with 4 mg/mL aqueous GO suspension (Graphea, Inc.) by increments of 2 µL. Tripod 

fluorescence (Ex/Em: 350 nm/365-425 nm; Ex/Em Slits: 3 nm) was measured after each addition of the 

GO suspension. 

 

 

Figure S2.4 Fluorescence spectra of tripod 1 during GO titration.  

 

Tripod 1 Solution Fluorescence (in THF) Standard Curve: The pyrene emission of tripod 1 was 

measured at various concentrations to generate the tripod fluorescence-[1] standard curve. (Ex/Em: 350 

nm/365-425 nm; Ex/Em slits: 3 nm) 
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Figure S2.5 Relative fluorescence intenisty of tripod 1 during GO titration.  

 

Applying static quenching theory, a Stern-Volmer plot of the fluorescence quenching of 1 by GO 

(Figure S2.4) was fit to the linear function y = 0.47x+1. Because the average molecular weight of the 

GO is not known, the x-axis values were chosen as the weight concentration of GO divided by the 

weight concentration of pyrene fluorophores (derived from the 35 µM concentration of 1). This form of 

the Stern-Volmer analysis indicates that GO quenches roughly 47% of its weight in pyrene moieties. 

 

Figure S2.6 Stern-Volmer plot of tripod 1 quenching curves by GO. 
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D. Fluorimetry and Circular Dichroism 

 

ChT Enzymatic Catalysis Product Fluorescence Quenching Test. The fluorescence spectrum 

(Ex/Em: 330 nm/345-600 nm) of a saturated solution of amino-4-methylcoumarin (AMC) in 20 mM 

sodium phosphate buffer was recorded, after which unfunctionalized GO or GO preincubated with 80 

µg/mL ChT under conditions similar to the activity assay were added to provide a [GO] of 25 µg/mL. 

The fluorescence spectrum of AMC fluorescence was recorded again after the addition of the GO 

sample. The slight red-shift of AMC fluorescence in the presence of GO and ChT was attributed weak 

interactions with ChT and minor changes of solvation effect. 2 

 

Figure S2.7 Fluorescence spectra of AMC in phosphate buffer (blue), in the presence of GO 

preincubated with ChT (Green), and unfunctionalized GO (Red).  

 

ChT Trp Fluorescence Quenching with GO/GO-1. ChT (80 µg/mL in 20 mM buffer, pH 7.4) was 

incubated with GO (from Graphea, Inc.) at a series of [GO] at 0 °C for 15 min, after which Trp 

fluorescence was measured. The same treatment was applied for ChT incubated with GO-1, after which 

Trp was measured. (See Text, Figure 2.4) 

ChT and Denatured ChT Trp Fluorescence Quenching at Various Ionic Strengths. Under low (2 

mM) and high (200 mM) buffer concentrations, Trp fluorescence in the presence of GO was measured 
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for native ChT and denatured ChT (deChT) (both at 80 µg/mL, pH 7.4). ChT was denatured by heating 

the solution in a 100 °C water bath for 15 min. The resulting deChT solution was titrated with GO while 

preserved at 100 °C (unfolded state). Stern-Volmer plots were applied to generate a series of 

fluorescence quenching plots.  

 

Figure S2.8 Stern-Volmer plot of native and unfolded ChT tryptophan quenching by GO.  

 

Reversibility of ChT Trp Fluorescence Quenching. The fluorescence spectrum of a phosphate buffer 

solution (2 mL, 2 mM buffer, pH 7.4) containing ChT (80 µg/mL) was recorded, after which GO was 

added to a concentration of 12.5 µg/mL. The solution was held at 0 °C for 30 min, after which another 

fluorescence spectrum was recorded. Next, the ionic strength of the buffer was increased by adding 

aliquots of 1 M concentrated phosphate buffer to provide ionic strengths from 2 mM to 750 mM. Trp 

fluorescence was measured 15 min after the addition of each aliquot of buffer solution.  
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Figure S2.9 Fluorescence spectra of ChT preincubated with GO recorded at varied salt strengths.  
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ChT Trp Fluorescence Quenching Effect with GO of Different Oxidization States. The 

fluorescence spectrum of a ChT solution (80 µg/mL, 2 mL, 20 mM buffer, pH 7.4) was incubated with 

12.5 µg/mL GO from Graphea, Inc. (33% oxygen content) or Aldrich (37% oxygen content) at 0 °C for 

30 min, after which Trp fluorescence was measured.  

 

 

Figure S2.10 Fluorescence spectra of ChT trytophan with GOs of different oxidation levels.  
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ChT Circular Dichroism  ChT solution (80 µg/mL, 20 mM sodium phosphate buffer, pH 7.4) was 

incubated with 4 µg/mL GO, 25 µg/mL GO and 25 µg/mL GO-1 at 0 °C for 30 min prior to the CD 

measurement.  

 

 

Figure S2.11 Circular dichroism of ChT with varied [GO].  

 

Figure S2.12 Stern-Volmer plot of Alexa Fluor 488 quenched by GO and GO-tripod 1.  
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Fluorescence quenching of ALEXA FLUOR 488 fluorophores. An aqueous solution of AF (2 ng / 

mL, 2 mL) was titrated with 2 mg/mL aqueous GO or GO-1 suspension by increments of 50 µL. AF 

fluorescence (Ex/Em: 488 nm/510-580 nm; Ex/Em Slits: 2 nm) was measured after each addition of the 

GO suspension. 



 

 2-25 

E. α-Chymotrypsin Activity Assay 

ChT Activity Inhibition by GO and Functionalized GO. All ChT activity assays were performed in 

sodium phosphate buffer (20 mM, pH 7.4) at rt unless otherwise noted. [ChT] = 80 µg/mL. [GO], [GO-

1], [GO-2] were varied from 0 to 25 µg/mL in the final reaction solutions. ChT stock solution was 

incubated with GO in a total volume of 184 µL in a 96-well microplate at 0 °C for 30 min and warmed 

to rt for 15 min. 16 µL Suc-Ala-Ala-Pro-Phe-AMC substrate stock solution (16.5 mg/mL in DMSO) 

was added to reach a final substrate concentration of 2 mM.3 The hydrolysis was monitored by the 

fluorescence evolution (Ex/Em:  360 nm / 465 nm) of the fluorogenic product methylcoumarin (AMC) 

over the time of one hour using a fluorescence plate reader. ChT, GO, 1, 2 and the oligopeptide 

substrate were confirmed to emit no fluorescence at 465 nm. The substrate does not undergo hydrolysis 

under these conditions in the absence of the enzyme. All assays were triplicated.  

 

Figure S2.13 Fluorescence progreesion of ChT Assays at different [GO].  
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Figure S2.14 Fluorescence progression of ChT Assays at different [GO-tripod 1] 

 

 

Figure S2.15 Fluorescence progression of ChT Assays at different [GO-tripod 2] 
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Table S 2.2 Normalized [E]eff and kcat values of the assays 

[GO] (µg/ml) Normalized [E]eff Normalized kcat 

 
GO GO-1 GO-2 GO GO-1 GO-2 

0.00 1.00 1.00 1.00 1.0 1.0 1.0 

2.50 0.95 0.95 0.97 1.2 1.4 1.4 

5.00 0.67 0.79 1.03 1.7 1.4 1.3 

7.50 0.63 0.77 1.02 1.9 1.7 1.0 

10.0 0.50 0.75 0.92 2.3 1.9 1.8 

12.5 0.49 0.78 0.93 2.4 1.3 1.6 

18.8 0.30 0.79 0.90 4.0 1.8 1.4 

25.0 0.25 0.75 0.97 5.3 2.0 1.3 
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Ionic Strength Effect on ChT Activity Inhibition. The activity assay was performed in sodium 

phosphate buffer (20 mM and 200 mM, pH 7.4) at rt with [ChT] = 80 µg/mL. [GO] was varied from 0 

to 25 µg/mL. The ChT solutions were incubated with GO (184 µL total volume) in a 96-well microplate 

at 0 °C for 30 min, after which they were warmed to rt for 15 min. A Suc-Ala-Ala-Pro-Phe-AMC 

substrate stock solution (16 µL, 16.5 mg/mL in DMSO) was added to reach an initial substrate 

concentration of 2 mM. The hydrolysis was monitored by fluorescence spectroscopy (Ex/Em:  360 nm / 

465 nm) of the fluorogenic product over the course of 1 h using a fluorescence plate reader. Each 

activity measurement was performed in triplicate. 

Effect of GO oxidization states on ChT Activity Inhibition. The activity assay was performed in 

sodium phosphate buffer (20 mM, pH 7.4) at rt with [ChT] = 80 µg/mL. GO was from two commercial 

suppliers: Graphea, Inc (33% oxygen content) and Aldrich (37% oxygen content). [GO] was varied 

from 0 to 25 µg/mL. The ChT solutions were incubated with GO (184 µL total volume) in a 96-well 

microplate at 0 °C for 30 min, after which they were warmed to rt for 15 min. A Suc-Ala-Ala-Pro-Phe-

AMC substrate stock solution (16 µL, 16.5 mg/mL in DMSO) was added to reach a final substrate 

concentration of 2 mM. The hydrolysis was monitored by fluorescence spectroscopy (Ex/Em:  360 nm / 

465 nm) of the fluorogenic product amino-4-methylcoumarin (AMC) over the course of 1 h using 

fluorescence plate reader. Each activity measurement was performed in triplicate. 
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F. Gel Electrophoresis and Zeta Potential 

Gel Electrophoresis 1% Agarose gel was prepared in 5 mM sodium phosphate buffer. 1 mM ChT 

stock solution was prepared in 20 mM sodium phosphate buffer (pH 7.4). 30 uL ChT solution was 

incubated with GO or GO-1 solutions for 30 min at 0 °C. 80% glycerol (3 µL per 30 µL solution) was 

added before loading (30 µL) into the wells. Electrophoresis was performed at constant voltage (80 V, 1 

h, 4 °C). The Gel was stained in Coomassie blue solution (0.5% Coomassie blue, 40% methanol, 10% 

acetic acid, aqueous solution) for 1 h. Destaining (in 40% methanol, 10% acetic acid, aqueous solution) 

took 48 h.3  The experiment was duplicated to eliminate systematic errors. 

 

 

 

 

 

Figure S2.16 Gel electrophoresis of ChT incubation with different [GO] and [GO-tripod 1] 

Zeta Potential 10 µg/mL GO-1, GO-1-AF, and unmodified GO samples were suspended in deionized 

water for zeta potential measurements on a Malvern zetasizer.  

Table S 2.3 Zeta potentials and Standard Deviations (STD) of different GO complexes 

 

  GO-1 GO-1-AF GO 

ζ (mV) -35.9 -36.9 -34.9 

STD (mV) 2.53 5.41 3.44 

 

  

25 µg/mL 
GO-1/GO 

12.5 µg/mL 
GO-1/GO 

7.5 µg/mL 
GO-1/GO 

2.5 µg/mL 
GO-1/GO 

ChT 
Control 
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G. α-Chymotrypsin Crystal Structure Analysis                                                             

 

Figure S2.17 Chymotrypsin structural analyses. A) α-Chymotrypsin active sites are shown in 

colored sticks (PDB: 1OXG); B) Charged amino acid residues at physiological pH (Red: positively 

charged residues; Blue: negatively charged residues); C) Hydrophobic patches around the active sites 

(Shown in pink; Orange patches indicate Trp residues); D) Hydrophobic patches on the opposite face of 

the enzyme active site.  
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CHAPTER 3 MEASURING AND MANIPULATING GRAPHENE ADHESION 
 

Abstract: 

Molecular mechanisms at the adhesive interface are important for manipulating the adhesion of 2D 

materials such as graphene during device fabrications. In this chapter, we have developed an approach 

to pattern, measure, and manipulate the adhesion between atomic layered materials and substrates. 

These methods are simple to implement, measure adhesion strengths precisely, and provide spatial and 

chemical control of adhesion at the nano scale. We characterize the delamination of single-layer 

graphene from monolayers of pyrene tethered to glass in water and maximize its adhesion strength by 

varying the density of pyrene groups in the monolayer. This control of surface energy enables high-

fidelity graphene-transfer protocols that resist adhesion failure under sonication. The energies of 

graphene peeling and re-adhesion exhibit significant hysteresis that is time-insensitive. This work 

establishes a rational means to tailor the adhesion of 2D materials with control of their positions and 

adhesion strengths, which will enable a systematic approach to engineering stimuli-responsive 

adhesives and mechanical technologies at the nanoscale. 

 

The studies in this chapter were in collaboration with Professor Paul McEuen, Professor Itai Cohen, and 

Dr. Marc Miskin. This chapter was first published in Nano Letters: Miskin, M. Z.; Sun, C. (co-first 

authors); Cohen, I.; Dichtel, W. R.; McEuen, P. L. Measuring and Manipulating the Adhesion of 

Graphene. Nano Lett. 2018, 18, 449–454, and is reprinted with permission. I acknowledge Dr. Marc 

Miskin and Professor Paul McEuen for providing the interferogram analyses in this chapter. 
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3.1 Introduction: 

Atomic membranes provide unparalleled combinations of useful electronic, optical, chemical, and 

mechanical properties in single-atom or few-atom thick forms.1 The adhesion between these materials 

and to other substrates influences phenomena such as wrinkling,2 delamination,3 exfoliation,4 folding,5 

layering,1 and tribological behavior.6,7 Indeed, the initial isolation of single-layer graphene and 

subsequently, other 2D materials, traces back to their mechanical exfoliation using inexpensive plastic 

tape. Nevertheless, the adhesion strength of 2D materials is difficult to measure and control.8,9 This 

incomplete understanding leads to delamination or wrinkling of 2D materials during processing, 

transfer to substrates, or for their use in device-relevant environments. Reliable methods to characterize 

and control the adhesion of 2D materials will benefit the fabrication and performance of biosensors,10 

electrodes,11 and devices based on kirigami and origami techniques.5,12 Here we present a systematic 

approach to measure the surface energies between layered materials and substrates that is simple, 

versatile, precise, and in device-relevant environments. We characterize both delamination and re-

adhesion and note significant hysteresis between the two processes. The simplicity and reliability of 

these measurements led us to strengthen the adhesion between single-layer graphene and a glass 

substrate in a non-intuitive manner by diluting the composition of pyrene binding groups in a surface-

bound molecular monolayer. This approach will ultimately enable the development and engineering of 

adhesives at the nano scale. 
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Figure 3.1 Patterning an area for graphene adhesion with a pyrene-containing monolayer. A. 

Process flow for patterning regions of a glass substrate with a molecular monolayer to mediate graphene 

adhesion. B. Approach for forming functionalized monolayers in the adhesion trench. 3-

aminopropyltriethoxysilane (APTES) was introduced to the surface from the vapor phase, after which 

the N-hydroxysuccinimide pyrene butanoate, which reacts selectively with the amine groups, was 

introduced to the surface in a tetrahydrofuran (THF) solution. C. A reflection-mode optical micrograph 

of five parallel graphene/SU-8 cantilevers bound by the patterned pyrene monolayer (top ends, dark 

regions) in water after the Al2O3 release layer was removed. The lighter regions below the adhesion 

area are the released portions of the cantilevers. Scale bar: 50 µm. 

 
3.2 Fabrication of Graphene Adhesion Sensor Arrays 

Fig 3.1A illustrates the fabrication sequence to pattern pyrene-containing monolayers whose affinity for 

graphene is the basis for mediating adhesion. Aluminum oxide was deposited onto the surface of a 

borosilicate glass coverslip, after which optical lithography was used to pattern trenches through the 

alumina down to the glass substrate. 3-aminopropyl triethoxysilane (APTES) was introduced from the 
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vapor phase to functionalize the exposed glass with reactive amine-terminated propyl chains. Treatment 

of the patterned APTES monolayers with one or more succinimidyl ester-containing compounds in 

solution elaborated the organic monolayer with pyrene or other functionality, which are linked through 

robust amide bonds (Figure 3.1B). Monolayer graphene grown by chemical vapor deposition was 

transferred onto the patterned substrates, and a 2 µm thick layer of the negative photoresist SU-8 was 

used to pattern the graphene into rectangles, each with a portion adhered to the organic monolayer. The 

SU-8 was left on top of the graphene for later use as a cantilever to measure the adhesive strength, as 

discussed below. Dilute aqueous acid was then used to etch the aluminum oxide and release the 

graphene off most of the surface, except where anchored by the organic adhesive layer.12  

 

Fig 3.1C shows an optical micrograph of 5 graphene/SU-8 cantilevers of varying widths, imaged in 

reflection mode in water. The dark region on the top of each rectangular strip is adhered to the pyrene-

containing monolayer. The lighter region below the adhered area has been released from the surface; 

minor variations in brightness are observed because of light interference between the glass substrate and 

the graphene/SU-8 cantilever.12 The graphene cantilever sticks to the pyrene monolayer strongly 

enough to remain intact even under fluid flow, and these cantilevers remain attached without obvious 

degradation even after standing in water for weeks. They also remain attached over a range of ionic 

strengths (0-1 M HCl) and in the presence of added surfactants (sodium dodecyl sulphate). In contrast, 

the cantilevers bind much more weakly to bare glass and are easily washed away in flow or accidentally 

detached by weak mechanical forces.  
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Figure 3.2 An applied force delaminates the cantilever from the adhered region. A. Schematic of 

applying upward force to a partially adhered graphene/SU-8 cantilever using a micromanipulator. B. A 

series of reflected white-light micrographs that captures the stages of bending and delamination of the 

partially adhered cantilever (Scale bar: 50 µm). See Supplemental Movie S3.1 for a movie of this 

process. These images and the movie have undergone linear contrast adjustment. C. Representative 

micrographs used to quantify the force associated with peeling the cantilever from the molecular 

monolayer. Reflection white-light micrographs of a graphene/SU-8 cantilever at three stages of peeling: 

during the initial loading of force (left), the onset of the cantilever peeling from the adhesion area 

(center), and the middle stages of peeling (right). (D) The cantilever height profile extracted from the 

interference pattern with a parabola fit to these data. (E) Left: The change of the length of the 

cantilever’s adhered portion as peeling progresses. The edge position xo is defined as the interface 

between the bound and the free portions of graphene with respect to the left end of the cantilever. h(L) 
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describes the elevated height of the manipulator. Right: The change of the cantilever’s radius of 

curvature (κ = 1/R, where R is the radius of curvature) as peeling progresses. 

 
3.3 Measuring Graphene Adhesion 

The adhesion force was measured by peeling the adhered region of the cantilever from the surface by 

lifting the released region using a micromanipulator, as illustrated schematically in Fig 3.2A (see also 

Supplemental Movie S3.1). The free end of the graphene/SU-8 cantilever is lifted quasi-statically until 

the applied torque becomes large enough to start peeling the cantilever from the substrate (Fig 3.2B). In 

the figure, torque is applied until the cantilever is detached, but the peeling process is stable such that 

the interface between the adhered and released areas does not move if the probe is halted. The white 

bands observed under applied force are interference fringes between the cover slip and the cantilever; 

each bright fringe corresponds to an incremental height increase of λ/2 = 224 nm,12 which provides a 

convenient optical readout of the cantilever’s position and curvature (Fig 3.2C). In this way, 

interferometry provides the torque applied by the cantilever and the position of the interface between 

the bound and free regions of graphene. The local maximum in the interference pattern corresponds to 

the cantilever displacement, as shown in Fig 3.2D. By fitting this data to a parabola, we extract two key 

parameters: the position xo of the interface between the bound and unbound regions of graphene, and 

the curvature in the beam (the cantilever) κ = 1/R, where R is the radius of curvature of the bent beam. 

These are shown as a function of the probe height in Fig 3.2E. Three regimes are observed: loading, 

peeling onset, and a steady-state peeling. First, when the applied torque is low, the interface is fixed, 

and the curvature increases in proportion to the applied displacement from the micromanipulator (Fig 

3.2B image 1-2). Next, peeling begins. The length of the adhered region begins to decrease and the 

beam curvature continues to increase (Fig 3.2B image 3). Finally, the peeling reaches a steady state at 

which the curvature stays constant and the peeling front moves, indicating a constant peeling force (Fig 

3.2B image 4-6).  
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On the basis of energy conservation, the effective surface energy γ required for peeling is calculated 

from the curvature κ in the steady-state peeling regime, as well as the Young’s modulus (E) and 

thickness (t) of the SU-8 cantilever: 

 

For the data shown in Fig 3.2, this analysis provides γpeel = 0.1 N/m.  

 

 

Figure 3.3 Optimizing adhesion using molecular adhesives. (A) Examples of surface chemistries 

tested for their strength of graphene adhesion. Surface-bound pyrene moieties are designed as graphene-

binding groups, and acetate groups (diluent) are used to limit the pyrene concentration in the 
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monolayer. Amine-terminated monolayers as well as unfunctionalized glass were also evaluated. (B) 

The surface energy derived from peeling graphene on surfaces treated with different ratios of pyrene 

and acetate in the monolayers. Φpyrene corresponds to the mol % of pyrene in the solution used to 

functionalize the APTES monolayer, with NHS-acetate making up the remainder. Error bars indicate 

the data distribution among over 10 devices in two fabrication batches. (C) Average peeling energies 

for APTES-monolayers treated with 100 mol% pyrene, 100 mol% acetate (all diluent), 40 mol% 

pyrene, as well as unmodified APTES and bare glass. 

