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ABSTRACT 

 

 Due to the widespread application of engineered nanoparticles (ENPs) and their 

potential release into the environment, it is important to assess their potential impacts on 

human health.  Recent studies have shown that both carbon-based and inorganic ENPs 

can induce cytotoxicity toward human cells.  An improved understanding of how ENPs 

interact with biological membranes will help elucidate the mechanisms for their 

cytotoxicity.  In this dissertation, the physicochemical interactions of both carbon-based 

and inorganic nanoparticles with model cell membranes were investigated.   

 The deposition of graphene oxide (GO) on supported lipid bilayers (SLBs) 

formed on silica surfaces was controlled by electrostatic interactions. Upon attachment of 

GO to supported lipid vesicles that were encapsulated with fluorescence dye, release of 

dye was detected, thus demonstrating that the vesicles were disrupted.  The dye release 

was substantially reduced when the exposure of the vesicles to GO suspension was 

terminated, suggesting that the vesicles have a self-healing ability. 

 The adsorption of human serum albumin (HSA) on GO was investigated through 

a combination of batch adsorption experiments and quartz crystal microbalance with 

dissipation (QCM-D) measurements.  An increase in ionic strength under neutral pH 

conditions resulted in higher adsorption densities as well as more compact HSA layers on 

GO.  The attachment of GO to SLBs was reduced in the presence of protein coronas, and 

the degree of reduction was influenced by the conformation of the adsorbed protein 

layers on GO.  In a separate study, phosphate ions were shown to adsorb appreciably on 

alumina and ceria nanoparticles and impart additional negative charge to the particles.  
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As a result, the attachment of these two nanoparticles to SLBs at neutral pH was 

considerably reduced in the presence of phosphate.  

 In the third part of the dissertation, the interactions forces between silver 

nanoparticles (AgNPs) and SLBs were measured using an atomic force microscope 

(AFM).  The AFM tips were functionalized with AgNPs by sequentially exposing the tips 

to polydopamine and silver nitrate solutions.  The AFM force measurements revealed that 

AgNPs experience predominantly repulsive forces when approaching SLBs.  The 

presence of HSA resulted in an enhancement in the repulsive interactions between 

AgNPs and SLBs likely through steric repulsion.   
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Chapter 1. Introduction  
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1.1 Engineered Nanoparticles 

 Engineered nanoparticles (ENPs) represent a class of materials with at least one 

dimension of 100 nm or less.1  ENPs, with unique physicochemical properties stemming 

from their nanoscale size, have offered a myriad of exciting opportunities in diverse fields.  

ENPs can be classified into carbon-based (e.g., carbon nanotubes and graphene) and 

inorganic (e.g., metal and metal oxide) nanoparticles.2  

 Graphene oxide (GO) is a two-dimensional carbonaceous nanomaterial which 

contains oxygen functionalities at the edges and on the basal planes.3  GO holds a great 

promise in biological applications including drug delivery, cellular imaging, and cancer 

detection.4-6  As a potent antimicrobial agent, silver nanoparticles (AgNPs) are being 

incorporated in consumer products, including socks, bandages, and food containers.7  The 

antimicrobial activities of AgNPs have also been exploited in the fabrication of anti-fouling 

water filtration membranes.8  In the semiconductor industry, large quantities of inorganic 

nanoparticles (e.g., silica, ceria, and alumina) are used in the chemical mechanical 

planarization (CMP) process which is a key step in the production of electronic devices.  

These three types of nanoparticles (GO, AgNPs, and CMP nanoparticles), representing both 

carbon-based and inorganic nanoparticles, are the focus of this study. 

1.2 Cytotoxicity of Engineered Nanoparticles 

 With the development of ENP-enabled technologies and products, the environmental 

and heath risks associated with the ENPs are of major concern.  The release of ENPs to the 

environment can occur during the production, application, and disposal steps of the ENP-

containing products.9  These release nanoparticles may cause harm to microorganisms and 
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higher organisms in aquatic environments.10  Given the potential risk of human exposure to 

nanoparticles via dermal, ingestion, and inhalation pathways,11 it is imperative to improve 

our understanding of the mechanisms for the adverse effects of ENPs to humans health.   

 Recent studies have provided increasing evidence that a wide range of ENPs exhibit 

cytotoxicity toward human and bacterial cells.  While the pathways by which ENPs cause 

cytotoxicity are still under investigation, a plethora of studies has shown that the damage of 

cell membranes by ENPs can take place during nanoparticle-cell interactions.  It has been 

demonstrated that GO nanosheets exhibit hemolytic activity to human red blood cells, thus 

giving rise to health risks when these nanomaterials are applied in drug delivery 

applications.12 AgNPs exhibit strong antimicrobial activity toward both bacteria and viruses.8, 

13, 14  AgNPs have been reported to accumulate in the bacterial membrane and result in the 

formation of “pits” on the membrane.15  Silica nanoparticles have also been shown to cause 

membrane damage to human red blood cells.16  The damage to cell membranes can take 

place through the direct physical interactions between nanoparticles and membranes.  GO 

can induce the perturbation of bacterial cell membranes through the penetration of 

membranes by the sharp corners and edges of the graphene oxide nanosheets.17, 18  The 

disruption of human red blood cells by silica nanoparticles has been ascribed to the wrapping 

of the nanoparticles by cell membranes as a result of favorable binding energies.19 

 In addition to causing physical damage to biological membranes, ENPs can exert 

oxidative stress to bacterial and human cells.20, 21  Nanoparticles may induce oxidative stress 

to cells via nanoparticle-mediated electron transfer between cell membrane and the 

extracellular environment, thus resulting in the oxidation of cellular components.22, 23  Under 

these scenarios, the attachment of nanoparticles to cell membranes is expected to be a crucial 
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step preceding the various oxidative pathways.  Therefore, a better understanding of the 

nanoparticle-cell membrane interactions will help unravel the mechanisms for the 

cytotoxicity of nanoparticles. 