 
3.4 Manipulating Graphene Adhesion 

The presence and chemical composition of molecular monolayers mediate the strength of graphene 

adhesion, and the strongest binding is observed at fractional pyrene coverage. γpeel was determined for 

various monolayers, ranging from unfunctionalized glass (very low adhesion) to a specific mixed 

monolayer of pyrene butyrate and acetate groups (maximal adhesion). Acetate modulates the pyrene 

density of the monolayer without drastically changing surface hydrophobicity (Fig 3.S3). The adhesion 

strength is maximized when a 40 mol% pyrene butyrate / 60 mol% acetate activated ester solution is 

used to form the molecular monolayer. Notably, monolayers containing either 100% diluent or 100% 

pyrene exhibit weaker graphene adhesion, 31% and 46%, respectively, of the strongest adhesion 

obtained from the 40 mol% pyrene / 60 mol% diluent feed ratio. Therefore, pyrene butyrate groups 

cannot fully engage the graphene surface when incorporated too densely into the monolayer.13–15 

Because pyrene-graphene interactions are enthalpically favored over pyrene-pyrene interactions by 155 

kJ/mol,16,17 we do not attribute reduced adhesion to a competition between these interactions. It is more 

likely that the mixed monolayers and small size of the diluent provide sufficient space for the pyrene 

groups to bind to the graphene basal plane with minimal strain to its pendant alkyl chain. We also note 

that unmodified APTES monolayers also bind graphene relatively strongly, perhaps through cation-π 

interactions of protonated amines in the monolayer.18 In contrast, graphene sticks to unmodified glass 

very weakly, such that the peeling energy for these samples was difficult to measure (low fidelity) and 

should be considered an upper bound. No surface fatigue was observed when we performed peeling and 

re-sticking tests repeatedly on the same cantilever, indicating high-fidelity adhesion and negligible 
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damage to the molecular monolayer during graphene peeling. Graphene adhered to the 40 mol% pyrene 

monolayer remain adhered and appeared undamaged after bath sonication in water or organic solvents 

typically used for substrate cleaning (Fig 3.S6). This procedure heavily damages or completely 

delaminates graphene transferred to most substrates, a major inconvenience for device fabrication.19 

Taken together, the results shown in Figs. 3.1-3.3 provide a straightforward approach to characterizing 

the strength, resilience, and durability of bonds between atomic membranes and different substrate 

surface chemistries in environments relevant for their applications. The ability to tailor the surface 

energy of the substrate will facilitate high-fidelity graphene transfer compatible with the integration of 

other 2D atomic membranes as well as subsequent processing steps. 

 

Figure 3.4 Reversibility and hysteresis of adhesion. (A) The energetics of a complete 

delamination/re-adhesion cycle plotted as the elastic energy changes per unit area (dU/dL) relative to 

the position of the peeling front with respect to the bound end edge of the cantilever (xo). B. Reflection 

white-light micrographs corresponding to the numbered stages of the cycle (1–8). See also 

Supplemental Movie S3.2. 
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Finally, we explore the reproducibility and hysteresis of the peeling process. Because delamination is 

quasi-static, we can stop peeling at any time, reverse the loading direction, and observe that the 

graphene re-adheres to the functionalized surface. The energies of a complete delamination and re-

adhesion cycle are shown in Fig 4A, where the change in elastic energy stored in the cantilever per unit 

area is plotted against the location of the peeling front xo. After a peeling process that progressed 

through the three force regimes shown in Fig 3.3E, we stopped and then began to unload the cantilever. 

Initially, the interface pins and the cantilever unloads elastically. When the curvature of the cantilever is 

approximately ten times smaller than that observed during steady-state peeling, the interface moves 

backwards (x0 increases) and the graphene re-adheres to molecular monolayer. Peeling is hysteretic with 

roughly one hundred times more energy required to delaminate the cantilever than is recovered when 

re-adhered. This loading and unloading behavior is highly reproducible and can be repeated hundreds of 

times with no detectable changes in the peeling or sticking behavior.  

 

We also load and unload the cantilevers at time scales spanning three orders of magnitude. No 

significant differences in the delamination or re-adhesion behavior were observed at these different 

rates. The time-insensitivity of these processes indicates that the adhesion hysteresis is unlikely to arise 

from energy dissipation into the SU-8. However, if the cantilever is completely detached from the 

surface, it will not readily re-adhere. Re-adhesion to pyrenes typically takes minutes after complete 

detachment. We conjecture the hysteresis involves major solvent reorganization at the three-phase 

(graphene/glass/water) contact line at time scales unattainable by these experiments.20 Hysteresis of 

adhesive forces has been universally observed at scales as small as multivalent interactions between 

molecules,21–23 and as big as the adhesion of Gecko feet.24,25 This is the first report of adhesion 

hysteresis by atomic membranes. The reported technique reveals the unappreciated complexity in 

bonding atomic membranes and informs important industrial processes such as exfoliating graphene 

(peeling) and robust printing of exfoliated graphene inks (re-adhesion). 
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3.5 Conclusions 

The results presented here create a plethora of opportunities for studying and controlling adhesion 

mechanics of 2D materials in practical environments, including the influence of surfactants, solution 

properties, surface chemistries, etc. Research into molecular mechanisms for atomic membrane 

adhesion at the nanoscale will make possible the controlled bonding, layering, and exfoliating of 2D 

materials. For example, the ability to dial in specific failure strengths opens the door to controlled and 

reproducible transfer protocols. Our technique also led to the discovery of a dramatic difference of 

surface energy between peeling and re-adhesion. We further envision opportunities for switching 

adhesion properties by engineering adhesive molecules that change in response to optical, chemical, or 

thermal signals. In each of these cases, our experimental protocol can be readily adopted to provide the 

necessary information to tune, tailor, and design interfacial adhesives for atomically thin materials. 
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CHAPTER 3-APPENDIX 

SUPPORTING INFORMATION 

A. Device Fabrication & surface functionalization.  

Materials and reagents. Commercial round borosilicate glass coverslips (25 mm in diameter) were 

purchased from DECKGLASER. 1-Pyrenebutyric acid N-hydroxysuccinimide ester and acetic acid N-

hydroxysuccinimide ester were purchased from Sigma Aldrich. Other reagents for surface chemistry 

were purchased in reagent grade from commercial suppliers and used without further purification, 

unless otherwise described. Anhydrous THF were obtained from a solvent purification system (JC Myer 

System). Clean room reagents and photoresists were provided by Cornell Nanoscale science & 

technology facility.  

Instruments. UV-vis absorption spectra were acquired using a Varian Cary 5000 Scan Spectrometer; 

λmax in nm (ε in L • mol–1 • cm–1). Emission spectra were recorded using Horiba Jobin Yvon Nanolog-3 

Fluorometer. All absorption and emission spectra were recorded at rt in the presence of air. X ray 

photoelectron spectrostra were acquired using the facility at Cornell Center for Materials Research. 

Contact angle goniometry was conducted using the Rame-Hart 500 goniometer at Nanobiotechnology 

Center at Cornell. 

Graphene growth and characterization. We grow monolayer graphene on copper foil following a 

standard chemical vapour deposition.1 The copper foil is purchased from Alpha Aesar, stock number 

13382. Typical Raman spectra, scanning electron micrographs, and bright-field transmission electron 

micrographs all confirm that the growths yielded mostly single-layer graphene with small bilayer 

regions.2  

Fabrication. Glass coverslips were cleaned using organic solvents followed by oxygen plasma before 

atomic layer deposition at 200 °C to put down 10 nm plasma aluminium oxide as release layer. 70 nm 

titanium alignment marks were put down using optical lithography and an electron beam evaporator via 

standard lift-off procedure. The substrates were then spin-coated with P20 primer and Shipley (S) 1813 

photoresist (5000 rpm, 2000 acceleration, 30s; 90s baking at 115 °C), exposed and developed to put 

down adhesion trench patterns. Pattern transfer was done using an Oxford P740 plasma etcher using 
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BCl3 plasma. The substrates were then cleaned with solvents and oxygen plasma etching to remove 

residual photoresist. The cleaned substrates patterns were clearly visible under dark field microscope 

with no polymer films present. 

 

 

Figure S3.1 Fabrication of graphene/SU-8 cantilevers with distinct patterns of surface energies 

via surface functionalization.  
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The silanized glass substrates were then submerged into a total concentration of 1mM succinimidyl 

ester molecules (mixture of the molecular glue 1-Pyrenebutyric acid N-hydroxysuccinimide ester and 

the diluent acetic acid N-hydroxysuccinimide ester) in anhydrous tetrahydrofuran. The acetic acid 

succinimidyl ester was used as a surface diluent of pyrene moieties without drastically changing the 

surface hydrophobicity. 0.1 mL triethyl amine was added as a base to accelerate the surface grafting, 

which occurs overnight. Pyrene surface density increases as the loading ratio of the pyrene glue and the 

diluent increases, characterized by UV-vis spectroscopy, X-ray photoelectron spectroscopy (XPS), and 

fluorescence spectroscopy (Fig 3.S2). 80 % pyrene loading yields a functionalized fused silica substrate 

with an optical density of 0.002 a.u. at 280 nm, corresponding to ~30 pM/cm2 pyrene density. An 

increase of sp2 to sp3 carbon ratio was observed as pyrene loading increased. Contact angle goniometry 

was used to characterize the changes of surface hydrophobicity. Ratio Changes of loading% between 

acetyl and pyrenyl terminated succinimidyl esters do not change the static contact angle of deionized 

water on resulting surfaces significantly (Fig S3.3), all between 70-80 °. 

 

 

Figure S3.2 Surface pyrene (Py) UV-vis abosorption (A) and fluorescence intensity (B) increases 

as loading% of pyrene-containing molecules increases.  
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Figure S3.3 Changes of water contact angle on SiO2 surface functionalized with different organic 

moieties. Percentages of pyrene indicate molar loading%  

 

Figure S3.4 Fluorescent spectra of quenched pyrene fluorescence after graphene is transfered 

onto either or both sides of a pyrene-functioanlized fused silica substrate. 

 

Figure S3.5. Reflection white-light micrograph: An array of released graphene cantilevers 

without SU-8 on top in aqueous environment.  
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Graphene Transfer and Patterning. Polycrystalline monolayer graphene on Cu was grown using 

chemical vapour deposition and spin-coated with poly(methyl methacrylate) (PMMA A4 495) before 

Cu etching, cleaning and transferring onto the functionalized patterned substrates (Fig 3.S1 Graphene 

transfer step). The PMMA was then removed using acetone and isopropanol. 2 µm MicroChem SU-8 

2002 was spin-coated and patterned on graphene. Oxygen plasma etching removed excess graphene 

exposed outside the SU-8 cantilevers to yield graphene cantilevers stiffened by SU-8. Hard bake at 200 

°C fixed the SU-8 polymer into permanent stable structures. Acid etching removed the underlying 

aluminium oxide layer to release the cantilevers releasable ends for probing. 

Graphene cantilevers patterned without SU-8 were also fabricated to demonstrate the effects of 

chemical patterning on graphene adhesion (Fig 3.S5). Released graphene cantilevers showed rippled 

patterns indicating freedom from adhering to the unfunctionalized glass surface. The top ends of the 

cantilevers were anchored onto the organic monolayer bound to glass. Graphene cantilevers bound on 

unfunctionalized glass are easily removable using a micromanipulator. Graphene cantilevers bound on 

pyrene-functioanlized glass often rip before delaminating from the area of organic monolayer. 

 

Figure S3.6 Sonication Resistance of Graphene on pyrene-functionalized glass. (A) Graphene 

adhering on pyrene –functionalized glass resists benchtop bath sonication while the graphene adhering 

on bare glass disintegrates from the surface quickly in identical conditions. (B) Sonication resistance is 

associated with preservation of graphene conductivity on pyrene-functioanlized glass and loss of 

graphene conductivity on bare glass.  
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B. Interferometric measurements 

 These experiments use similar set-up as reported previously.2 The black bands in the reflection mode 

micrographs are regions of constant elevation, with each additional white bands corresponding to a 

height increase of λ/2 = 224 nm. 

C. References: 

(1)  Li, X.; Cai, W.; An, J.; Kim, S.; Nah, J.; Yang, D.; Piner, R.; Velamakanni, A.; Jung, I.; Tutuc, 
E.; et al. Large-Area Synthesis of High-Quality and Uniform Graphene Films on Copper Foils. 
Science 2009, 324 (5932), 1312–1314. 

(2)  Blees, M. K.; Barnard, A. W.; Rose, P. A.; Roberts, S. P.; McGill, K. L.; Huang, P. Y.; 
Ruyack, A. R.; Kevek, J. W.; Kobrin, B.; Muller, D. A.; et al. Graphene Kirigami. Nature 
2015, 524 (7564), 204–207. 
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CHAPTER 4 HIGH ASPECT RATIO NANOTUBES FROM MACROCYCLIC 

IMINIUM SALTS 

 

Abstract:  

This chapter explores reversible stacking mechanisms in synthetic 2D networks using their macrocyclic 

analogues, whose stacking gives rise to 1D structures. 1D nanostructures, such as carbon nanotubes, 

rely on strong and directional interactions to stabilize their high aspect ratio structures from disassembly 

or fracture. This requirement has generally precluded the formation of organic nanotubes with high 

aspect ratios by stacking molecular macrocycles, as their stacking energies are generally too weak to 

support assemblies of microns or longer. Here we report imine macrocycles (MC) designed through 

directional bonding interactions that assemble into nanotubes with aspect ratios of 1000 upon 

protonation of the imines and, therefore, exhibit flow-responsive chromonic liquid crystalline behavior. 

This observation, though perhaps counterintuitive, is supported by calculations that estimate a two-

orders-of-magnitude higher cohesive energy as compared to that of the neutral imine-linked MCs. 

Furthermore, although isolated iminium ions are prone to hydrolysis, the iminium-containing 

macrocycle assemblies are stabilized by their layered arrangements and undergo hydrolysis at least 104 

times more slowly than model compounds. The nanotubes disassemble and reassemble as bases and 

acids are introduced, and neutral macrocycles also assemble upon irradiation of a photoacid generator 

or from the HCl produced by sonicating chlorinated solvents. Pendent alkenes on the assembled 

nanotubes were cross-linked using thiol-ene reactions, which stabilize the nanotube to bases. Unlike 

electrostatic stacking in 1D, we find that imbuing charges into layered imine-linked structures can 

disrupt interlaying stacking in extensive 2D imine networks such as COFs and results in exfoliation. 

These results demonstrate that synthetic 2D networks promise intriguing opportunities for molecular 

control of their cohesive interfaces and stacking behavior.  

 

The studies in this chapter were in collaboration with Professor Monica Olvera de la Cruz, Professor 

Michael Bedzyk, Professor Mark Hersam, Dr. Meng Shen, Anton Chavez, Boris Harutyunyan, Austin 
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Evans, Nathan Flanders, and Dr. Edon Vitaku. Part of this chapter was first published in ChemRxiv: 

Sun, C.; Shen, M.; Chavez, A. D.; Evans, A.; Liu, X.; Harutyunyan, B.; Flanders, N.; Hersam, M.; 

Bedzyk, M. J.; Cruz, M. O. de la; Dichtel, W.R. High Aspect Ratio Nanotubes Assembled from 

Macrocyclic Iminium Salts, 2018, DOI: 10.26434/chemrxiv.6016355.v1, and is reprinted with 

permission. I acknowledge Dr. Meng Shen and Professor Monica Olvera de la Cruz for providing the 

data obtained from the molecular dynamics simulations.  
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4.1 Introduction 

Stacking in 2D networks is an important interface that is rarely manipulated. Macrocyclic analogues 

that resemble the single polygonal units of 2D networks are useful tools for understanding and 

manipulating stacking. Furthermore, their 1D stacks are nanotubes, which offer unique properties that 

emerge from their low dimensionality, tubular rigidity, and confined interior microenvironments.1 

These features have been exploited for the directional or selective transport of charges,2,3 energy,4 

biomass,5 and water;6 the mechanical reinforcement of living cells5 and soft matter;7 and as containers 

for drugs and viral genetic information.8 Inspired by biological one-dimensional (1D) nanostructures 

such as microtubules and helical virus capsids, abiotic self-assembled nanotubes have been explored 

based on cylindrical micelles9 and columns using helical3 or tapered10 building blocks. Molecular 

macrocycles (MCs) are ideal building blocks for synthetic nanotubes because their composition, size, 

and porosity can be designed rationally through chemical synthesis.11 However, MC stacking is 

generally too weak to produce nanotubes with the high aspect ratios (>103) of carbon nanotubes (CNTs) 

and biological filaments. Stacked MCs instead exhibit aspect ratios around 10, as either short, 

individual assemblies or longer structures stabilized by bundling,12–14 limiting their utility as isolated 

nanostructures.15  

 

Here we describe MCs that stack into lyotropic nanotubes with aspect ratios >103 upon protonation of 

their imine linkages, which turns on cohesive interactions of 102–103 kJ/mol as estimated by molecular 

dynamics simulations. Stacking stabilizes the MC’s twelve iminium linkages, which are normally prone 

to hydrolysis, and is reversed and restored through the addition of bases and acids, respectively, 

including acids introduced by irradiating a photoacid generator or sonicating chlorinated solvents. 

Reactive alkene groups on the periphery of the MCs were crosslinked using thiol-ene reactions, thereby 

stabilizing the nanotubes as covalently bonded structures. These macrocyclic iminium salts feature a 

modular design via one-step synthesis from readily accessible amine and aldehyde components. As the 

first examples of large (>3500 daltons) and stimuli-responsive chromonic liquid crystals,16 they provide 

a new means to rationally access and manipulate high aspect ratio nanotubes with defined sizes, shapes, 
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porosity, and pendant functionalities. Accessing high aspect ratio nanotubes based on designed 

molecular assemblies represents a key challenge for making stimuli-responsive nanostructures with 

rheological and structural properties approaching biological systems and CNTs. Such nanotubes could 

serve as dynamic cytoskeletons in artificial protocells,17 backbones of hybrid nanomachines inspired by 

complex biological machineries such as bacterial contractile ejection systems,18,19 organizing elements 

of memory20 or electrical energy storage devices,21,22 and other applications that emerge from lyotropic 

liquid crystals.23–25 Furthermore, the concept of imbuing charges to influence stacking has deep 

implications in the processing of imine-linked COF layers such as exfoliation. 
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4.2 Stabilizing Iminiums via Stacking 

 

Figure 4.1 | Imine-linked macrocycles are stable at high acid concentration yet are unstable at low 

acid concentration. (A) Structure of hexagonal MCs containing twelve imine linkages. The MCs were 

dissolved in THF (100 µM) in the presence of CF3CO2H at low (5 mM) and high (200 mM) 

concentrations. (B) The lower CF3CO2H concentration (5 mM) is insufficient to induce MC stacking 

and instead catalyzes degradation into smaller fragments. (C) The higher CF3CO2H concentration (200 

mM) protonates most/all of the imines, and the resulting iminium-containing MCs assemble into tubes. 

(D) UV-vis spectra as a function of time after introducing 5 mM CF3CO2H, which indicate degradation 
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to a colorless solution (inset, t = 30 min) (E) UV-vis spectra as a function of time after introducing 200 

mM CF3CO2H, which indicate an unchanging red-orange solution (inset, t = 30 min). (F) Atomic force 

micrographs of the 5 mM CF3CO2H solution drop cast on HOPG (G) MALDI-MS of the degraded MC 

solutions (low acid, blue) and the self-assembled MC solutions (high acid, red). (H) Atomic force 

micrographs of the 200 mM CF3CO2H solution drop cast on HOPG.  

 
A hexagonal MC (1-DMTP, Fig. 4.1A) containing twelve imine linkages forms in a single step in 52% 

isolated yield by condensing equimolar amounts of an alkene-terminated triphenylbenzene diamine (1, 

Scheme S1) and dimethoxyterephthaldehyde (DMTP, Scheme. S1). The MCs exhibit a single narrow 

peak in gel permeation chromatography (GPC, Fig. S4.1) as well as the expected peak at m/z = 3556.8 

([M+H]+) by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS, Fig. S4.2). 

The alkene functional groups of 1-DMTP were chosen for subsequent cross-linking (see below), and 

the assembly of this species is described in detail below. Here we also emphasize the modularity of this 

design strategy by synthesizing three other MCs: one with decyloxy side chains (2; SI Scheme S2), 

another using terephthaldehyde (SI Scheme S3), and the third using an anthracene-containing 

dialdehyde (SI Scheme S4). Each of these MCs is dispersible up to 100 µM in THF with no evidence of 

assembly and precipitates as microcrystalline powders from polar solvents (Fig. S4.17).26 

 

1-DMTP MCs exhibit a counterintuitive stability as a function of acid concentration that reflects both 

their acid-labile imine linkages and protonation-induced assembly. THF solutions of 1-DMTP (100 

µM) containing 5 mM CF3CO2H undergo rapid hydrolysis to macrocycle fragments within minutes 

(Fig. 4.1B), as evidenced by a change in solution color (from yellow to colorless) and evolution of its 

UV-vis spectrum over 30 min (Fig 1D).27,28 After this change, further addition of TFA up to 200 mM 

does not alter the UV-visible spectrum significantly (Fig. 4.1D, inset). MALDI-MS of these degraded 

solutions exhibit peaks at m/z of 1027 (2 1 + DMTP), 1204 (2 1 + 2 DMTP), and 1620 (3 1 + 2 

DMTP), all of which correspond to macrocycle fragments (Fig. 4.1G). In contrast, an otherwise 

identical THF solution of 1-DMTP containing more CF3CO2H (200 mM) and tetrabutylammonium 

perchlorate (TBAP; 3 mM) immediately turns red-orange (Fig. 4.1E inset), corresponding to a red shift 
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in absorption from 416 nm to 493 nm (Fig. 4.1E), which is characteristic of conjugated iminium ions.27 

Infrared spectroscopy of 1-DMTP was also consistent with iminium ion formation, as the characteristic 

C=N stretches were blue-shifted and broadened (Fig. S4.23).29 MALDI-MS analysis of the solution 

provided a single prominent peak at m/z = 3556.8, corresponding to [M+H]+ of the intact macrocycle. 

The presence of 3 mM TBAP into MC solutions at 5 mM TFA does not affect the UV-vis evolution in 

Fig. 4.1D, but was used to be consistent with imaging experiments described below. Together these data 

indicate that 1-DMTP is unusually stable in the presence of 200 mM CF3CO2H yet unstable at 5 mM 

CF3CO2H.  

 

The unexpectedly high stability of 1-DMTP to high (but not low) concentrations of CF3CO2H is 

associated with macrocycle assembly. Atomic force microscopy (AFM) of solutions of 1-DMTP 

containing 200 mM CF3CO2H drop cast on highly ordered pyrolytic graphite (HOPG) indicated 1D 

assemblies with uniform widths and 4 nm thicknesses (Fig. 4.1H; Fig. S4.19). No features were 

observed in micrographs of drop cast solutions of 1-DMTP containing 5 mM CF3CO2H (Fig. 4.1F). 

The role of MC stacking in stabilizing iminium linkages at high acidity is further supported by a model 

compound containing two imine linkages (SI Scheme S8; Fig. S4.24), which hydrolyzes in the presence 

of 200 mM CF3CO2H. All of the imine-linked MCs described above assemble similarly under high 

CF3CO2H concentrations (Scheme S2-S4, Fig S4.19). 1-DMTP MC is studied in greatest detail below 

because it is capable of covalent crosslinking, but these findings indicate a general design for nanotubes 

that is based on directional bonding approaches and relatively simple monomers. The MC assemblies 

continue to evolve over 12 h, after which flocculation of red fibrous solid leaves a nearly colorless 

solution (Fig. S4.18), indicating the depletion of dissolved MCs. AFM further reveals that the red 

solutions containing short tubular assemblies (Fig. 4.1H) ripen into micron-long nanotubes with aspect 

ratios exceeding 1000, which entangle into meshes (Fig. 4.2A). Even in these relatively dense meshes, 

bundles of nanotubes are rare (Fig. 4.2A & 2C). We attribute the formation of individual nanostructures 

in part to the TBAP electrolyte, whose ions screen side-by-side interactions between adjacent nanotubes 

(Fig. 4.2B). Micrographs obtained of nanotubes in the presence of smaller cations or anions [LiClO4, 

NBu4Br, N(CH3)4ClO4] showed more prevalent bundled structures, whereas another large, non-
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coordinating electrolyte pair (NBu4PF6) also provided mostly separated nanotubes (Fig. S4.20). Overall, 

the few-nm diameter and thickness of nanotubes under AFM are consistent with the size of MCs (3.4 

nm inner diameter). 

 

Figure 4.2 Morphology and liquid crystalline behavior of the nanotubes. (A) AFM of a mesh of 

nanotubes. (B) AFM of an array of nanotubes arranged on HOPG. Inset: height profile obtained along 

the white bar indicates an approximate 5 nm width of individual nanotubes. (C) Transmission electron 

micrographs of nanotubes with uniform, 5 nm widths and micron-scale widths. (D) Liquid crystalline 
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behavior of nanotubes observed using a cross polarizer. (E) The liquid crystalline nanotubes align along 

the flow generated by stirring the suspension. Top-row: true colors of the liquid crystalline phases 

photographed through cross polarizers at various stirring rates. Bottom row: false-colored photographs 

in which the color hues represent the orientation of the liquid crystalline phases. 

 
4.3 High Aspect Ratio, Lyotropic 1D stacks 

The nanotubes extend for several microns with 5 nm diameters in solution, as characterized using 

electron microscopy and polarized light imaging (Fig. 4.2C-E). The transmission electron micrographs 

indicate a uniform tube diameter consistent with the sizes of individual 1-DMTP MCs. The nanotubes 

appear rigid with micron-long persistent lengths and morphologies comparable to multi-walled carbon 

nanotubes. Tube ends are rarely observed, suggesting high end-cap energies. Although we observe 

weak electron diffraction spots from the nanotubes dispersed onto a TEM grid, the nanotubes do not 

appear to be 1D crystals (Fig. S4.21). Grazing incidence wide-angle x-ray scattering of a drop-cast film 

indicated a stacking distance of 4.6 Å between MCs with a preferential orientation normal to the HOPG 

substrate (Fig. S4.22A & B). A polarized light micrograph reveals the spontaneously ordered domains 

(Fig. S4.22E). Concentrated nanotube suspensions exhibit a packing distance of 56.9 Å (Fig. S4.22C, D 

& F) via transmission X-ray diffraction, characteristic of the M phases in chromonic LCs;16 this signal 

is absent in dilute nanotube suspensions. Due to their high aspect ratio,30 these nanotubes exhibit LC 

behavior in solution at concentrations as low as 0.04 wt% of the MC (Fig. 4.2D). Similar behavior has 

been reported for dispersions of multi-walled carbon nanotubes.23 The LC phases respond to flow 

generated by stirring in a glass vial (Fig. 4.2E). Increasing flow rate induces greater nanotube 

alignment, as indicated by increasingly homogeneous red-colored phases (Fig. 4.2E top row) and less 

segregated phase orientations (Fig. 4.2E bottom row; see also Supplemental Movie S4.1). Both of these 

image sets show increased continuity at higher stirring rate, indicating that the nanotubes align with 

circular flow. These results indicate that intriguing rheological behaviors emerge with low 

concentrations of high-aspect ratio nanotubes assembled from macrocyclic iminium salts. 
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4.4 Molecular Dynamics of Electrostatic Stacking 

The rapid and robust assembly of cationic iminium-linked MCs is unexpected, considering the apparent 

presence of charge repulsion and lack of solvophobic interactions.31 We theorize that upon protonation, 

cationic MCs attract CF3CO2
– counter-ions (CIs) and aggregate into nanotubes containing alternating 

structures of cationic MCs and CF3CO2
– anions via electrostatic interactions (See Appendix-supporting 

information for the simulation package, the force field, and other parameters used). Acids with different 

CIs such as HCl also induce MC stacking (see below). The assembly process and the role of the CIs 

were investigated using molecular dynamics simulations by explicitly including the unprotonated and 

cationic 1-DMTP MCs, the THF solvent molecules, and CF3CO2
– CIs. Two unprotonated MCs placed 

20 Å apart (Fig. 4.3A Inset) remain separated during a 30 ns simulation (Fig. 4.3A and Supplemental 

Movie S4.2) while protonated MCs initially separated by 20 Å (Fig. 4.3B Inset) aggregate within 1 ns 

of the simulation with four pairs of protonated sites bound together with CIs for the entire 50 ns 

simulation (Fig. 4.3B and Supplemental Movie S4.2). Furthermore, two preassembled MCs become 

fully separated after 24 ns (Supplemental Movie S4.3) with insignificant cohesive energy (Fig. S4.28 & 

S29) while protonated MCs stay assembled (Supplemental Movie S4.3; Fig. 4.3C inset). The number of 

bound N-N pairs between the two protonated MCs are characterized by a shifted Sigmoid function 𝑠 𝑡  

2 (See SI section D part 4), which remains approximately 12 (Fig. 4.3C).  

 

Simulations suggest strong cohesive energy between protonated MCs. The potential of mean force 

(PMF) using steered molecular dynamics (SMD) 32 (Fig 3D; See also Supplemental Movie S4.4) 

indicates a strong attraction of ~1600 kJ mol-1, i.e. ~670 kBT, between the two protonated MCs. In a 

direct calculation without using pulling forces, the trajectories of 10 preassembled protonated MCs (see 

SI) show slightly higher cohesive energy per MC (~-1310 kJ mol-1, i.e., ~540 kBT), likely because SMD 

only involves two MCs. Both calculations reveal a strong attraction between the MCs with the 

electrostatic energy being the major contribution (see Fig. S4.28). We also estimate from a simple 

electrostatic calculation that considers only the 1st nearest neighbors of the protonated sites and the CIs: 

𝐸 = 12 − !!
!!"!!"

, where l! = 73 nm is the Bjerrum length in THF, 𝑟!"!!" = 0.295 nm is the peak 
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distance of HN-CI radial distribution, HN denotes the proton attached to N and CI denotes the 

counterions. The interaction energy, E (-297 kBT i.e. -480 kJ mol-1), is on the same order of magnitude 

as the interaction calculated from PMF. This calculation underestimates E because it excludes longer-

range contributions, which often is a multiplicative factor slightly larger than one.33 Furthermore, the 

10-ring assembly of neutral MCs (Fig. 4.3F inset) falls apart quickly during the 36 ns simulations 

(Supplemental Movie S4.5 and Fig. 4.3E) while that of protonated MCs (Fig. 4.3E inset) remains 

aggregated throughout (Supplemental Movie S4.6 and Fig. 4.3F). The simulated stacking distance 

between MCs (Fig. S4.29) is consistent with the experimental value measured by x-ray diffraction (Fig. 

S4.22A). Similar to actin filaments and carbon nanotubes, which sustain their high aspect ratios from 

fracture with strong, directional protein interfaces and covalent bonds (102 kJ/mol each),34 we note that 

electrostatic cohesion is comparably strong. The electrostatics are also long-ranged, multivalent, and 

robust against rotations of the counter-ions (Fig. 4.3F), with slower decay over distance relative to van 

der Waals interactions and highly orientation-dependent hydrogen bonds (each 100-101 kJ/mol).35,36 

These combined stacking characteristics are crucial to enable the formation of isolated nanotubes with 

high aspect ratios. Stacking interactions of this strength are unavailable to other layered assemblies of 

macrocycles, such as hydrogen-bonded cyclic peptides, which do not achieve micron lengths without 

forming crystalline bundles of low aspect ratios.15 Long-ranged, orientation-insensitive interactions 

tolerate some longitudinal disorder (Fig. 4.3F), consistent with the only weak electron diffraction 

observed when evaluating the 1D crystallinity of the nanotubes (Fig. S4.21B). These results show the 

importance of multivalent electrostatic interactions in sustaining the cohesive interface and preserving 

MC integrity. 
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Figure 4.3 Molecular dynamics simulations of strong, acid-mediated stacking. The representative 

snapshots of A) two deprotonated and B) two protonated MCs during the simulations. Insets A & B 

indicate the separated state at 0 ps. The spheres in A) represent N atoms in the imines and the spheres in 

B) represent protonated N atoms in the imines. The red small molecules are trifluoroacetate 

counterions. The THF solvent molecules included in the simulations are not shown. Arrows P1 – P4 in 

b) point to four protonated N-N pairs that are bound across the two MCs through counterions. C) The 

number of bound N-N pairs between the two preassembled protonated MCs. The inset is a snapshot of 



 

 4-13 

the simulation. D) The PMF from the SMD simulation that pulls two preassembled protonated MCs 

apart. The insets show the snapshots at the beginning and in the end of the SMD simulation, 

respectively. E) & F) are representative snapshots of 10 preassembled MCs (F) and fully protonated 

MCs (G) during simulation. Insets E & F indicate the pre-arranged 10-ring stacks at 0 ps. 

 
4.5 Stimuli-responsive Stacking 
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Figure 4.4 Stimuli-responsiveness of iminium nanotubes and their crosslinking. A) In situ 

switching between MCs and liquid crystalline nanotubes driven by different cohesion energies. Inset 

photographs show the two states of a MC solution under a cross polarizer.  B) Acid-induced burst 

nucleation and gelation of concentrated MC solutions in acidic conditions. AFM images and cartoon 

descriptions of C) small nanotube segments (in black rectangular boxes) formed immediately after 

acidifying MC solutions; D) ripening of the small nanotube segments induced by 1D coalescence of 

nanotube segments (Inset: gelation of a concentrated tube solution); E) reversal of nanotubes into 

individual MCs upon neutralizing with a base (Inset: Liquid MC solutions after neutralizing); F) 

reformed small nanotube segments (in black rectangular boxes) induced by adding back acids into the 

neutralized MC solutions (Inset: Gel reforms after tubes ripen overnight). G) Thiol-ene click chemistry 

cross-links the side chains of imine-linked MC 1D assemblies and results in solvation resistance of 

nanotubes. H) Imine-linked MC 1D assemblies without crosslinkable side chains cannot crosslink by 

thiol-ene click chemistry. I) A representative AFM image of solvation-resistant nanomeshes made from 

cross-linked nanotubes (NTs). Inset: XPS of S2p peaks confirming the cross-linking of side-chain 

alkenes by divalent thiols. 

 

By alternating between acidic and basic conditions, the 1-DMTP MC solutions switch between a 

neutral, imine-linked state that have only a few kBT cohesion energy and an iminium-linked state with 

hundreds of kBT cohesive interactions, which assemble sufficiently rapidly to bypass MC degradation 

(Fig. 4.4A; see also Supplemental Movie S4.7). A strong LC effect switches off and on 

correspondingly. We observe burst-nucleated short nanotubes immediately after CF3CO2H addition 

(Fig. 4.4B & 4C) and coalesced micron-long nanotubes after 12 h (Fig. 4.4D). The iminium nanotubes 

disassemble upon neutralization with NEt3 (Fig. 4.4E) and the solution returns to the yellow color of the 

neutral MCs (Fig. 4.4E inset). The nanotubes reform when more CF3CO2H is added (Fig. 4.4F). 

Concentrated MC solutions gel during ripening (Fig. 4.4B; 4D Inset), flow after neutralization (Fig. 

4.4E Inset), and gel again upon replenishment of CF3CO2H and another ripening period (12 h, Fig. 

4.4F). Acids sustain MC assembly in solutions similarly to how bound ATP molecules induce and 

sustain fibrous actin filaments in cells.37 Inspired by this process, two additional methods to stimulate 
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nanotube formation are demonstrated in Supplemental Movie S4.8, respectively, by irradiating a 

photoacid generator or sonicating 1,2-dichloroethane to release HCl (see Appendix-Supporting 

Information for detailed procedures).38 Finally, the permanent crosslinking of nanotubes via their 

pendant alkenes was successful both on surface and in suspension using a photo-initiated thiol-ene click 

reaction, after which the nanotubes no longer disassemble by adding base (Fig. 4.4G & S25E) as 

compared to alkene-absent MCs (Fig. 4.4H; See Appendix-Supporting Information for detailed 

procedures). X-ray photoelectron spectroscopy (XPS) further indicates the primary presence of sulfur in 

C-S-C valence (Fig 4I inset).39 Control experiments on MCs lacking reactive alkene groups, omitting 

the 1,4-butanedithiol crosslinker or photoinitiator, or not irradiating the solution all resulted in 

nanotubes that disassembled upon the addition of NEt3. 

 

4.6 Imbuing Charges into Imine-linked Covalent Organic Frameworks 

Surprisingly, iminium formation in imine-linked COFs disrupts interlayer stacking rather than enhances 

it, and is potentially useful for exfoliating COFs. Using the imine COF depicted in Fig. 4.5A, we found 

that after brief treatment by 2 M CF3CO2H in THF, imine COF polycrystalline powders lose 

crystallinity as depicted by the broadening of (100) peak in the normalized powder X-ray diffraction 

spectra (Fig. 4.5 B). Correspondingly, the acid-treated COFs exhibit significantly lower surface area 

(Fig. 4.5 D; compare with Fig. 4.5 C). Both its crystallinity and surface area can be restored when the 

acid-treated COFs was let stay for 12 h after the addition of 2 M NEt3. These indicate that the presence 

of iminiums disrupts the stacking in COFs. To further illustrate this weakened stacking, we stirred the 

COFs in 2 M CF3CO2H overnight to obtain colloidal suspensions containing COF thin flaks, as depicted 

by TEM (Fig. 4.5F). The weakening of stacking by charges in 2D COFs appears contradictory to what 

we observed in enhanced 1D stacking in MCs. We propose that this is due to the nuanced charge 

arrangement needed to minimize repulsion in electrostatic stacking seen in nanotubes. This results in 

the lack of 1D crytallinity in nanotubes. In contrast, polycrystalline COF powders are ordered, solid-

state van der Waals stacks. Iminium formation induces charge repulsions that cannot be minimized 

because strong van der Waals stacking prohibits charge rearrangement in the solid state, which 
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antagonizes and weakens van der Waals forces. These results warrant further studies to understand and 

manipulate stacking in layered synthetic networks. 

 

Figure 4.5 Imbuing charges into imine-linked covalent organic frameworks disrupts stacking of 

2D networks. A) Structure of imine-linked covalent organic frameworks; B) Powder X-ray diffraction 

spectra normalized at (100) peak of starting neutral imine COFs (black), acidified iminium-containing 

COFs (red), and neutralized COFs (by NEt3; green); C)-E) surface areas characterizations of neutral 

imine COFs (C), acidified iminium-containing COFs (D), and neutralized COFs (E); F) TEM of 

exfoliated COF flakes by stirring acidified COFs.  

 
4.7 Conclusions 

Hexagonal imine-linked MCs bearing alkyl solubilizing groups form high aspect ratio nanotube 

assemblies upon protonation, which stabilize their otherwise sensitive iminium ion linkages. The 

assemblies represent a new class of chromonic liquid crystals, of which the MCs are the largest discrete 

molecules and first iminium-containing structures known to assemble in this way. Molecular dynamics 

reveal strong, multivalent, electrostatic stacking that are comparable with carbon-carbon bonds as a 

strategy to assemble robust chromonic liquid crystals through aspect-ratio control. The nanotubes 



 

 4-17 

exhibit emergent rheological properties such as acid-responsive gel formation and flow-responsive LC 

behavior. This strategy provides access to isolatable, thin, long organic nanotubes with diverse 

structures through design of monomers and channel geometries such as square and pentagonal 1D 

space,11 opening up synthetic routes to functional nanotubes for 1D transport and encapsulation, LC 

engineering, and abiotic matter capable of active transport. These nanotubes open up explorations into 

assembling 1D reactive salt stabilized by multivalent interactions, nuanced charge arrangement along 

1D electrostatic structures, reversible stacking mechanisms in layered 2D materials, and rheological 

studies of their micelle-like complex fluids unavailable to previous short, or bundled nanotubes. 
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CHAPTER 4-APPENDIX 

SUPPORTING INFORMATION 

A. Materials and Instrumentation.  
1. Materials. Reagents were purchased in reagent grade from commercial suppliers and used without 

further purification, unless otherwise described. Anhydrous solvents (toluene, THF, Et2O, DCM, DMF) 

were obtained from a solvent purification system (JC Myer System). Terepthaldehyde (TP) and 2,5-

Dimethoxybenzene-1,4-dicarboxaldehyde (DMTP) were purchased from Sigma-Aldrich and 

anthracene-9,10-dicarboxaldehyde (AntTP) was purchased from TCI chemicals and all were used 

without further purification. Compounds S2 and 2 were synthesized as reported previously.1  

2. Instruments. UV-vis absorption spectra were acquired using a Varian Cary 5000 Scan Spectrometer; 

λmax in nm (ε in L • mol–1 • cm–1). All spectra were recorded at rt in the presence of air.  

NMR spectra were recorded on a Bruker Avance III 500 MHz spectrometer using a CryoProbe 5mm 

DCH w/ Z-Gradient. 

Sonication was performed with a Branson 3510 ultrasonic cleaner with a power output of 100W and a 

frequency of 40 kHz. 

Matrix assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectra were recorded on 

a Bruker Autoflex III with a 2,5-dihydroxybenzoic acid matrix. 

Gel permeation chromatography traces were recorded using 2 PolyPore 300×7.5mm columns with 18 

Angles Dawn Heleos multi angle light scattering and Optilab T-rex differential refractive index 

detectors. All samples were dissolved in THF (1 mg/mL) and sonicated for 10 minutes before being 

filtered through a 0.45 µm syringe filter (PTFE membrane). 

Atomic force microscopy (AFM), transmission electron microscopy (TEM), scanning electron 

microscopy (SEM) and scanning transmission electron microscopy (STEM) were conducted using the 

facilities at Northwestern Atomic and Nanoscale Characterization Experiment Center. Atomic force 

microscopy (AFM) was conducted using SPID Bruker FastScan AFM under the non-contact mode in 

air. Transmission electron microscopy (TEM) was conducted on a Hitachi HT-7700 Biological TEM 

with 0.20 nm lattice resolution, 40 to 120 kV ranges at 100V increments, and magnification of 50-

1000x, with 200x - 600,000x zoom. 
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Grazing incidence wide-angle X-ray scattering was conducted using Advanced Photon Source 8-ID-E 

synchrotron beamline at the Argonne National Laboratory (10.92 keV energy range). Transmission X-

ray measurements were conducted using beamline 12-ID-B (7.35 keV or 12 keV). 
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B. Synthetic Procedures and Molecular Characterizations 
Scheme S4.1. Synthesis of 1-DMTP-MC.  
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Scheme S4.2. Synthesis of 2-DMTP-MC. 
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Scheme S4.3. Synthesis of 1-TP-MC. 
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Scheme S4.4. Synthesis of 2-AntTP-MC. 
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1.General procedures for imine-linked macrocycles (MCs) 

Diamine (1 or 2) and dialdehyde (DMTP, TP or AntTP, 1.0 equiv) were dissolved in 1,4-dioxane to 

make a 20 mM solution in each component, after which CF3CO2H (0.5 equiv) was added. A precipitate 

formed within minutes. The solutions were left to sit for 1-6 days. The acid was neutralized by the 

addition of Et3N (10 equiv). The precipitate was isolated by centrifugation and subsequently rinsed with 

Et2O (15 mL x 3). The solid was dried under vacuum at room temperature. 

 

1-DMTP: Performed on 0.092 mmol scale of 1. Reaction was run for 6 days (shorter reaction times 

revealed a population of five-membered MCs by MALDI-MS, which disappeared after extended 

reaction times). Obtained 28.1 mg (52% yield) of an orange powder. 

 

2-DMTP: Performed on 0.081 mmol scale of 2. Reaction was run for 6 days (shorter reaction times 

revealed a population of five-membered MCs by MALDI-MS, which disappeared after extended 

reaction times). Obtained 33.5 mg (64% yield) of an orange powder. 

 

1-TP: Performed on 0.035 mmol scale of 1. Reaction was run for 24 h. Obtained 9 mg (49% yield) of a 

yellow powder. 

 

2-AntTP: Performed on 0.041 mmol scale of 2. Reaction was run for 6 days. Obtained 20.5 mg (73% 

yield) of a red powder. MALDI-MS suggests 6-membered rings, with some 5-membered ring products. 

  

Scheme S4.5. Synthesis of S1 
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5-Hexen-1-ol (10.0 g, 99.8 mmol) was dissolved in DCM (100 mL). NEt3 (15.9 mL, 11.6 mmol) was 

added to the solution, followed by TsCl (20.9 g, 110 mmol). The solution was stirred at room 

temperature for 18 h, during which precipitate had formed. The solution was then washed with 1M HCl 

(3 x 50 mL) followed by saturated NaHCO3 (3 x 50 mL). The solution was dried over anhydrous 

MgSO4 and the solvent was removed by rotary evaporation. The crude material was purified by 

chromatography (SiO2, 10% v/v DCM:hexanes) yielding S1  (15.0 g, 60% yield) as a colorless oil. 

1H NMR (500 MHz, CDCl3) δ 7.79 (d, J = 8.2 Hz, 2H), 7.34 (d, J = 8.2 Hz. 2H), 5.71 (m, 1H), 4.94 (m, 

2H), 4.02 (t, J = 6.5 Hz, 2H), 2.45 (s, 3H), 2.00 (m, 2H), 1.65 (m, 2H), 1.41 (m, 2H). 13C NMR (126 

MHz, CDCl3) δ 144.79, 138.02, 133.32, 129.94, 128.00, 115.18, 70.56, 33.04, 28.33, 24.67, 21.76.  

These analyses are consistent with a previous report.2   
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Scheme S4.6. Synthesis of S3 

 

S2 (0.70 g, 1.3 mmol), S1 (0.48 g, 1.9 mmol) and K2CO3 (0.44 g, 3.2 mmol) were dissolved in DMF (5 

mL) in a flame dried 20 mL reaction vial. The solution was sparged with N2 for 10 min before being 

heated at 70 °C for 16 h. The solution was then poured into water (50 mL) and extracted with DCM (3x 

20 mL). The solution was dried over anhydrous MgSO4 and concentrated by rotary evaporation. The 

crude material was purified by column chromatography (SiO2, 25% EtOAc/75% hexanes) yielding S3 

(0.56 g, 64% yield) as an off-white, fluffy powder. 

1H NMR (500 MHz, CDCl3) δ 7.66 (m, 3H), 7.61 (m, 6H), 7.46 (d, J = 8.5 Hz, 4H), 7.00 (d, J = 8.8 Hz, 

2H), 6.54 (s, 2H), 5.85 (m, 1H), 5.02 (m, 2H), 4.03 (t, J = 6.5, 2H), 2.15 (m, 2H), 1.84 (m, 2H), 1.62 (m, 

2H), 1.54 (s, 18H). 13C NMR (126 MHz, CDCl3) δ 159.00, 152.83, 142.12, 141.82, 138.69, 138.01, 

136.10, 133.70, 128.48, 127.97, 124.23, 123.95, 118.94, 114.98, 114.91, 80.82, 68.03, 33.61, 28.90, 

28.52, 25.50. 

ESI HRMS m/z calcd. for C40H47N2O5 ([M +H]+) 635.3480, found 635.3490. 
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Scheme S4.7. Synthesis of 1 

 

S3 (0.53 g, 0.84 mmol) was dissolved in DCM (3.3 mL) in a 20 mL reaction vial, followed by the slow 

addition of trifluoroacetic acid (1.3 mL, 17 mmol, 20 equiv). The solution was then stirred for 1 h, 

during which gas evolved out of the solution. The solution was then poured into a saturated NaHCO3 

solution (30 mL) and extracted with DCM (3x 15 mL). The organic layers were combined and washed 

with 1M KOH (3x 15 mL). The organic solution was dried over anhydrous MgSO4 and concentrated by 

rotary evaporation, yielding pure 1 (0.34 g, 94% yield) as an off-white powder. 

1H NMR (400 MHz, CDCl3) δ 7.61 (m, 5H), 7.51 (d, J = 8.5 Hz, 4H), 6.99 (d, J = 8.7 Hz, 2H), 6.78 (d, 

J = 8.5 Hz, 4H), 5.85 (m, 1H), 5.02 (m, 2H), 4.02 (t, J = 6.5, 2H), 3.75 (br, 4H), 2.16 (m, 2H), 1.84 (m, 

2H), 1.61 (m, 2H). 13C NMR (126 MHz, CDCl3) δ 158.85, 146.07, 142.19, 141.85, 138.70, 134.07, 

131.93, 128.45, 128.35, 123.35, 123.32, 115.52, 114.89, 68.01, 33.61, 28.91, 25.51. 

ESI HRMS m/z calcd. for C30H30N2O ([M +H]+) 435.2430, found 435.2450. 
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Scheme S4.8. Synthesis of 3 

 

2,5-Dimethoxybenzene-1,4-dicarboxaldehyde (0.200 g, 1.03 mmol) was dissolved in dry DCM (10 mL) 

in a 20 mL reaction vial in the presence of activated 4Å molecular sieves. 4-Tertbuylaniline (0.34 mL, 

2.2 mmol, 2.2 equiv) was added via a syringe and the reaction was stirred at room temperature for 16 h. 

The reaction mixture was filtered through a plug of Celite® and the solvent was removed by rotary 

evaporation. The resulting material was dried under high vacuum at 60 °C overnight to yield 3 (0.455 g, 

97% yield) as a yellow powder. 

1H NMR (400 MHz, CDCl3) δ 8.95 (s, 2H), 7.77 (s, 2H), 7.42 (d, J = 8.5 Hz, 4H), 7.22 (d, J = 8.5 Hz, 

4H), 3.96 (s, 6H), 1.35 (s, 18 H). 13C NMR (126 MHz, CDCl3) δ 155.37, 154.02, 149.91, 149.35, 

128.31, 126.14, 120.96, 109.69, 56.40, 34.68, 31.59.  

ESI HRMS m/z calcd. for C30H36N2O2 ([M +H]+) 457.2850, found 457.2860. 

  



 

 4-31 

3. Additional Characterizations 

 

Figure S4.1 GPC trace of 1-DMTP-MC.  

 

Figure S4.2 MALDI-MS of 1-DMTP-MC showing the [M+H]+ adduct at m/z = 3556.8. 
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Figure S4.3 GPC trace of 2-DMTP-MC. 

 

Figure S4.4 MALDI-MS of 2-DMTP-MC showing the [M+H]+ adduct at m/z = 3905.3. 
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Figure S4.5 GPC trace of 1-DMTP-MC 

 

Figure S4.6 MALDI-MS of 2-DMTP-MC showing the [M+H]+ adduct at m/z = 3196.7. 
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Figure S4.7 GPC trace of 2-AntTP-MC. 

 

Figure S4.8 MALDI-MS of 2-AntTP-MC showing the [M+H]+ adduct at m/z = 4146.8 m/z, with 

some five-membered rings whose [M+H]+ adduct is at m/z = 3456.9. 
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Figure S4.9 1H NMR (CDCl3, 500 MHz, 298 K), of S1. 

 

 

Figure S4.10 13C NMR (CDCl3, 126 MHz, 298 K), of S1. 
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Figure S4.11. 1H NMR (CDCl3, 500 MHz, 298 K), of S3. 

 

 

Figure S4.12. 13C NMR (CDCl3, 126 MHz, 298 K), of S3. 
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Figure S4.13 1H NMR (CDCl3, 500 MHz, 298 K), of 1. 

 

Figure S4.14. 13C NMR (CDCl3, 126 MHz, 298 K) of 1. 
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Figure S4.15. 1H NMR (CDCl3, 500 MHz, 298 K), of 3. 

 

Figure S4.16 13C NMR (CDCl3, 126 MHz, 298 K), of 3. 

C. Nanotube Characterizations 

1.AFM. To assemble nanotubes from MC solutions, a 100 µM MC solution was prepared in THF with 

0.3 mM tetrabutylammonium perchlorate through brief bath sonication. For UV-Vis, this solution was 

passed through a 0.45 µm polytetrafluoroethylene syringe filter. CF3CO2H was added quickly to reach 

200 mM. A freshly cleaved highly ordered pyrolytic graphite (HOPG) substrate was then dipped into 
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the acidified solution for desired times to deposit different densities of nanotubes as depicted below. 

Alternatively, solutions were also introduced onto the HOPG substrate by drop-casting. Additional 

controls were monitoring separate solutions of 1 and DMTP under acidic conditions by UV-vis to 

confirm that their spectra do not match that shown in Figure 1E. 

 

Figure S4.17 AFM of Macrocycles. Left: AFM of HOPG drop cast with a 100 µM 1-DMTP MC 

solution in THF, representative of all MCs. No defined nanostructures were observed; Right: AFM of 1-

DMTP MC aggregates (100 mM in THF) upon addition of 2 % (by volume) isopropyl alcohol. 
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Figure S4.18 Thickness of nanotubes. Left: Image of nanotube suspension (100 µM 1-DMTP MC, 

200 mM CF3CO2H, 3 mM TBAP in THF) after aging and flocculation; Middle: AFM of the above 

nanotubes drop cast on HOPG followed by drying and rising in DCM; Right: Thickness analyses of 

AFM, The 4 nm thickness measured with AFM is slightly smaller that its 5 nm width under TEM but 

within instrument error, likely due to differences between side-chain conformations. 

 

 

Figure S4.19 AFM of nanotubes using different MCs including A) 1-DMTP-MC; B) 2-AntTP-

MC; C) 1-TP-MC; D) 2-DMTP-MC. 
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Figure S4.20 Nanotube aggregation in different electrolytes. AFM of 1-DMTP-MC (100 µM) 

aggregation in THF induced by 200 mM CF3CO2H with 3 mM A) Lithium perchlorate; B) 

Tetrabutylammonium bromide; C) Tetramethylammonium perchlorate (Inset: an optical micrograph of 

the fibrous solids due to nanotube bundling); D) Tetrabutylammonium hexaflorophosphate. Only D 

showed a relatively uniform thickness and width expected for 1-DMTP MCs 
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2. X ray diffraction, polarized light imaging and electron microscopy. For GIWAXS, a nanotube 

suspension (from 100 µM MC 1-DMTP in 200 mM CF3CO2H and 3 mM TBAP) was drop cast on 

HOPG and borosilicate glass substrates followed by drying. The MCs’ stacking orientation (Fig. 

S4.22A) was preferentially normal to HOPG stacking orientation (Fig. S4.22B). For transmission X-ray 

diffractions, a MC 1-DMTP suspension at 3 mM and a dilute solution at 50 µM were both transformed 

into nanotubes by CF3CO2H. For cross-polarized light imaging, a vial of the nanotube suspension (from 

100 µM MC 1-DMTP) with a small stir bar was held in between a set of polarizers orthogonal to each 

other on top of a LED white light panel. A stir plate was placed underneath the light panel to generate 

circular flow of various rates. Neutral 1-DMTP MC solutions were used as control. Photographs and 

Supplemental Movie 4.1 were taken using a Nikon digital camera. An imageJ plugin OrientationJ 

(http://bigwww.epfl.ch/demo/orientation/) was used to analyze the orientations of the phases in the 

resulting photographs. Liquid crystalline effects disappeared after neutralization of the above nanotube 

solution with NEt3, and reappeared after re-addition of CF3CO2H. The effect was weaker immediately 

after CF3CO2H re-addition compared to before due to lack of ripening. A polarized light microscope 

was used to image the drop cast film from the nanotube suspension (100 µM 1-DMTP; Fig. S4.22E). 

For TEM and electron diffraction, a drop of the above nanotube solution was drop cast on holey carbon 

TEM grids with formvar films (removed before drop cast), followed by a brief rinse in DCM and drying 

in air. Electron diffraction patterns typical of 1D crystals such as carbon nanotubes were not observed in 

Fig. S4.21B.3 For SEM, the above nanotube solution was drop cast on HOPG followed by 2nm osmium 

coating to mitigate charging effects. 

Analysis of the transmission X-ray diffraction pattern using a concentrated nanotube solution (3 mM 

MC 1-DMTP) at 45oC points to a hexagonal arrangement of the tubes with 56.9Å distance between 

neighboring tubes. The average number of tubes across the domain is 8, the domain size is ~400Å (Fig. 

S4.22F). Table S1 shows the calculated peak positions, absolute square of the form factor of the basis if 

we assume that single point charges are sitting at each corner of the hexagonal lattice with basis 

consisting of two diametrically opposing atoms around the center of the hexagon, multiplicity of the 

diffraction peak and Miller indices for the corresponding peak. The next to the last column gives a 
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sense of the intensity of the peak that should be observed. But this intensity is further attenuated by 

Debye-Waller factor (thermal fluctuations), so with higher q, peaks should be less and less intense.  

At higher temperatures up to 60 oC, the diffraction pattern of the concentrated solution was stable. A 

dilute solution (50 µM MC 1-DMTP) did not exhibit these diffraction features. This concentration 

dependence is consistent with the M phases in chromonic liquid crystals.4  
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Figure S4.21 Electron micrographs of nanotubes. A). Transmission electron micrograph of a bundle 

of tubes (1-DMTP MC) obtained from solutions with no added TBAP. The bundled structure observed 

here is distinct from those obtained in the presence of TBAP (compare to Figure 2C); Inset of A plots 

the number of photo counts across a bundle of nanotubes indicated by the white bar in A to measure the 

inter-tube distances. B). Electron diffraction of 1-DMTP MC-based nanotubes; C) Scanning electron 

microscopy of 1-DMTP MC-based nanotubes drop cast onto HOPG from its THF solution containing 

200 mM CF3CO2H and 3 mM TBAP. The sample was coated with 2 nm osmium. 
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Table S 4.1 Calculated peak positions of nanotube X-ray diffraction 
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Figure S4.22 X-ray diffraction of nanotubes. A) & B) GI-WAXS linecut along the A) qy axis  and B) 

qz axis of a nanotube-covered HOPG surface (red) using MC 1-DMTP and a control bare HOPG 

substrate (blue); C) Transmission MAXS scattering pattern of a nanotube solution from 3 mM MC 1-

DMTP with peaks indexed for the hexagonal lattice (only one index from a multiplet is shown); D) (10) 

peak from the SAXS detector; E) Polarized light micrograph of a drop cast film of nanotubes from MC 

1-DMTP; F) Model of hexagonal arrangement among the tubes with 5.69 nm distance between 

neighboring tubes based on the data in C&D. 
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3. FTIR and ESI-MS.  For FTIR, a nanotube solution (from 100 µM MC 1-DMTP with 200 mM 

CF3CO2H) was allowed to ripen before centrifugation in an Eppendorf tube to form a red pellet. After 

brief rinse to remove excess CF3CO2H, the pellet was dried under vacuum for FTIR analyses. As-

synthesized MC 1-DMTP yellow powder was used as control. 

 

Figure S4.23 FTIR of 1-DMTP-MC before (blue) and after (red) tube formation in acids.  

 

 

Figure S4.24 Hydrolysis of di-imine model compound 3 under high acidity.  
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4. Reversible, photo- and sonication induced Nanotube formation. To demonstrate reversibility, a 

nanotube suspension (100 µM 1-DMTP MC with 3 mM TBAP) in 200 mM CF3CO2H was imaged as a 

drop cast film by AFM before injection of 200 mM NEt3 in the final solution for neutralization. The 

neutralized solution was drop cast for AFM imaging before injection of 200 mM CF3CO2H in the final 

solution to re-acidify. The re-acidified solution was immediately drop-cast for AFM imaging to confirm 

nanotube formation before aging to form the long nanotubes. 20 mM MC suspension was used for 

reversible gelation using similar procedures. For photo-controlled acid release, 30 mM photoacid 

generator (2-(4-methoxystyryl)-4,6-bis(trichloromethyl)-1,3,5-triazine; Fig. S4.25A) was present in a 

100 µM 1-DMTP MC solution. A capillary was used to pack droplets of solutions containing MC 

solution, PAG, and a mixture of MC and PAG separated from each other by air. The assembly of MCs 

in the presence of PAG can be driven by a 405 nm laser (5 mW; See Supplemental Movie S4.8) as 

confirmed by the color changes and AFM imaging of a drop cast film, promising spatial control of self-

assembly. For sonication-induced nanotube formation, we dispersed 1 mM 1-DMTP MC in 1,2-

dichloroethane, a well-known mechanical acid-generator that releases HCl upon sonication.6 MCs did 

not fully dissolve because 1 mM exceeds its solubility. Bath sonication induced the typical color change 

seen for the formation of nanotubes. Color change and nanotube formation occurred within 10 mins of 

sonication followed by gelation within 12 h, as confirmed by AFM. 

5. Crosslinking of Nanotubes. Photo-crosslinking of nanotubes (assembled from 1-DMTP MC) 

deposited on HOPG was conducted using the set-up illustrated in Fig. S4.25B. Trace amount of photo 

initiator 2,2-Dimethoxy-2-phenylacetophenone and 1.7 µM 1,4-butanedithiol were dissolved in 5 mL 

DCM. 1,4-butanedithiol was chosen for its short chain length to maximize interlayer crosslinking (4.6 

Å, Fig. S4.22A) and minimize inter-tubular crosslinking (56. 9 Å, Fig. S4.22F). We found that DCM 

does not dissolve nanotubes deposited on HOPG (Fig. S4.25C & D) such that it can be used as a 

crosslinking and cleaning solvent for nanotubes. A 2 cm x 2 cm HOPG substrate covered with 

nanotubes was submerged in the reaction mixture covered by a piece of fused silica. A hand-held, 60W 

UV lamp was used to irradiate the surface at 254 nm for 1 h before washing and characterization. A 

range of 1,4-butanedithiol concentrations was screened to optimize the crosslinking so that the reaction 

occurred with good efficiency and provided intermolecular crosslinking. The cross-linked nanotubes on 
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HOPG were then soaked in copious amounts of THF before washing. The success of crosslinking was 

confirmed by XPS (the chemical environment of sulfur) and solvation resistance of the resulting 

nanotubes in both THF and NEt3/THF. Control experiments included 1) omitting the photoinitiator; 2) 

omitting the 1,4-butanedithiol; 3) not irradiating the sample; 4) using MCs that had alkane-terminated 

side-chains (instead of alkenes). The nanotubes generated from each of these control experiments, after 

being drop-cast on HOPG, did not resist washing in THF or NEt3. The nanotubes also were crosslinked 

in suspension using the experimental setup depicted in Fig. S4.25B, which was charged with 5 mL of an 

assembled nanotube solution (100 µM 1-DMTP, 200 mM CF3CO2H, 3 mM TBAP in THF), trace 

amount of photo initiator 2,2-Dimethoxy-2-phenylacetophenone, and 1,4-butanedithiol (1.7 µM). After 

1 h irradiation, the mixture was centrifuged down to form a brown pellet and washed with THF before 

re-disperson in THF for drop cast imaging on a carbon TEM grid  (Fig. S4.25E), which shows 

individual crosslinked nanotubes with minimal inter-tubular crosslinking. 
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Figure S4.25 Photo-crosslinking of nanotubes. A) Photoacid generator 2-(4-methoxystyryl)-4,6-

bis(trichloromethyl)-1,3,5-triazine; B) Schematic of the experimental conditions used for photo-

crosslinking. A hand-held UV lamp (254 nm wavelength, 60 W) was used as the light source. 

Irradiation took place through a fused silica cover to prevent solvent evaporation, and a round, 5 mL 

dish was used as the lower vessel. C) AFM of nanotubes (from 1-DMTP MC) drop cast on HOPG 

immediately after CF3CO2H addition. The nanotubes appear short without ripening; D) AFM of the 

identical nanotube drop cast on HOPG after washing with copious amounts of DCM; E) TEM of 

solution cross-linked nanotubes (from 1-DMTP MC) drop cast on a TEM grid. The cross-linked 

nanotubes were washed with THF through centrifugation, followed by re-dispersion in THF for drop 

casting.  
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D. Molecular Dynamics Simuations 

In order to understand the acid induced self-assembly of the MCs, we perform molecular dynamics 

(MD) simulations to investigate the underlying mechanisms. We simulate with fully protonated 

iminium MCs based on FTIR (Fig. S4.23) and UV-vis absorption (Fig. 2), in addition to the 

significantly lower pKa (in H2O) of CF3CO2H compared with iminiums and its excess concentration 

(200 mM) compared to that of MCs (100 µM).  

1. Simulation method. We carry out the MD simulations using the package NAMD.7 1-DMTP MCs 

are computationally constructed using Avogadro,8 and placed in a 10 nm × 10 nm × 10 nm box filled 

with THF molecules using Packmol.9 For MCs with protonated imines, CF3CO2
- counterions are added 

to maintain charge neutrality. Generalized Amber force field (GAFF)10 is used for all the inter-atomic 

interactions. The partial charges are calculated using Antechamber 1.2711 based on AM1-BCC 

charges.12 Periodic boundary conditions are applied to the x-, y- and z- directions. Particle-mesh Ewald 

(PME) method13 with a grid spacing of 1.0 Å is used to calculate the long-range electrostatic 

interaction. The cutoff for the Lennard-Jones potential is 12.0 Å, and the switch distance for the k-space 

calculation is 10.0 Å. A Langevin thermostat with the damping coefficient of 1 ps-1 is used to keep the 

temperature at 300 K. The pressure is kept at 1 atm. We perform three sets of simulations with respect 

to the initial configurations: In set a), we place two MCs 20 Å apart from each other; in set b), we 

preassemble a pair of MCs at the initial inter-MC distance of 4.6 Å, consistent with the X-ray 

measurement of the inter-layer distance of the nanotubes; in set c), we preassemble 10 MCs into 

nanotubes at the initial inter-MC distance of 4.6 Å. Protonated and deprotonated imine MCs are 

compared in each set of the simulations. In order to understand the self-assembly of protonated MCs 

into nanotubes, we also perform steered MD (SMD)14 for the initial configuration similar to set b). All 

simulations are performed with a time step of 1 fs. 

2. Association of counterions to protonated sites. In set a) where two protonated MCs are initially 

placed 20 Å apart, we observe that the CF3CO2
- counterions travel towards the protonated sites during 

the initial 1 ns of the simulation and then attach persistently to those sites (Supplemental Movie S4.2). 

The inset of Fig. S4.26a shows N-CI radial distribution function (RDF), where N denotes protonated N 
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and CI denotes counterions, indicating that the number of CI adjacent (within ~5 Å) to N is very high. 

In Fig. S4.26a we also characterize the escape lifetime of CI-N pairs via the time correlation function,15 

which remains almost flat even up to 6.5 ns, 1/10 of the simulation time, indicating that the association 

of counterions with the protonated sites remain remarkably stable (also in Supplemental Movie S4.2). 

We attribute the strong correlation between the protonated sites and the counterions to the low 

permittivity of THF ( εr = 7.6),16 which is an order of magnitude smaller than water, making 

electrostatic energy 10 times greater than that in water, and ion distribution that cannot be appropriately 

described by the Debye-Hückel theory. 

3. Protonation sites bound across MCs. We notice that after about 1 ns of the simulation, the 

protonated N’s from two separate MCs in set b) start to bind together. Fig S4.26b shows that the 

distance between the two N atoms in each bound site pointed at by arrows P1 – P4 in Figure S26b in the 

main text remains stable, and the inset of Fig. S4.26b shows the distance in the initial 5 ns.  

In addition, the N-N distance of binding sites P3 and P4 are larger than that of P1 and P2, since they are 

closer to the unbound regions where the MCs are still searching for energy minimum by the adjustment 

of side chains. The side chains cause steric hindrance that slows down the binding process, which is 

probably why we do not observe more protonation sites binding together during the limited simulation 

time. On the other hand, the side chains also inhibit the MCs to assemble side by side via electrostatic 

attraction. 

It is interesting that CF3CO2
- counterions always embrace the binding sites, instead of interstice 

between the N pairs forming the binding sites. This can be understood by the fact that the protonated N 

is comprised of N-H pairs, and the counterions are directly attracted to the protons instead of N’s. Since 

protons point away from the MC to which they are attached, the counterions are directed outward from 

the MCs. We examine this explanation by calculating the distribution of the N-H…CI angle, θ, for 

attached protonated N and counterion pairs. Fig. S4.26 c) shows that θ is most populated around 170 

degrees, supporting the abovementioned explanation.  
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4. Steered molecular dynamics. SMD is performed on the two preassembled and relaxed protonated 

MCs by constraining three of the N atoms of one of the MCs in the z- direction and pulling three of the 

N atoms of another MC (Fig. S4.27a&b) shows the mean force as well as the number of bound N-N 

pairs across the MCs.  

The number of N-N pairs is counted based on a cutoff of 5.25 Å, shown in Fig. S4.27b. The larger 

number of bound N-N pairs in Fig. S4.27b correspond to the lower potential of mean force presented in 

Figure 3D in the main text, indicating that a large number of bound pairs are preferred. The number of 

bound pairs by direct counting is in agreement with the value characterized by a shifted Sigmoid 

function: 𝑠 𝑡 = !
!!!"#!! !!!!!!!

, where 𝑟 is the N-N distance, and N is a protonated N in the MCs, 

𝑟! = 4.56 is the peak location of the N-N radial distribution function, and 𝑟! is a shifting parameter. 

 

5. Cohesive energy calculations. In order to understand the physical nature of the driving force for the 

self-assembly of the protonated imine MCs, we calculate the electrostatic contribution to the cohesive 

energy per MC directly from the trajectories of 10 preassembled imine MCs.17 The electrostatic energy 

is scaled by the inverse of the solvent permittivity (5.0) calculated from the fluctuation of the mean 

square of the total solvent dipole moment, such that the electrostatic contribution from solvent 

molecules is implicitly considered.18 

Fig. S4.28 a) shows the electrostatic contribution to the cohesive energy per MC for deprotonated MCs 

and for protonated MCs. While the electrostatic cohesive energy is of very small magnitude for the 

deprotonated MCs, such energy is about -320 kcal mol-1 (~-540 kBT) for the protonated MCs. The 

electrostatic contribution to the cohesive energy is on the same order of magnitude of, but larger than 

that calculated from the simple electrostatic calculation in the main text (~-297 kBT).  This difference is 

due to the long-range electrostatic interaction beyond 1st nearest neighbors, and also due to the 

overestimate of permittivity by the GAFF force field, and might also be associated with the neglect of 

the partial charge distribution within the MCs in the latter calculation. We also note that simply scaling 

the electrostatic energy by the bulk permittivity underestimates the electrostatic cohesion, since the 



 

 4-54 

polarizability of solvent molecules with the presence of charges is in general reduced19 and the 

permittivity can also vary over space20 around charged MCs. 

To further investigate the importance of the electrostatic interactions, we also calculate the difference 

(ΔEvdw) of the van der Waals interaction per MC between the assembled and the dissembled states. 

ΔEvdw includes all intermolecular van der Waals interactions: 

𝛥𝐸!"# = 𝛥𝐸!"#$%&'!!"#$%&' + 𝛥𝐸!"#$%&'!!"#$%& + 𝛥𝐸!"#$%&!!"#$%&, where the solutes include the imine 

MCs and the counterions. The van der Waals interaction energy in the dissembled states is obtained 

from simulations with the same box size but containing only one MC, assuming the energy change is 

additive with respect to the number of MCs in the dissembled states given the solution is dilute with 

respect to MCs. Such an assumption works since van der Waals interaction is short-ranged. 

Fig. S4.28 b) shows that the magnitude of ΔEvdw for both the protonated and the deprotonated MCs are 

more than 10 times smaller than the electrostatic interaction for the protonated MCs. The small ΔEvdw 

for the protonated MCs corroborates that the self-assembly of protonated MCs is driven by the 

electrostatic attraction instead of van der Waals interactions. In particular, unlike the cyclic peptide 

nanotubes where the self-assembly of the cyclic peptide rings into nanotubes relies on the hydrogen 

bond formation,21,22 the 1-D self-assembly of the imine MCs is driven by the counterion-mediated 

electrostatic attraction. The latter leads to larger cohesive energy not only because of the ionized MCs 

but also because the counterions make an important contribution to the cohesion. On the other hand, the 

slightly positive ΔEvdw for the deprotonated MCs is consistent with the fact that deprotonated MCs 

prefer to dissemble. 

6. The radial distribution functions. Radial distribution function for N-N, CI-CI and H-CI pairs are 

shown in Fig. S4.29, where H denotes protons attached to N. The peak of N-N RDF indicates the 

distance between N’s from two adjacent MCs, consistent with X-ray diffraction measurement. 
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Figure S4.26 Counter ions in protonated MCs. a) The N-CI lifetime. The inset shows N-CI radial 

distribution function. b) The number of CI-N pairs for the case of two protonated MCs in simulation set 

a). The inset shows the distances in the initial 5 ns of the simulations. c) The distribution of N-H…(CI) 

angle, where CI denotes the charge center of a CF3CO2
- counterion.   
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Figure S4.27 Steered molecular dynamics. a) The setup of SMD simulations. b) The mean force 

(black solid curve) and the number of bound N-N pairs across the two protonated MCs calculated by 

counting based on a cutoff of 5.25 Å (red dashed curve) and by the shifted Sigmoid function (blue 

dotted curve). 
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Figure S4.28 Electrostatic cohesive energy calculations. a) The electrostatic cohesive energy per MC 

for deprotonated MCs (red curve) and for protonated MCs (blue curve). b) The difference between the 

inter-molecular van der Waals interaction energy between the assembled and dissembled states per MC 

for deprotonated MCs (red curve) and for deprotonated MCs (blue curve). The insets are the snapshots 

in the beginning and at the end of the simulations. 
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Figure S4.29 Radial distribution for CI-CI, N-H and H-CI pairs calculated from the simulation of 

10 preassembled protonated MCs. 
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CHAPTER 5 THE BIOINTERFACE OF GRAPHENE OXIDE NANOSHEETS 

 

Abstract: 

The complex bio-interface of 2D networks such as graphene oxide (GO) has attracted intense interest 

for their use in living systems and environmental applications. GO’s compatibility with mammalian 

cells is sometimes inferred from its low cytotoxicity, but such conclusions ignore non-lethal effects that 

will influence GO’s utility. Here we demonstrate, with rat basophilic leukemia (RBL) cells, profound 

plasma membrane (PM) ruffling and shedding induced by GO using confocal and live cell fluorescence 

microscopy, as well as scanning electron microscopy. These membrane structures contain 

Immunoglobulin E receptors, are resistant to detergents, and lack detectable fluorescence labeling of F-

actin and fibronectin. Formation of these membrane structures correlates with a loss of contact 

inhibition between RBL cells. We observe similar cellular responses towards GO for NIH-3T3 

fibroblast cells and MDA-MB-231 human breast cancer cells. GO treatment further inhibits the 

individual and collective migratory behavior of HeLa cervical carcinoma and rat basophilic leukemia 

(RBL) cells in culture. Live cell microscopy reveals that membrane structures shed in the presence of 

GO enhance cell-cell and cell-substrate attachment. GO-induced PM shedding does not require 

cytoskeletal activity and instead results from PM curvature changes. We attribute these PM curvature 

changes to the steric demands of GO nanosheets self-assembled onto the PM. GO-induced PM 

curvature remodeling disrupts PM morphology and function. The shed membranes further inhibit 

cancer cell migration in vitro. These results reveal a novel cellular response towards foreign 

nanomaterials and demonstrate its intriguing potential for mediating cell adhesion in tissue-level 

mechano-therapeutics and the biophysical effects of 2D nanomaterials. Membrane ruffling and 

shedding raise fundamental questions about how GO interacts with the PM, as well as its potential to 

modulate cellular mechanosensing for tissue engineering, stem cell differentiation, and other biomedical 

applications. 
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5.1 Introduction 

Two-dimensional nanomaterials offer a distinct combination of properties, including high surface-area-

to-volume ratios, mechanical flexibility and toughness, and the potential for multivalent interactions, all 

of which are of interest for biomedical applications.1–6 For example, graphene oxide (GO) nanosheets 

promote cardiac repair7 and stem cell chondrogenic differentiation8 and comprise proposed tissue 

engineering scaffolds.9 Evaluating the safety and biological activity of 2D nanomaterials is an essential 

yet complex prerequisite for realizing these applications.10–13 Many reports assume that GO is benign 

because it generally exhibits low cytotoxicity, which varies somewhat as a function of its dimensions 

and aggregation state,14–18 the nature of its functional groups,19 as well as the specific assay and cell 

type under study.19,20 Long-term incubation of mammalian cells with GO has been found to induce 

inflammatory responses and macrophage necrosis,21,22 but reports of acute cellular responses after GO 

treatment are rare.23 Nevertheless, the nature of the interface between dispersed GO and cells is poorly 

understood,18,24 and the possibility of these nanomaterials inducing non-lethal cellular responses is not 

considered or evaluated by most studies. 

 

Here we show that GO stimulates membrane ruffling and shedding in three mammalian cell lines and 

characterize this behavior in detail using rat basophilic leukemia (RBL) mast cells. After incubation 

with GO, RBL cells lose their characteristic contact inhibition and large amounts of peripheral 

membrane structures are generated, most of which detach from the cells and cover the substrate. The 

separated membrane fragments contain IgE receptors (FcεRI), are resistant to detergent solubilization, 

and do not show detectable F-actin or fibronectin by fluorescence labeling. In the presence of GO, most 

RBL cells remain alive but proliferate into uncharacteristic multilayer clusters, even before reaching 

confluence. We also observe similar membrane shedding for NIH-3T3 mouse fibroblast cells and 

MDA-MB-231 human breast cancer cells. These findings raise questions regarding how GO affects 

cellular mechano-sensing as it relates to adhesion,7 polarity, motility,25 and receptor-mediated chemical 

signaling.21–23,26 These previously uncharacterized effects of GO on the PM and on cellular behavior are 
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particularly noteworthy given interest in functionalized GO for tissue repair,7,9 stem cell research,8 and 

cancer therapy.27    

5.2 GO-Induced Loss of Contact Inhibition 

The interaction of GO with RBL mast cells was evaluated using commercial samples of graphene oxide 

(Sigma) monolayer dispersion that were prepared through the common Hummers oxidation procedure 

(see Supporting Information for characterization details).28 Little trypan blue staining of nuclei in these 

GO-treated RBL cell samples (Fig. S5.1A) revealed low cytotoxicity, consistent with previous 

studies.14,20,23 This impermeability to trypan blue also suggested that GO treatment did not cause severe 

leakiness of the plasma membrane (PM). However, elevated GO concentrations (100 µg/mL) caused 

RBL cells to lose their characteristic contact inhibition.29 Adherent RBL cells at either a low cell 

density (20% confluence) or a high cell density (80% confluence) were incubated in the presence or 

absence of GO (100 µg/mL) in buffered salt solution (BSS, pH 7.4) for 4 h at 37 °C, washed and 

cultured overnight in full medium, and finally labeled with fluorescent AlexaFluor-555 (A555) cholera 

toxin B subunit (CTxB) in BSS. GO exposure for 4 h did not change the initial RBL cell density, 

indicating that the incubation procedure does not cause a loss of cell adhesion or cell death. No 

significant aggregation or change of dispersed GO concentration was observed during these 

experiments or others described below. (Fig. S5G & Supplemental Experimental Procedures). In the 

absence of GO, RBL cells stop proliferating after forming a confluent monolayer (compare Fig. 5.1C 

with Fig. 5.1D). However, RBL cells plated at a high initial cell density and incubated with GO 

(followed by washing) formed a second layer of cells that was 80% as dense as the bottom layer (Fig. 

5.1A-B). Experiments performed at a lower initial cell density indicate that these multilayers can 

develop even before the cells form a confluent surface-attached layer (Fig. 5.1E-F; See also Fig. S5.1B-

C). As expected, only surface-attached RBL cell monolayers are observed in low-density samples that 

were not incubated with GO (Fig. 5.1G-H). The multilayer growth of GO-treated RBL cells was further 

visualized at XZ and YZ sections of 3D reconstructed multilayer cell clusters fluorescently labeled on 

the PMs and nuclei. (Fig. S5.1D-E) This uncharacteristic formation of cellular multilayers and loss of 

contact inhibition suggests that GO can perturb the RBL cell plasma membrane (PM), thereby affecting 
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cell-cell communication and the recognition of specific environmental cues. These observations 

motivated further experiments to characterize the extent of GO’s effects on RBL cells. 

 

Figure 5.1 Confocal micrographs of A555-CTxB-labeled RBL cells (left: A555-CTxB channel; 

middle: bright field (BF); right: Overlay). A, B) Top and bottom layer, respectively, of RBL cells at 

an initially high density that were incubated with GO (100 µg/mL) prior to washing and proliferation. 

C, D) Top and bottom layer, respectively, of RBL cells initially at a high density that were not treated 

with GO prior to washing and proliferation. E, F) Top and bottom layer, respectively, of RBL cells at an 

initially low density that were incubated with GO (100 µg/mL) prior to washing and proliferation. G, H) 

Top and bottom layer, respectively, of RBL cells initially at a low density that were not treated with GO 

prior to washing and proliferation. Scale bars: 50 µm.  

 

5.3 GO Distribution after Incubation with RBL Cells 

Labeling GO sheets with a fluorescent probe enabled its imaging and unambiguous identification after 

incubation with RBL cells. Because the graphitic regions of GO quench many fluorophores,30 we 

attached the charge-neutral fluorophore BODIPY to a tripodal graphene binding motif (Fig. S5.2A-

B).31–33 The tripod binds to graphitic surfaces through three pyrene groups, which projects the 
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fluorophore away from the surface and maintains its bright fluorescence.31 The GO sheets 

functionalized non-covalently with tripodal fluorophores remained well dispersed in BSS and during 

incubation with cells. RBL cells incubated with BODIPY-labeled GO (GO-BODIPY) also formed 

cellular multilayers (Fig. S5.1B-C), indicating that GO and GO-BODIPY have similar effects. Adherent 

RBL cells were incubated with GO-BODIPY (100 µg/mL in BSS, 4 h), after which the cells were 

washed with BSS to remove unbound GO-BODIPY. Confocal microscopy of RBL cells revealed the 

presence of GO-BODIPY as immobilized fluorescent particles that colocalized with dark particles in 

the bright-field images (Fig. S5.2C). All GO-BODIPY particles visible and in-focus in the bright-field 

channel were fluorescently labeled in BODIPY channel. This suggests that GO-BODIPY nanoparticles 

did not lose their fluorescence in the biological environment, consistent with our previous studies31 

(Figs. S5.2C, S5.5 D-E). The degree of GO endocytosis was judged qualitatively by labeling the RBL 

cell membrane with A555-CTxB, which binds to the ganglioside GM1, prior to incubation with GO-

BODIPY (Fig. 5.2A, left path). Some internalization of GO-BODIPY is observed (Fig. S5.2D), which 

increases with GO-BODIPY incubation time (Fig. S5.2E-G), but most of the GO-BODIPY sheets 

appear colocalized with the PM in top-down images (Fig. S5.2D, white arrowheads). XZ and YZ 

sections of GO-BODIPY treated RBL cells also revealed the PM localization of GO-BODIPYs. (Fig. 

S5.2H) However, 3D reconstructions of the RBL cells depicted in Fig. 5.2B reveal that most of these 

GO-BODIPY particles are not directly associated with the A555-CTxB-labeled PM (Fig. 5.2B-C). They 

instead appear as fixed particles that are displaced above and around the PM, and the amount of these 

displaced GO-BODIPY particles increases after longer incubation times (Fig. S5.3A-D). Notably, GO 

itself is not labeled by A555-CTxB in the absence of RBL cells under similar conditions (Fig. S5.5A), 

confirming that any A555-CTxB fluorescence observed is confined to the RBL cell. These unexpected 

observations led us to hypothesize that the displaced GO-BODIPY particles were immobilized on new, 

non-A555-CTxB-labeled cell-derived structures.  
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Figure 5.2 3D reconstructions of A555-CTxB-labeled RBL cells incubated with GO-BODIPY. A) 

Two experimental protocols for RBL cell labeling and GO incubation. Left path: RBL cells were first 

labeled using A555-CTxB and then incubated with GO-BODIPY for 4 h. Right path: RBL cells were 

first incubated with GO-BODIPY for 4 h, after which they were labeled with A555-CTxB. B, C) 3D 

reconstructions of RBL cells incubated with GO-BODIPY after A555-CTxB labeling (left path in A). 

Blue, green, and white arrowheads mark the same cells shown with the different 3D perspectives in B 

and C, respectively. D, E) 3D reconstructions of RBL cells incubated with GO-BODIPY before A555-

CTxB labeling (right path in A). Purple and gray arrowheads point to the same cells shown with the 

different 3D perspectives in D and E, respectively. These are the only two cells (or part of cells) within 

the field of view. Other A555-CTxB labeled structures have been identified to be non-cell structures 

from the bright-field image and F-actin labeling (see below). 

 

Reversing the order of the A555-CTxB labeling and GO-BODIPY incubation procedures provided 

distinct micrographs that are consistent with this hypothesis. When the RBL cells were labeled with 

A555-CTxB after GO incubation (Fig. 5.2A, right path), similar colocalized GO-BODIPY particles are 



 

 5-8 

observed, but these appear directly associated with, and not displaced from, the labeled cellular 

structures (Fig. 5.2D-E). These observations suggest that GO-BODIPY is immobilized on new cellular 

structures that are formed during incubation, and that these structures are not labeled effectively by the 

A555-CTxB that is already present on the PM when GO is introduced. However, the new structures are 

readily labeled by A555-CTxB after GO-BODIPY incubation. Although we do not yet have a 

conclusive explanation, this difference in A55CTxB labeling before and after GO-BODOPY treatment 

may be related to previous observations that stimulated PM ruffles are populated largely by exocytosis 

of recycling endosomes.34 

 

5.4 SEM Characterization of Membrane Ruffles and Fragments 

We employed scanning electron microscopy (SEM) as a complementary technique to visualize the 

cellular structures induced by incubating RBL cells with GO. Adherent RBL cells were treated with GO 

suspensions (100 µg/mL in BSS, 4 h) before washing, fixation, and supercritical drying. The RBL cell 

samples were imaged on an indium tin oxide (ITO) coated coverslip without a conductive coating to 

reveal sample details, such that charging effects were inevitably present in the images. Control samples 

that were not incubated with GO show RBL cells with a uniform morphology typical of this cell type 

with clearly visible microvilli (Fig. 5.3A-C).35 In contrast, cells incubated with GO appear to be encased 

in web-like structures (Fig. 5.3D-F), which are more prevalent with increased GO dosage (Fig. S5.3E-

G). The web-like structures appear to emanate from cell bodies and sometimes extend tens of microns 

to cover neighboring cells, which are reminiscent of membrane ruffles (Fig. 5.3E).35–37 Some of these 

structures are detached from the cells and appear as either thin fragments with 3D features or wrinkled 

and absorbed to the substrate. Many cells are completely covered by these structures (Fig. 5.3F). Their 

prevalence, extended size, and distinct morphology, as well as their low amounts of punctate 

fluorescence when generated as a result of GO-BODIPY treatment (Fig. S5.2C & S5.5D), indicate that 

the structures are not simply GO or GO aggregates. They most likely originate from the RBL cells and 

are responsible for the unexpected immobilization of GO-BODIPY depicted in Figure 5.2. We 

hypothesized that these cell-derived structures comprise a mixture of membrane ruffles and shed 
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membrane fragments, and we designed additional imaging experiments with GO-treated RBL cells for 

more detailed characterization. Alternative identifications of the apparent membrane fragments will be 

discussed following these experiments.  

 

Figure 5.3 SEM micrographs of RBL cells incubated in the presence and absence of GO. A-C) 

RBL cells incubated in BSS buffer for 4 h, then fixed. Scale bars: A) 50 µm; B, C) 10 µm. D-F) RBL 

cells incubated with GO (100 µg/mL) in BSS buffer for 4 h, then fixed. Scale bars: D) 50 µm; E, F) 10 

µm. 

 

5.5 Confocal Microscopy of Membrane Ruffles and Fragments 

Adherent RBL cells were incubated with GO-BODIPY (100 µg/mL, BSS, 4 h), washed, and labeled 

with A555-CTxB. Following this standard procedure, the samples were fixed, permeabilized, and 

treated with A647-phalloidin, which labels F-actin for visualization of cell boundaries. A555-CTxB 

labeling performed after GO-BODIPY incubation reveals apparent membrane fragments that exhibit 

almost no F-actin labeling. This difference enables the separated membrane fragments to be 
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distinguished from cell-associated membranes (Fig. 5.4A, white arrowheads). Specifically, membrane 

fragments are faintly visible in the bright-field image and are labeled by A555-CTxB (Fig. 5.4A). 

Phalloidin labeling of these structures is below the observable threshold, whereas cells can still be 

clearly identified in the phalloidin channel. GO-BODIPY particles are associated with the shed 

membrane fragments (Fig. 5.4A) and with cell-associated PM ruffles (Fig. 5.4B-D), similar to those 

observed in Fig. 5.2D. 3D reconstructions (Fig. 5.4C-D) of the cell shown in Fig. 5.4B reveal that GO-

BODIPY particles associate with the PM ruffles. The reconstructed image with overlaid phalloidin and 

BODIPY channels (Fig. 5.4D) mimics the displaced GO particles observed in Fig. 5.2C, and the GO-

BODIPY particles are clearly associated with the PM ruffles when the A555-CTxB channel is overlaid 

with the other images (Fig. 5.4C). Finally, structured illumination microscopy (SIM) imaging provided 

enhanced details as to the texture, morphology, and 3D features of the cell-associated PM ruffles and 

shed membrane fragments (Fig. S5.4A, S5.5D-E), yielding results consistent with our interpretation of 

confocal images (Figs. 5.2 and 5.4). 

 

Figure 5.4 Confocal microscopy of membrane fragments, GO-BODIPY, and RBL cells after 

A555-CTxB and phalloidin labeling. A) Confocal microscopy images of A555-CTxB, GO-BODIPY, 

and A647-phalloidin channels, as well as the corresponding bright-field image of RBL cells incubated 
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with GO-BODIPY. White arrowheads in the A555-CTxB channel image indicate membrane fragments 

with associated GO-BODIPY particles. Scale bar: 20 µm. B) Confocal microscopy images of A555-

CTxB-labeled membrane ruffles still attached to an underlying RBL cell. Scale bar: 10 µm. C-D) 3D 

reconstructions of the RBL cell shown in B. Overlaid A555-CTxB, GO-BODIPY, and A647-phalloidin 

channels are shown in C. The 3D reconstruction shown in D is the same as C but now with the A555-

CTxB channel removed.  

 

Figure 5.5 Confocal micrographs of RBL cells and membrane fragments after A488-IgE and 

phalloidin labeling. A) RBL cells incubated with GO (100 µg/mL, 4 h), washed with BSS, and labeled 

with A488-IgE are fixed and labeled for F-actin with A647-phalloidin. B) Membrane fragments 

observed elsewhere in the same sample. C) A representative confocal micrograph at lower 

magnification reveals the abundance of membrane fragments (green) around RBL cells (blue). Confocal 

and bright-field microscopy images of D) membrane fragments from RBL cells treated with 100 µg/mL 

GO for 4 h and washed before incubation with unlabeled IgE, followed by addition of A488-IgE. E) 

Membrane fragments from RBL cells treated with 100 µg/mL GO for 4 h and washed before A488-IgE 

labeling. Scale bars: 20 µm. 
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In addition to A555-CTxB labeling, membrane fragments shed from RBL cells can also be labeled by 

AlexaFluor 488 Immunoglobulin E (A488-IgE), indicating that these structures contain IgE receptors. 

Adherent RBL cells were incubated with GO (100 µg/mL, BSS, 4 h), washed, labeled with A488-IgE, 

fixed, and finally labeled with phalloidin for F-actin. Similar to treatments described previously (Fig. 

S5.4D-E), RBL cells also show noticeable morphological changes after this procedure, including 

additional spreading and variable surface topography (Fig. 5.5A). A488-IgE-labeled membrane 

fragments shed during GO incubation were also co-labeled by both A488-IgE and A555-CTxB (Fig. 

S5.5C) to confirm their similarity to those observed in other experiments. These shed membrane 

fragments prominently decorate the entire substrate.  

 

Notably, the membrane fragments labeled with A488-IgE are significantly more fluorescent than the 

RBL cell PM (Fig. 5.5B). Membrane ruffles are observed still attached to some RBL cells (Fig. S5.5F), 

and, much like the A555-CTxB labeling experiments described above (Fig. 5.2), these structures show 

almost no labeling when A488-IgE is introduced before GO incubation. We considered whether the 

significantly enhanced A488-IgE labeling efficiency of the membrane ruffles and fragments could be 

explained by nonspecific binding. To address this question, we extracted the membrane fragments by 

CHCl3/MeOH. The dispersal of the A488-IgE labeled membrane fragments in organic solvents suggests 

that the association of A488-IgE to the membrane fragments is mediated by lipids, not electrostatic 

attraction to GO’s anionic functional groups. In addition, GO-incubated RBL cells were treated with 

unlabeled IgE for 1 h, followed by a 5:1 mixture of unlabeled IgE and A488-IgE for an additional 3 h. 

Under these conditions, the non-fluorescent IgE blocked A488-IgE labeling on both the PM and 

membrane fragments (Fig. 5.5D), compared to a control experiment that used only A488-IgE (Fig. 

5.5E). These experiments suggest that IgE binds specifically to receptors that are present on the 

membrane fragments. They appear to be at a higher density than on the RBL cell surface as evidenced 

by the increased A488-IgE brightness of the fragments. Our A488-IgE labeling results are consistent 

with A555-CTxB labeling experiments (Fig. 5.2), further suggesting that the structures formed as a 

result of GO incubation come from a membrane pool that does not incorporate fluorescent labels 

present on the PM before GO is introduced. 
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Live cell microscopy was used to observe membrane ruffling and fragmentation directly. RBL cells 

cultured on imaging dishes were labeled with A488-IgE and placed on the microscope, kept at 37 ˚C. 

Approximately half of the RBL cells exhibited membrane ruffling and fragmentation within 2 h after 

the addition of GO. (See Supplemental Movies_S5.1 & S5.2) Real time imaging confirmed that the 

observed membrane ruffles and fragments are new cellular structures that form upon interaction with 

GO. A significant loss of PM fluorescence occurred when cells shed membranes, consistent with 

internalization of the A488-IgE-receptors apparent in the movie and possible loss to the peripheral 

membrane structures. This may explain why the cells are dimmer than the membrane fragments when 

A488-IgE labeling is performed after GO treatment. (Fig. 5.5B) When A488-IgE labeling was 

performed prior to GO treatment (See Supplemental Movies_S5.1 & S5.2), the shed membranes could 

not be observed in A488 channel. The membrane structures (Fig. 5.4 & 5.5) do not appear as membrane 

vesicles [microvesicles38 or giant plasma membrane vesicles (GPMVs or blebs)39], but it is possible that 

such vesicles quickly rupture in the presence of GO and lose their characteristic morphology.40 

Significant membrane ruffling and fragmentation from the PM might also be related to PM 

permeabilization reported previously,23 which occurs on a similar time scale and as a consequence of 

PM penetration by multilayer GO or graphene aggregates.17,18 However, the monolayer GO dispersions 

in our study did not aggregate or precipitate significantly in BSS after incubation with cells. (Fig. 

S5.5G)   

 

An anti-fibronectin (FN) antibody was used to evaluate the presence of this extracellular matrix (ECM) 

protein with the membrane fragments. RBL cells were incubated with GO (100 µg/mL, 4 h), washed, 

A488-IgE labeled, fixed, and labeled with anti-FN antibody and A647-tagged secondary antibody. 

Cells, clearly identifiable in bright-field images, exhibit patches of FN at their periphery, consistent 

with spontaneous RBL cell adhesion. The membrane fragments are poorly labeled, which suggests that 

these structures do not contain or associate with this ECM protein (Fig. S5.6E). Although FN was not 

clearly detected, membrane fragments might incorporate other ECM proteins or rely on other PM 

components to adhere to the imaging dish surface.  



 

 5-14 

 

5.6 Resistance to Detergent Solubilization of Membrane Fragments 

The absence of observable fibronectin labeling prompted further study of the stability of substrate-

adherent membrane fragments. The GO-induced membrane fragments resist solubilization by Triton X-

100 (TX-100). Membrane solubilization was characterized by time-lapse microscopy of A488-IgE-

labeled cells and membrane fragments after the addition of BSS containing 1% TX-100. A488-IgE-

labeled cells lose their integrity within minutes under these conditions, but nearby membrane fragments 

appear unaffected (see Supplemental Movie S5.3). A555-CTxB-labeled membrane fragments behave 

similarly, indicating that the response is not specific to the A488-IgE label (see Supplemental Movie 

S5.4). Previous work associates the detergent resistance of membranes to altered interactions with the 

cytoskeleton, suggesting the possible presence of F-actin on GO-stimulated membrane structures.41 If 

so, the detergent resistance of membrane fragments may explain the lack of phalloidin labeling of these 

structures, because phalloidin labeling generally requires membrane permeabilization by the TX-100 

surfactant.  

 

Here we consider the possibility of GO aggregating with lipids extracted from the PM into the observed 

membrane structures, because the detergent resistance of the membrane fragments raised questions 

about the nature of these new membranes, and previous studies revealed the interactions between GO 

and various model lipid structures.24,40 We think this possibility is unlikely. Firstly, GO is unlikely to 

form electrostatic aggregates with shed PM lipids due to limited amounts of cationic lipid species in the 

outer leaflet of mammalian cell PM. The hydrophobic nature of the A488-IgE labeled membrane 

fragments is also evident by the dissociation of A488-IgE in CHCl3/MeOH. Secondly, dispersed GO is 

stabilized by electrostatic repulsions and does not aggregate laterally with physiosorbed lipids to form 

micron-scale thin films, which has been noted in previous studies.40 The insignificant change in [GO] 

after incubation with cells also suggests minimal loss of GO through aggregation and precipitation (Fig. 

S5.5G). In addition, the membrane fragments do not label similarly as GO: The membrane fragments 

lacked BODIPY labeling in GO-BODIPY treated RBL cells. In the unlikely event that BODIPY-tripods 
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were displaced from GO, unmodified GO quenches the fluorescence of A555-CTxB and A488-IgE (Fig 

S5.5A-B). We also collected the membrane fragments and extracted them into yellow oil for liquid 

chromatography-tandem mass spectrometry (LC/MS-MS). Characteristic PM lipid species, such as 

phosphatidyl cholines and sphingomyelins, were abundant in the fragments (Fig. S5.5I). Lastly, live cell 

imaging of the shedding process revealed the formation of the membrane fragments from the PM by 

cells. Taken together, these observations cast doubt that the observed structures are GO/lipid 

aggregates. 

 

The membrane fragments also resist trypsinization procedures routinely used to harvest cells. 

Incubation with trypsin (see Supporting Information for experimental details) causes a control sample 

of RBL cells to become more rounded (Fig. S5.6D), after which shear forces can detach them from the 

substrate. In GO-treated cell samples, membrane fragments appear unchanged during this procedure 

(Fig. S5.6B). This insensitivity to trypsinization is consistent with our observation that fibronectin was 

not detected in the membrane fragments and suggests that their substrate adhesion occurs through other 

interactions. Although the molecular basis of the increased stability of membrane fragments to 

detergents and trypsin is not clear, it is possible that membrane fragments are chemically cross-linked. 

GO has been characterized as a potent oxidant for preparative organic chemistry,42 and treatment of 

RBL cells may result in the cross-linking of various PM components. However, we are unaware of 

other examples of such reactivity in biological systems. The trypsin-resistant adhesion of membrane 

fragments raises questions of how GO-PM interactions would affect cell mechanosensing related to 

polarity, motility and adhesion, and whether this property provides an explanation for previous 

anecdotal applications of GO as a cell adhesive and stem cell stimulant.7,8    

 

We propose that the interface between GO and the PM is complex and ill defined based on the complex 

nature of the PM. Previous studies of GO and model lipid bilayers revealed electrostatic interactions 

between negatively charged GO and positively charged lipids.43 Computational studies also suggested 

that GO is capable of extracting lipids from the model lipid bilayer through a combination of 

electrostatic and hydrophobic interactions.24 These model studies are informative, but limited when 
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considering the interface between the complex plasma membranes and GO. Firstly, unlike model lipid 

bilayers of artificially constituted charges, the PM outer leaflet does not contains net positively charged 

lipids. It is unlikely that GO would be electrostatically bound to the PM lipids; secondly, the PM lipids 

are layered underneath the abundant membrane-bound proteins and glycans, and therefore are not as 

readily accessible as they are in the simple lipid bilayer models; furthermore, the lateral dimensions of 

GO are orders-of-magnitude larger than the PM-bound molecular species. Therefore, GO nanosheets 

are likely to adhere to compositionally complex patches of the PM rather than to specific PM species. 

These nonspecific interactions might induce complex disruptions in the PM, such as altered 

permeability to molecules. For example, we have made preliminary observations of rapid intracellular 

Ca2+ mobilization in RBL cells upon addition of GO at few µg/mL concentrations, as well as efflux of 

intracellular Ca2+ at several tens of µg/mL GO concentration. Previous studies also reported activation 

of aquaporin and water influx in GO treated cells.23 Yet, no permeability to trypan blue was observed in 

GO-treated RBL cells.  For a functioning cell, such changes in PM permeability to different molecules 

likely reflect perturbations to transmembrane ion channels and other proteins. The PM shedding 

induced by GO likely results from complex biophysical processes occurring in the PM.  These findings 

warrant follow-up studies to understand PM shedding and its function in mammalian cells, particularly 

tumor cells. 44  
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5.7 GO-Induced Membrane Ruffling and Shedding in Other Cell Lines 

 

Figure 5.6 GO-induced membrane ruffling and shedding in other mammalian cell types. Confocal 

microscopy images of A) Control MDA-MB-231 human breast cancer cells labeled with A555-CTxB. 

B) MDA-MB-231 cells that were first labeled with A555-CTxB and then incubated with GO for 4 h. C) 

MDA-MB-231 human breast cancer cells incubated with GO for 4 h, then labeled with A555-CTxB. D) 

Control NIH-3T3 fibroblast cells labeled with A555-CTxB. E) NIH-3T3 fibroblast cells first labeled 

with A555-CTxB and then incubated with GO for 4 h. F) NIH-3T3 cells first incubated with GO for 4 

h, then labeled with A555-CTxB. Scale bars: 20 µm. 

 

The generality of the anomalous effects of GO incubation on RBL cells was evaluated in other 

mammalian cell types. Very similar membrane ruffling and shedding are observed in both NIH-3T3 

fibroblast cells (3T3 cells) and MDA-MB-231 human breast cancer cells (231 cells) after GO 

incubation (Fig. 5.6). As was observed with the RBL cells, membrane ruffles and fragments formed by 

3T3 cells or 231 cells are unlabeled if A555-CTxB labeling is performed prior to GO incubation (Fig. 

5.6B&E). However, when GO incubation is performed prior to A555-CTxB labeling, A555-CTxB-

labeled membrane fragments cover the substrate (Fig. 5.6C&F). The formation of membrane fragments 

in three different mammalian cell lines demonstrates that these anomalous cellular responses are not 
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limited to RBL cells. Further studies are underway to determine how these cellular membrane responses 

relate to disrupted chemical signaling and mechanosensing.25,26,45 

 

5.8 GO-Induced Migratory Inhibition in Cancer Cells 

We hypothesize that GO-induced PM shedding disrupt processes related to cellular motility, such as the 

extension of cellular leading edges, the formation of new cell-cell contacts, the contraction of cell 

bodies, and the release of old contacts. In this way, GO-induced PM shedding might alter cell adhesion 

and migration, which influences tissue repair and disease progression including intellectual 

development disorders and cancer metastasis. For example, malignant tumor cells often show decreased 

cell-cell and cell-substrate adhesion due to altered interactions with neighboring cells and the 

extracellular environment,46,47 yet, to our knowledge, no previous reports have explored the mechano-

therapeutic potential of nanomaterials to reduce the invasiveness of cancer cells.48–50 Here we 

demonstrate the inhibition of cancer cell migration in culture by GO-induced PM shedding. We studied 

the impeded motion of GO-treated HeLa (cervical carcinoma) and RBL (hematopoietic leukemia) cells 

through wound healing assays and single-cell tracking experiments. Notably, the hindered migration of 

cancer cells does not require excess GO to remain in the medium during cell migration. Reduced 

mobility is also observed for untreated RBL cells that were freshly plated on substrates containing PM 

fragments generated by a previous batch of cells. Inhibition of F-actin polymerization and myosin 

activity does not inhibit GO-mediated PM shedding. Instead, live cell microscopy revealed that GO-

induced PM shedding follows a variety of PM curvature changes including PM blebbing, budding, 

tubulation, as well as cell swelling. We hypothesize that changes of PM curvature originate from the 

steric perturbation of GO’s self-assembly on PM surface. We propose that the GO-induced PM 

curvature remodeling is responsible for changes of PM permeability and disruption of cytoskeleton/PM 

linkages that result in PM shedding. These findings reveal biophysical disruptions of PM structure by 

2D nanomaterial’s unique mechanical property and their potential capacity to limit cancer cell 

invasiveness. 
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We evaluated the collective migratory behavior of GO-treated HeLa and RBL cells through wound 

healing assays. Commercial samples of GO that were prepared through the common Hummers’ method 

28 and dispersed as monolayers in deionized water were used. The GO dispersion was previously 

characterized by dynamic light scattering and scanning electron microscopy as having a sheet size 

distribution between several hundred nanometers to a few microns.51 To check first for PM shedding, 

adherent HeLa cells were incubated with 100 µg/mL GO suspended in balanced salt solution (BSS, pH 

7.4) for 4 h before being washed (to remove excess GO). Then washed cells were labeled by Alexa 

Fluor 555 cholera toxin subunit B (A555-CTxB) binding to the ganglioside GM1, followed by fixing 

and labeling filamentous actin (F-actin) with AlexaFluor-647 (A647) phalloidin. We observed A555-

CTxB-labeled shed PM fragments in the GO-treated HeLa cell culture using confocal microscopy (Fig. 

S5.7) similar to those observed with RBL cells.51 Wound healing assays with live cells were carried out 

in full growth medium after washing away excess GO to reflect the behavior of GO-treated cancer cells 

without risk of continued environmental stress from dispersed GO. We did not observe changes of cell 

density in HeLa or RBL cell cultures during or after incubation with GO (Fig. S5.8). The widths of each 

wound were within 25% of one another, which was sufficiently consistent to evaluate the effect of GO 

incubation on each cell type. Untreated HeLa cells are highly migratory and closed wounds within 10 h 

(Fig. 5.7 A & B). The wounds were indistinguishable from unwounded HeLa cell cultures after 19 h. 

Qualitatively similar wound healing was observed in cell cultures treated with GO suspensions of low 

concentrations (1 µg/mL and 5 µg/mL, Fig. S5.9C-F). However, the HeLa cells treated with 20 µg/mL 

and 100 µg/mL GO suspensions showed obvious impediment of cell migration, as their wounds failed 

to close after 10 h incubation (Fig. S5.9G & H; Fig. 5.7C & D). The wounds in 20 µg/mL GO-treated 

HeLa cell cultures closed significantly after 19 h incubation but were still observable (Fig. S5.9I), and 

wounds in 100 µg/mL GO-treated HeLa cell cultures failed to close even after 19 h (Fig. S5.9L). 

Previous studies characterized the concentration dependence of GO-induced membrane shedding 

through SEM.51 100 µg/mL GO suspensions induced large amounts of shed membranes across the 

sample whereas 20 µg/mL GO induced appreciable membrane shedding among only some of the cell 

clusters. Suspensions containing lower concentrations of GO (5 µg/mL and 1 µg/mL) did not induce 
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appreciable membrane shedding. Therefore, the concentration dependencies of GO-impeded wound 

healing and GO-induced membrane shedding are similar.  

 

We further explored the effect of GO incubation on the collective migration of RBL cells, another 

cancer cell line. Because RBL cells do not express E-cadherin, confluent RBL cell cultures do not sense 

the presence of wounds through signaling of E-cadherin mediated cell-cell adhesion.52 Instead, wound 

healing relies on the spontaneous motility of RBL cells, which diffuse into the wounds without obvious 

polarization at the wound edges. Therefore, wound closure is slower for RBL cells than for HeLa cells 

and occurred in untreated RBL cell cultures after 19 h (Fig. 5.7E & F). The wound edges were poorly 

defined during healing such that it was hard to distinguish where the two edges of the wound met (Fig. 

5.7F; compare with Fig. 5.7B). RBL cells treated with 100 µg/mL GO suspensions failed to close these 

wounds compared to the untreated RBL cells (Fig. 5.7G & H). At longer incubation times, GO-treated 

RBL cells still failed to close the wound, but exhibited multilayer proliferation (Fig. S5.10F & I) 

associated with loss of contact inhibition, which we also observed previously.51  

 

 

Figure 5.7 GO-induced inhibition of wound healing in confluent HeLa and RBL cell culture. 

Bright-field micrographs of (A-B) a freshly stricken wound on an untreated confluent HeLa cell culture 

(A) and wound healing after 10 h (B); (C-D) a fresh wound stricken on a 100 µg/mL GO-treated 
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confluent HeLa cell culture (C; The HeLa cells were treated with 100 µg / mL GO for 4 h followed by 

washing before wounding) and wound healing after 10 h (D); (E-F) a freshly stricken wound on an 

untreated confluent RBL cell culture (E) and wound healing after 10 h (F); (G-H) a fresh wound 

stricken on a 100 µg/mL GO-treated confluent RBL cell culture (G; The RBL cells were treated with 

100 µg / mL GO for 4 h followed by washing before wounding) and wound healing after 10 h (H).  

Scale bars: 100 µm. 

 

We quantified the progression of HeLa cell wound healing using live cell microscopy (See 

Supplemental Movies S5.5 & S5.6). Following the aforementioned procedure, the untreated and 100 

µg/mL GO-treated confluent HeLa cell cultures were prepared in parallel and imaged simultaneously on 

two confocal microscopes under identical incubation conditions (37 °C, 5% CO2) for 9.5 h. The 

untreated HeLa cells polarized at the wound edges within 1 h.52 The wound edges of the untreated HeLa 

cells uniformly advanced towards the opposite edges and closed the wounds within 9.5 h (Supplemental 

Movie S5.5). The GO-treated HeLa cells were capable of polarizing at the wound edges (Supplemental 

Movie S5.6). However, these cells failed to migrate except for a few individual cells that quickly 

entered into the wound (Supplemental Movie S5.6). The majority of the cells on the edges exhibited 

confined motility, which we attribute to enhanced attachment to nearby cells and the substrate. After 9.5 

h, the GO-treated HeLa cell culture failed to heal the wounds significantly. We quantified the 

progression of the wound edges by selecting four cells on each edge and tracking their movements 

perpendicular to the direction of wound elongation (Fig. 5.7A-B). The average rates of advancement of 

the wound edge were 0.18 ± 0.02 µm/min for the untreated and 0.07 ± 0.01 µm/min for the GO-treated 

HeLa samples. The ratio of the wound healing rates between the untreated and the GO-treated HeLa 

cells is 2.6 (Table 5.1). The above images and rate measurements demonstrate that cancer cells treated 

with GO are substantially inhibited in their collective migration behavior.  

 

Live cell microscopy of individual HeLa cell migration revealed additional details of the impeded 

migration associated with GO incubation (see Supplemental Movie 5.7 & 5.8). HeLa cells were plated 

at 10% confluency in full medium overnight. The adherent HeLa cell samples were incubated with 100 
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µg/mL GO in BSS for 4 h before removal of free GO and washing. The GO-treated HeLa cell samples 

were then subjected to full medium during microscopy of single-cell migration for 3.5 h at 3 min 

imaging intervals. GO-treated HeLa Cells showed obvious vacuolization.23 Some cell blebbing was 

observed, but most cells remained viable during and after the experiment, as confirmed by trypan blue 

staining, consistent with previous experiments.51 GO-treated HeLa cells were capable of forming 

leading edges, contracting, and even undergoing mitosis (Supplemental Movie S5.7). Shed membrane 

structures were observed as wrinkled membranes attached to the substrate and individual cells, or 

entangled between cells (See also Fig. S5.11). Supplemental Movie S5.8 revealed that the shed 

membranes obstruct the formation of new cell-substrate adhesion, the release of old cell-substrate and 

cell-cell contact and the movement of cells. These altered cell-cell and cell-substrate interactions by 

shed membranes led to the cell migratory impediment, which is further consistent with the apparent 

correlation between GO-induced membrane shedding and inhibition of wound healing. We tracked 16 

untreated individual HeLa cells (Fig. 8C) and 19 GO-treated individual HeLa cells (Fig. 8D). The 

trajectories of the untreated HeLa cells (Fig. 8C) spread out from the plot center (y=0, x=0), defined as 

the starting point of each cell track. The spreading of these trajectories reflects the distribution of 

distances (the straight-line distances between the starting and end points) of cell migration. Compared 

to the untreated HeLa cells, the trajectories of the GO-treated HeLa cells (Fig. 8D) were more closely 

confined to the plot center. We also measured the cumulative distance traveled by each cell (including 

the wiggles and turns), which we define as the accumulated distance, and calculate the average single 

cell velocity by dividing its accumulated distance by the observation time. The histogram of the 

accumulated distances (Fig. 8E) for the GO-treated HeLa cells reflects a shift towards lower migration 

distance compared to the untreated cells, indicating confined cell movement attributed to local 

attachment and entanglement. The average single HeLa cell velocity is 0.51 ± 0.16 µm / min for the 

untreated cells and 0.16 ± 0.09 µm/min for the GO-treated cells (Table 5.1). The ratio of the untreated 

single HeLa cell velocity over the GO-treated single HeLa velocity is 3.2, which is similar to the wound 

healing results described above (Table 5.1; Ratiountreated/GO-treated = 2.6). These results characterize the 

altered cell-environment interactions by GO-induced membrane shedding and its effect on HeLa cell 

migration. 
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Figure 5.8 Quantification of GO-induced impediment in HeLa cell migration. (A) Tracks of four 

cells on both edges of a wound introduced to an untreated confluent HeLa cell culture (inset) over 9.5 h. 

(0,0) is defined as the starting point for each cell. See Supplemental movie S5.5 for movie of wound 

healing. (B) Tracks of four cells on both edges of a wound introduced to an GO-treated confluent HeLa 

cell culture (inset) over 9.5 h. See Supplemental movie S5.6 for movie of wound healing. (C) 16 

individual cell tracks of untreated HeLa cells over 3.5 h. See also Supplemental movie S5.7 for movie 

of cell motions. (D) 19 individual cell tracks of GO-treated HeLa cells over 3.5 h. See Supplemental 

movie S5.8 for movie of cell motions. (E) Histogram of accumulated distances for the individual 

untreated cells (blue) and individual GO-treated HeLa cells (red). 

 

Table 5.1 Average rates of HeLa cell migration and wound healing 
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RBL cell culture wound healing assays are qualitatively similar to the HeLa cell experiments, yet they 

are difficult to quantify because of the poorly defined wound edges and the longer healing times. We 

quantified the migration of individual RBL cells through live cell microscopy (see Supplemental 

Movies S5.19 & S5.10).53 The trajectories of 22 GO-treated RBL cell tracks were more confined to the 

center of the plot (Fig. 9B) than 15 untreated RBL cell tracks (Fig. 9A), consistent with the HeLa cell 

migration analyses. We further explored whether the reduced motility of RBL cells results from 

compromised cell activity after GO treatment. GO-treated RBLs were trypsinized from MatTek dishes, 

preserving 50% of shed membrane fragments on the substrate (Fig. 9C).51 Freshly harvested healthy 

RBLs were sparsely plated (10% confluence) onto these substrates and incubated overnight. The 

substrate adhesion of the shed membrane fragments does not depend on fibronectin but might rely on 

other cell-secreted proteins and lipids.51 The interactions between the replated cells and the remaining 

shed membranes likely differ from those between the cells and in situ generated membranes, because in 

situ generated membranes are often attached to the cells (Supplemental Movie S5.8). We evaluated the 

spontaneous motility of these replated RBLs via time-lapse microscopy (Supplemental Movie S5.11). 

The trajectories of 29 replated RBL cell tracks were confined to the vicinity of the plot center, 

comparable to those of the GO-treated RBL cell tracks. The histogram of the single RBL cell velocity 

describes the distribution of slow and fast cells in the untreated, GO-treated, and replated RBL cell 

cultures. Histograms of the replated and GO-treated RBL cell cultures both indicate populations of 

slowly moving cells (<0.5 µm/min), whereas most untreated RBL cells moved faster than 0.5 µm/min. 

Because the cell cultures were observed for the same amount of time, the velocity histogram resembles 

a histogram of the  
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Figure 5.9 Quantification of GO-induced impediment in single RBL spontaneous motility. (A) 15 

cell tracks of untreated individual RBL cells over 1 h. (0,0) is defined as the starting point for each cell. 

(B) 22 cell tracks of GO-treated individual RBL cells over 1 h. (C) Schematic experimental design for 

evaluating the velocity of RBL cells with previously generated membrane fragments. (D) 19 cell tracks 

of sparsely replated single RBL cells over 1 h. E) Histogram of individual RBL cell migration velocities 

in the untreated (A), the GO-treated (B) and the replated (C & D) RBL cells.  

 

accumulated distances. The similar cell motility of GO-treated and replated RBL cell cultures suggests 

that the migratory impediment in GO-treated cells mainly results from the presence of the shed 

membranes. Although the shed membrane structures appear to impede both HeLa and RBL cell 

migration long after excess GO is removed, we cannot rule out the potential for sustained metabolic 

effects of GO in modulating cytoplasmic Ca2+ responses,51,53 and altering cell activity through other 

subtle and more complex biochemical mechanisms. Direct attachment of GO to the cells and 

extracellular matrix may also contribute to enhanced cell attachment and inhibited migration in tissue.7 
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We continue to investigate the role of the cytoskeleton in GO-induced PM shedding. We found that 

RBL cells retract their protrusions and become rounded within 0.5 h in the presence of 1 µg/mL 

cytochalasin D. The RBL cells treated in this manner were then incubated with a mixture of 100 µg/mL 

GO and cytochalasin D (1 µg/mL) in BSS for 4 h. The RBL cells remained viable after the treatment 

and were labeled with Alexa Fluor 488-immunoglobulin E (A488-IgE) through the IgE receptors 

(FcεRI) on the PM before fixing and labeling F-actin with phalloidin. As a positive control, RBL cell 

cultures were incubated with only 100 µg/mL GO for 4 h before labeling. In the presence of the actin 

inhibitor cytochalasin D (1 µg/mL), the GO-treated RBL cells still shed PM fragments to a similar 

degree as those only treated with GO (Fig. 10A & B; Fig. S5.11). The phalloidin labeling of PM 

fragments and peripheral membranes is much dimmer  

 

 

 

Figure 5.10  Cytoskeletal activity is not required in GO-induced PM shedding. Confocal 

micrographs of A) RBL cells treated with 100 µg / mL GO for 4 h in BSS before washing and labeling 

with A488-IgE. The cells were then fixed and labeled on the F-actin with A647-phalloidin; B) RBL 

cells treated with 100 µg/ mL GO for 4 h in BSS in the presence of 1 µg / mL cytochalasin D. The GO-

treated cells were then washed and labeled with A488-IgE followed by fixing and labeling with A647-

phalloidin. Scale bars: 10 µm. 
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than the labeling of the cells, consistent with our previous results.51 We also incubated RBL cells in a 

solution mixture of 100 µg/mL GO and blebbistatin (a myosin inhibitor, 50 µM). The GO-treated RBL 

cells also shed PM fragments in the presence of the myosin inhibitor (Fig. S5.12). Together these results 

indicate that cytoskeletal activity is likely not required for GO-induced PM shedding. 

 

 

 

Figure 5.11 Proposed mechanism of GO-induced PM disruptions. A) Bright-field micrograph of 

GO-induced blebbing by RBL cells. See also Supplemental Movie S5.12 & 5.13. B) Bright-field 

micrograph of GO-induced budding and tubulation from an RBL cell. See also Supplemental Movie 

S5.13. C) A series of bright-field (upper) and confocal micrographs (lower) taken over 40 min for an 

HAF-labeled RBL cell in the presence of 100 µg/mL GO. The white dotted circles outline the cell body 

after zero min incubation with GO as the initial size reference. The red dotted circles at 30 min outline 

the cell body after 30 min incubation with GO. The red arrows in the 30 & 35 min confocal 

micrographs indicate the separation of intracellular organelles from the PM. The white arrows in the 35 

min and 40 min bright-field micrographs indicate the wrinkles of the newly formed peripheral 

membranes. D) Model: GO adhesion on the PM induces steric perturbations on the PM surface. PM 
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curvature remodeling occurs with partial detachment of cytoskeleton, perturbation of membrane protein 

channels, and shedding of plasma membranes. Inset: GO folds and unfolds like a piece of crumpled 

paper due to Brownian motion. Scale bars: 10 µm 

 

Live cell microscopy revealed that changes of RBL cell PM curvature precede PM shedding.9 We 

labeled the RBL actin cytoskeleton with mApple-Lifeact-7 through DNA transfection,54,55 followed by 

PM labeling with A488-IgE and live cell microscopy in 100 µg/mL GO. Supplemental movies 5.12 & 

5.13 revealed that the GO-treated RBL cells develop bleb-like protrusions, vesicles, and tubules (Fig. 

5.11A & B) within several hours of GO incubation. Although the mApple-Lifeact-7 label bleached 

significantly,55 increasing the sensitivity revealed mApple-labeled peripheral membranes (Fig. S5.13).54 

Loss of A488 fluorescence may result from stimulated endocytosis.51 GO-induced blebs, vesicles, 

tubules, and other peripheral PM-derived structures did not exhibit appreciable A488-IgE fluorescence, 

consistent with previous studies.51 We also performed live cell microscopy on hexadecanoyl amino 

fluorescein (HAF) labeled RBL cells in 100 µg/mL GO (See Supplemental Movie 5.14). As observed in 

this movie, RBL cells swell for over 30 min (Fig. 5.11C). The enlarged red dotted circles after 30 min 

GO incubation (compared with the initial white dotted circles) indicate cell swelling. HAF permeates 

the PM and labels the intracellular organelles (Fig. 5.11C fluorescence channel). During cell swelling, 

PM appear to partially detach from the HAF-labeled intracellular structures (Fig. 5.11C 30 min & 35 

min; indicated by red arrows; compared with 10 min & 20 min). The cell then rapidly contracts within 

10 min (Fig. 5.11C; 35 min & 40 min frames). The contraction of the cell is accompanied by a release 

of peripheral membrane structures from the cell (Fig. 5.11C; indicated by white arrows). The 

orientation of the membrane wrinkles indicates tension generated by the cell trying to move along the 

same direction. Supplemental Movie S5.14 also captured budding and pinching-off of vesicles on the 

PM. The shed membranes are not liberated as a consequence of cell death.51 These results demonstrate 

that GO-induced membrane shedding follow PM curvature changes including blebbing, budding, 

tubulation, and cell swelling.  
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We attribute the aforementioned PM curvature changes to the self-assembly of GO nanosheets to the 

PM surface.51 Despite the polyanionic nature of GO, the electrostatic repulsion between adherent GO 

nanosheets is likely minimum due to the high ionic strength in the extracellular environment. However, 

previous studies reveal that individual graphene oxide nanosheets exhibit superflexibility,56,57 such that 

they may spontaneously fold and unfold in solution through Brownian motion (Fig. 5.11D Inset). Such 

dynamicity generates steric demands on the PM and exerts compressive stress to the underlying PM. 

Stachowiak and coworkers demonstrate the potency of large disordered proteins in membrane bending 

by generating steric hindrance on lipid membranes via their large hydrodynamic radii.58 We propose 

that the adherent GO changes the PM curvature through a similar mechanism. The steric demands of 

GO increase PM rigidity and bends the PM to form large blebs.59 Such perturbations plastically deform 

the PM, induce water influx by disrupting protein channels23 and subsequently increase cell volume. 

The vesiculation and tubulation suggests more sophisticated disruptions of PM such as redistribution of 

charged PM species. These GO-induced biophysical events collectively result in shedding of the PM, 

which disrupts cell-environment interactions and impedes cancer cell migration.  
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Figure 5.12 In vivo inhibition of metastasis by GO using malignant human breast cancer cell line 

MDA-231 in mice. A) Scheme of in vivo metastasis models and GO treatment. B) Histology score of 

metastasis sites in mice lungs. C) Histology score of metastasis sites in mice livers.  

Preliminary in vivo mice studies suggest that GO has the potential to inhibit the metastasis of malignant 

breast cancer in mice. In the mice model studies, the animals were acclimated up to 5 days before tumor 

inoculation. The MDA-231 cells were suspended in PBS and matrigel (50:50) at density of 2.0x106 per 

0.05 mL (per mouse) and injected at mammary fat pad, for group (G) 1 and G2. 100 µg/ml GO was 

mixed in for G3 and G4. Each group contains 5 animals. Once the size of the tumor reaches 200-300 

mm3, the majority of the tumors were removed with 2x2 mm tumor tissue left in the mammary fat pad. 

The treatment of GO started at dose of 10 mg/kg and will be repeated once a week in G2 and G3. G1 

and G4 will be treated with vehicles (PBS buffer). The route of administration will be intraperitoneal 

injection. The treatment lasted for 3 weeks or more based on the result. All mice were sacrificed to 

collect livers and lungs for histology to characterize development of metastasis sites. Fig. 5.12B & C 

suggests that mice inoculated with a mixture of cancer cells and GO and later treated with GO after 

tumor removal showed decrease of metastasis compared to G1 control, although this difference is not 

statistically significant. This could be due to poor delivery of GO in vivo among other reasons that 

relate to the intriguing in vivo bio0interface of GOs, or not enough animals in the preliminary model. 

These results warrant future explorations including functionalizing GO for targeted interactions with 

cancer cells, and understanding GO’s bio-interface in vivo. 

 
5.9 Conclusions 

We have identified a profound and previously uncharacterized response from RBL cells to GO derived 

from the ubiquitous Hummers oxidation process. The graphitic regions of GO samples can be further 

functionalized with a dye-labeled molecular tripod to fluorescently visualize the distribution of GO with 

treated cells. GO causes the PM of RBL cells to ruffle extensively, resulting in the shedding of a 

significant quantity of membrane fragments. SEM and confocal microscopy of fixed samples were used 

to identify membrane ruffles and fragments formed during GO incubation, and real time imaging of this 



 

 5-31 

process revealed the dynamic fragmentation of membrane-derived structures. The membrane fragments 

do not receive fluorescent labels already bound to the cell PM when GO is introduced but are labeled by 

a variety of membrane-specific probes after they are formed. Membrane fragments contain IgE 

receptors, resist detergent solubilization, and are not detectably labeled by fluorescent phalloidin or 

anti-fibronectin. GO incubation also causes the loss of contact inhibition between RBL cells, which 

proliferate into multilayered clusters even before they form a confluent monolayer. Very similar 

membrane fragmentation and shedding processes are observed for NIH-3T3 mouse fibroblast cells and 

MDA-MB-231 human breast cancer cells. GO inhibits the migration of HeLa and RBL cancer cell lines 

in culture. GO-induced PM fragments and peripheral membranes appear to act as a “glue”, mediating 

enhanced cell-cell entanglement, cell-substrate adhesion and mechanical obstruction of cell motion. 

GO-induced PM shedding does not require cytoskeletal activity. Instead, live cell microscopy reveals 

that PM shedding follows PM curvature changes. We attribute the aforementioned changes of PM 

curvature to the steric perturbation caused by GO through its nonspecific adhesion on PM surface. We 

propose that the GO-induced PM curvature remodeling contributes to changes of PM permeability, 

disruption of cytoskeleton/PM linkages and shedding of PM. GO-induced PM shedding reduces 

invasive-like properties of cancer cells in cell cultures. 

 

We and others have observed multiple GO-stimulated cellular responses occurring on the temporal 

scale of a few hours, such as vacuolization,23 PM permeabilization,23 PM ruffling and fragmentation, 

and PM receptor endocytosis. GO-induced Toll-like receptor-based inflammatory responses and 

necrosis occur at a much longer incubation time and are likely linked to aforementioned short-term 

responses of PM disruption.21,22 The temporal progression of GO-stimulated cellular responses provides 

a clue to uncover the molecular basis of these phenomena. Future studies will focus on understanding 

the cellular mechanisms underlying this membrane fragmentation, and how the anomalous membrane 

behaviors relate to altered membrane signaling, cell motility, adhesion, polarity, and other cellular 

processes.7,25,26,45 Our findings reveal previously unknown mammalian cellular responses to this foreign 

nanomaterial, which, while not cytotoxic, likely reflect environmental stress. These collective 

experiments question the biocompatibility of GO and caution against assuming its safety in biomedical 
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or environmental applications based on its low cytotoxicity. The migration inhibition studies further 

provide mechanistic insight into GO’s therapeutic potential as a macromolecular agent for tissue 

engineering, cancer therapy and stem cell stimulation.7–9 Future studies will explore GO as a specific 

tumor cell adhesive to inhibit cancer metastasis. As an important 2D nanomaterial, GO also holds 

promises as a synthetically adaptable stimulant for fundamental biophysical studies of curvature 

remodeling in model membrane systems.58 The exciting opportunities at the interface between 2D 

nanomaterials and biology have yet to be explored. 
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CHAPTER 5-APPENDIX 

SUPPORTING INFORMATION 

Materials 

All cell culture reagents, as well as A647-phalloidin, A555-cholera toxin subunit B (A555-CTxB), and 

A647-labeled goat anti-mouse IgGγ1 were purchased from Invitrogen. Mouse anti-fibronectin was 

purchased from BD Biosciences. A488-IgE was prepared by modification of purified mouse 

monoclonal anti-DNP IgE60 with AlexaFluor 488 (A488, Invitrogen) as previously described.61 BSA 

and grapheme oxide (GO) were obtained from Sigma-Aldrich. The 35-mm imaging dishes with glass 

bottoms (14 mm well) were obtained from MatTek Corp. (Ashland, MA). 

 

Cell culture and transfection 

RBL-2H3 cells were maintained as monolayer cultures in RBL media: MEM containing 20% (v/v) fetal 

bovine serum (FBS) and 50 µg/ml gentamicin. Cells were harvested using trypsin-EDTA (Invitrogen) 

3-5 days after passage as previously described.62 NIH-3T3 cells were cultured as monolayers in DMEM 

containing 10% (v/v) calf serum and harvested every 3 days after passage. MDA-MB-231 cells were 

maintained as monolayer cultures in RPMI containing 10% (v/v) FBS and harvested every 3 days after 

passage. 

 

Cell immunolabeling and fluorescence microscopy 

RBL cells were incubated with GO in buffered salt solution (BSS: 135 mM NaCl, 5.0 mM KCl, 1.8 

mM CaCl2, 1.0 mM MgCl2, 5.6 mM glucose, and 20 mM HEPES, pH 7.4). Cell fixation was carried out 

with 4% paraformaldehyde in PBS for 10 minutes followed by multiple washes with 1 mg/ml BSA in 

phosphate-buffered saline (PBS). For F-actin labeling, fixed cells were incubated with 5 µg/mL A647-

phalloidin in PBS (10 mg/mL BSA) using 0.1% v/v Triton-X100 for 20 minutes at room temperature 

before washing with PBS. For FN immunofluorescence, fixed cells were labeled with primary antibody 

(5-10 µg/mL) at room temperature for 1 h in PBS with 10 mg/mL BSA. After additional washing, 

fluorescent secondary antibody (5-10 µg/mL) in PBS with 10 mg/mL BSA was added to the samples at 
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room temperature for another 1 h. A final series of PBS washes were performed before storing samples 

in 2 mL of PBS with 0.01% sodium azide at 4˚C until ready for imaging on the microscope. Unless 

otherwise indicated, samples were imaged on a Zeiss LSM 710 inverted microscope with a motorized 

stage using a 63x Oil Plan-Apochromat objective lens. A DF 488/561/647 filter set was used to perform 

sequential 1/2/3 color imaging of the samples. The area of the focal plane was adjusted for optimal 

image quality. 

 

Scanning Electron Microscopy  

RBL cells were plated on ITO coated coverslips overnight before 4 h incubation with 0, 20, and 100 

µg/mL GO in BSS buffer. GO-treated RBL cells were washed and fixed with 4% paraformaldehyde in 

PBS for 10 minutes followed by multiple washes with 1 mg/mL BSA in PBS. Dehydration followed in 

25%, 50%, 70%, 95%, and 100% ethanol, twice each, and 100% acetone, also twice. Finally, samples 

were subjected to critical point drying. A Tescan Mira3 SEM was used for imaging (7.0 kV electron 

beam energy) on samples without gold coating.  

Functionalizing suspended GO with tripod absorbates: Graphene Oxide (GO) was previously 

characterized. (Sun et al., 2015) The synthesis of an NHS-tripod was prepared according to our 

previous report.(Mann et al., 2011) 4,4-Difluoro-5,7-Dimethyl-4-Bora-3a,4a-Diaza-s-Indacene-3-

Propionic Acid, Hydrazide (BODIPY-FL) was purchased from Life Sciences and used without further 

purification.  

 

GO Functionalization 

Graphene Oxide (GO) was previously characterized. (Sun et al., 2015) The synthesis of an NHS-tripod 

was prepared according to our previous report.(Mann et al., 2011) 4,4-Difluoro-5,7-Dimethyl-4-Bora-

3a,4a-Diaza-s-Indacene-3-Propionic Acid, Hydrazide (BODIPY-FL) was purchased from Life Sciences 

and used without further purification. BODIPY FL-Tripod was prepared using a modified procedure 

from the literature. (Mann et al., 2011; Sun et al., 2015) The aqueous GO suspension (200 mL, 0.25 

mg/mL) was mixed with a THF:H2O solution of BODIPY FL-functionalized molecular tripods (1:1 

v/v, 4.95 mL, 35 µM) at room temperature. After 10 minutes, the mixture was centrifuged (9000 rpm, 4 
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°C, 2 h) and the supernatant was carefully removed with a glass pipette. The precipitate was mixed with 

water (2 mL) and centrifuged with the same conditions for another 1.5 h to wash away any free 

fluorophores. The final fluorescently labeled GO precipitate was resuspended in DI water. Fluorescence 

microscopy was used to confirm successful GO labeling. 

 

Cytotoxicity Studies 

Previous cytotoxicity studies suggest minimal GO toxicity to mammalian cells.(Chang et al., 2011) To 

evaluate the cytotoxicity of GO with RBL cells, a statistical evaluation was performed via Trypan blue 

staining. Cells were plated on imaging dishes and incubated overnight in cell media. Unless otherwise 

indicated, all experiments in this study were carried out with adherent RBL cells on imaging dishes. GO 

suspensions in BSS buffer with different GO concentrations of up to 100 µg/mL were incubated with 

cells for 4 h, followed by washing with BSS buffer to remove any unbound GO. The fraction of dead 

cells in the dish was evaluated by optical microscopy after Trypan blue staining. The percent of dead 

cells was found to increase with GO concentration and 80% of RBL cells remain alive after a 4 h 

incubation with 100 µg/mL GO. This result suggests GO causes only minor toxicity in mammalian 

cells.  

 

Trypsinization 

Cells were plated on imaging dishes and incubated overnight in cell media. GO suspensions in BSS 

buffer with 100 µg/mL GO were incubated with cells for 4 h, followed by washing with BSS buffer to 

remove any unbound GO. Cells were then labeled with A488-IgE before live cell imaging. The imaging 

dishes containing cells were set up on the microscope with minimum buffer remaining. A 10 min time 

lapses experiment was initiated before 2 mL trypsin-EDTA (Invitrogen) was added to the imaging 

dishes. Samples were imaged on a Zeiss LSM 710 inverted microscope with a motorized stage using a 

63x Oil Plan-Apochromat objective lens. A DF 488/561/647 filter set was used to perform sequential 

1/2/3 color imaging of the samples. The area of the focal plane was adjusted for optimal image quality.  

 

Wound healing assays 
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To prepare the wound healing assay, confluent cells were cultured on six-well plates and divided into 

five groups: 0 µg/mL GO (control), 1 µg/mL GO, 5 µg/mL GO, 20 µg/mL GO and 100 µg/mL GO, 

with each group containing two parallel wells. The confluent cell cultures were incubated in 1.5 mL GO 

suspensions of corresponding concentrations for 4 h before removal of the supernatant and washing to 

remove free GO. GO-treated cells were subjected to full medium immediately after incubation with 

GO. A 10 µL sterile pipette tip was used to strike a smooth wound across every well. The quantification 

of wound healing was performed using living cell microscopy. The medium was immediately removed 

to prevent adhesion of detached cells. All the wells were gently washed with full medium before the 

fresh wounds were imaged. The wounded cell cultures were then incubated for healing and monitored 

using bright field microscopy until control groups closed wounds. All wound healings proceed in full 

medium, absent of suspended GO. Unless otherwise indicated, all wound healing assays in this study 

were performed as described above. 

 

 

 

Figure S5.1 Related to Figure 5.1; | Cytotoxicity Evaluations of GO in RBL cell viability and 

proliferation. A) Cytotoxic effect of GO on RBL cells after 4 h GO treatment in BSS buffer. B) and C) 

are bright field images of multilayer clusters of GO-BODIPY FL treated RBL cells after 24 h 

proliferation. Scale Bars: 50 µm 
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Figure S5.2 Related to Figure 5.2; | Imaging of fluorescent GO particles after incubation with 

adherent RBL cells. A) Fluorescent labeling of GO using a BODIPY-functionalized molecular tripod. 

B) Structure of molecular tripods bearing BODIPY FL. C) Confocal microscopy image of RBL cells 

incubated with GO-BODIPY for 4 h and washed with BSS, together with corresponding bright field 

(BF) and merged images. Scale bar: 20 µm. D) Confocal microscopy image of A555-CTxB labeled 

RBL cells (red) incubated with GO-BODIPY (green) for 4 h and washed with BSS buffer prior to 

imaging. GO-BODIPY particles adherent to the cell PM are indicated by white arrowheads. E)-G) 

Confocal microscopy images of RBL cells incubated with 100 µg/mL GO-BODIPY FL for 1 h (E), 3 h 

(F) and 6 h (G). White arrowheads indicate plasma membrane localized GO-BODIPY FL while blue 

arrowheads indicate internalized GO-BODIPY FL. Scale bars: 10 µm. 
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Figure S5.3 Related to Figure 5.2 & 5.3; | Qualitative Correlation of % Displaced GO vs. 

incubation time. (A-D), and  amount of membrane structures vs. GO concentration (E-G).  A)-D) are 

3D reconstruction of confocal microscopy images of A555-CTxB pre-labeled RBL cells incubated with 

GO-BODIPY FL for 3 h (A-B) followed by washing, and A555-CTxB pre-labeled RBL cells incubated 

with GO-BODIPY FL for 6 h followed by washing (C-D). A contrast filter was applied to these images 

in order to easily identify and count individual GO-BOPIDY FL particles. Scale bars: 20 µm. E)-G) are 

SEM images of E) fixed RBL cells without GO treatment; F) fixed RBL cells treated with 5 µg/mL GO 

for 4 h; and G) fixed RBL cells treated with 100 µg/mL GO for 4 h. Scale bars: 50 µm.  
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Figure S5.4 Related to Figures 5.4 & 5.5 | Change of morphology and spreading by RBL cells 

after GO treatment. A) Structured illumination microscope images of RBL cells treated with 100 

µg/mL GO for 4 h and washed before DiI-C16 labeling (white arrowheads indicate similarities with 

image C). Scale bar: 20 µm. B) SEM of fixed RBL cells pre-treated with 100 µg/mL GO for 4 h. Scale 

bar: 20 µm. C) SEM zoom-in of the cell surface of fixed RBLs pre-treated with 100 µg/mL GO for 4 h. 

Scale bar: 2 µm. D), E) are confocal microscopy images of RBL cells highlighting the morphological 

changes after GO treatment through DiI-C16 labeling in E. Scale bars: 20 µm. 
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Figure S5.5 Related to Figures 5.2, 5.4 and 5.5; | Comparison between GO nanosheets and 

membrane fragments in size, appearance and labeling. A) and B) are Confocal microscopy image of 

GO nanosheets incubated with A555-CTxB or B) A488-IgE in BSS buffer on an imaging dish without 

RBL cells for 4 h. Scale bars: 10 µm. C) Confocal microscopy images of membrane pieces present with 

RBL cells treated with 100 µg/mL GO for 4 h and washed before A488-IgE/A555-CTxB labeling, 

followed by fixation and F-actin labeling with A647-phalloidin. Scale Bar: 10 µm. D) and E) are 

Structured illumination microscopy of membrane pieces from D) RBL cells (lower center; weakly 

fluorescent) treated with 100 µg/mL GO for 4 h and washed before A488-IgE labeling. E) RBL cells 

(not shown) treated with 100 µg/mL GO-BODIPY FL for 4 h and washed before A555-CTxB labeling. 

Scale bars: 5 µm. F) 3D reconstructions of RBL cells showing still-attached membrane fragments and 

ruffles. 
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Figure S5.6 Related to Figure 5.6; | Study of membrane fragment adhesion through trypsinization 

and fibronectin labeling. A)-D) are confocal microscopy images of A488-IgE labeled membrane 

fragments A) before and B) after trypsinizing for 10 minutes. Control sample with untreated RBL cells 

labeled with A488-IgE C) before, and D) after trypsinizing for 10 minutes. E) Confocal and bright field 

microscopy images of membrane fragments with RBL cells treated with GO, washed, A488-IgE 

labeled, then fixed and labeled with anti-FN antibody and A647-tagged secondary antibody. Scale bar: 

20 µm. 
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Figure S5.7 Confocal micrograph of GO induced membrane shedding in HeLa cells. HeLa cells 

were treated with 100 µg / mL GO for 4 h before washing and labeling with A514-CTxB. The cells 

were then fixed and F-actin was stained with A647-phalloidin. Scale bar: 20 µm 

 

Figure S5.8 GO does not affect the density of confluent HeLa and RBL cell culture. Bright-field 

micrographs of: A) untreated confluent RBL cells incubated with BSS for 4 h; B) confluent RBL cells 

incubated with 100 µg / mL GO monolayer suspension in BSS for 4 h followed by washing; C) 

untreated confluent HeLa cells incubated with BSS for 4 h; D) confluent HeLa cells incubated with 100 

µg / mL GO monolayer suspension in BSS for 4 h followed by washing. Scale bars: 100 µm 
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Figure S5.9 Wound healing of HeLa cells treated with different concentrations of GO. Bright-field 

micrographs of A) a freshly stricken wound on an untreated confluent HeLa cell culture on a 6-well 

plate; B) wound healing of the confluent HeLa cell culture (A) after 10 h; C) a freshly stricken wound 

on a GO-treated confluent HeLa cell culture on a 6-well plate. The HeLa cells were treated with 1 µg / 

mL GO for 4 h followed by washing before wounding; D) wound healing of the confluent HeLa cell 

culture (C) after 10 h; E) a freshly stricken wound on a GO-treated confluent HeLa cell culture on a 6-

well plate. The HeLa cells were treated with 5 µg / mL GO for 4 h followed by washing before 

wounding; F) wound healing of the confluent HeLa cell culture (E) after 10 h; G) a fresh wound 

stricken on a GO-treated confluent HeLa cell culture on a 6-well plate. The HeLa cells were treated 

with 20 µg / mL GO for 4 h followed by washing before wounding; H) wound healing of the GO-

treated confluent HeLa cell culture (G) after 10 h; I) wound healing of the GO-treated confluent HeLa 

cell culture (G) after 19 h; J) a fresh wound stricken on a GO-treated confluent HeLa cell culture on a 6-

well plate. The HeLa cells were treated with 100 µg / mL GO for 4 h followed by washing before 

wounding; K) wound healing of the GO-treated confluent HeLa cell culture (J) after 10 h. L) wound 

healing of the GO-treated confluent HeLa cell culture (J) after 19 h. Scale bars: 100 µm 
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Figure S5.10 Wound healing of RBL cells treated with different concentrations of GO. Bright-field 

micrographs of A) a freshly stricken wound on an untreated confluent RBL cell culture on a 6-well 

plate; B) wound healing of the confluent RBL cell culture (A) after 10 h; C) wound healing of the 

confluent RBL cell culture (A) after 43 h; D) a fresh wound stricken on a GO-treated confluent RBL 

cell culture on a 6-well plate. The RBL cells were treated with 20 µg / mL GO for 4 h followed by 

washing before wounding; E) wound healing of the GO-treated confluent RBL cell culture (D) after 10 

h; F) wound healing of the confluent RBL cell culture (D) after 43 h; G) a fresh wound stricken on a 

GO-treated confluent RBL cell culture on a 6-well plate. The RBL cells were treated with 100 µg / mL 

GO for 4 h followed by washing before wounding; H) wound healing of the GO-treated confluent RBL 

cell culture (G) after 10 h; I) wound healing of the confluent RBL cell culture (G) after 43 h. Scale bars: 

100 µm.  
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Figure S5.11 Scanning electron micrograph of a GO-treated RBL cell encased in PM fragments 

and peripheral membranes. RBL cells were treated with 100 µg/mL GO in BSS before fixing and 

supercritical drying for imaging. 
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Figure S5.12 Confocal micrograph of GO-treated RBL cells in the presence of a myosin inhibitor. 

RBL cells treated with 100 µg/ mL GO for 4 h in BSS in the presence of 50 µM Blebbistatin. The GO-

treated cells were then washed and labeled with A488-IgE. Scale bar: 10 µm 

 

 

 

Figure S5.13 Confocal micrograph of remaining cytoskeletal structures in GO-treated RBL cells. 

The RBL cells were plated on Mat-teck dishes overnight before transfection with Lifeact DNA 

construct. The transfected RBL cell culture was allowed overnight to express mApple labels for F-actin 

staining. The cells were treated with 100 µg / mL GO for 4 h in BSS before washing and labeling with 

A488-IgE. See also supplemental movie S5.13. Scale bar: 10 µm 

 
 

 