1.3 Model (Artificial) Cell Membranes 

 Cell membranes separate the intracellular environment from the extracellular 

surroundings and also provide an interface where numerous cellular functions (e.g., 

signaling, membrane vesicle trafficking, and endocytosis) take place.  The skeletons of cell 

membranes are lipid bilayers, which serve as barriers against the passage of water-soluble 

species.24  Lipid membranes also contain various peripheral and transmembrane proteins,25 

which perform a variety of biological functions26  Mammalian cell membranes contain 

varying amounts of cholesterols, which haves a unique function of regulating the fluidity and 

permeability of lipid membranes.27, 28  In addition, carbohydrates are commonly found on the 

membranes of bacterial and human cells.29 

 Given this complexity of cell membranes, artificial membranes with known 

compositions and controlled physicochemical properties can provide insights into the 

fundamental aspects of nanoparticle-membrane interactions.29  Commonly used models for 

cell membranes include solid-supported lipid bilayers, free-suspending lipid bilayers, 

supported vesicular layers, and free-suspending vesicles.29, 30   Importantly, these model 

membranes are amenable to a spectrum of microscopic and spectroscopic techniques that are 

widely used in the surface science community.31, 32  The focus of this study is the use of 

model membranes to gain fundamental insights into the nonspecific interactions between 

nanoparticles and cell membranes. 
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 Solid-supported lipid bilayers (SLBs) can be facilely prepared through the spreading 

of vesicles on a solid surface.33 SLBs are a highly versatile tool for investigating 

nanoparticle-membrane interactions because the composition of the lipid bilayers can be 

systematically varied.34  SLBs can be employed to investigate the binding of nanoparticles to 

lipid membranes.  Lipid vesicles, either freestanding or immobilized on a solid substrate, are 

another important model for cell membranes.  Lipid vesicles can provide information on the 

propensity of nanoparticles to disrupt lipid membranes.  Fluorescent dyes can be 

incorporated into vesicles, and the leakage of dye from inside of the vesicles serves as an 

indication of the local perturbation or formation of pores on the lipid membrane.35    

1.4 Interactions between Nanoparticles and Model Cell Membranes 

 The use of SLBs to probe the attachment of nanoparticles to lipid membranes has 

been the subject of a number of studies.36-38  The propensities for a variety of nanoparticles to 

attach to SLBs have been investigated as a function of solution chemistry, and the 

dominating interaction forces between nanoparticles and lipid bilayers have been proposed.  

It has been demonstrated that the attachment behaviors of quantum dots, carbon nanotubes, 

and AgNPs to SLBs were controlled by electrostatic interactions.36-38  When the electrostatic 

interactions between nanoparticles and lipid bilayers are repulsive, van der Waals attraction 

serves as an important driving force for the attachment of nanoparticles to lipid bilayers.37, 38  

Since the head groups of lipid bilayers are highly hydrated,39 repulsive hydration forces can 

lower the propensity for nanoparticles to bind to lipid bilayers.37    

 Despite recent progress on the attachment of nanoparticles to lipid bilayers, direct 

measurements of interaction forces between nanoparticles and lipid bilayers have received 
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much less attention.  Measuring nanoparticle-membrane interaction forces is central to 

elucidating how nanoparticles would interact with cell membranes once they come into 

contact.  Attractive nanoparticle-membrane interactions are expected to facilitate the 

adhesion of nanoparticles to cell membranes.  When the nanoparticle-membrane interactions 

are predominantly repulsive, physical interactions are not likely to play a key role in 

determining the toxicity effect of nanoparticles.40  Atomic force microscope (AFM) is a 

powerful tool which allows direct force measurements between an AFM tip and a surface.  

By modifying the AFM tip with nanoparticles, the interaction forces between nanoparticles 

and bacterial or mammalian cell membranes have been measured.40, 41  Despite the 

importance of these studies, a mechanistic understanding of the interactions between 

nanoparticles and cell membranes is impeded by the complexity of the membranes.  The use 

of model cell membranes with controlled membrane composition will allow for elucidation 

of nanoparticle-cell membrane interactions at a molecular level. 

 Although significant research efforts have been devoted to revealing the damage of 

lipid vesicles by nanoparticles, the distinction between “rupture” and “local disruption” of 

the lipid membrane is often unclear in previous studies.  These two types of membrane 

damage, with contrasting degrees of severity, can have different biological implications.  

While cells may repair tiny disruptions on the membranes,42 they may lose their integrity and 

undergo lysis if the membranes are ruptured significantly.43  Yi and Chen37 built supported 

vesicular layers (SVLs) on gold-coated QCM-D sensors and found that CNTs did not induce 

discernable rupture of the vesicles.  It is not clear, however, whether the deposition of CNTs 

on the SVLs resulted in the formation of tiny pores on the vesicles.  By encapsulating 

fluorescent dye into vesicles, the release of internal fluid from vesicles by nanoparticles has 
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been extensively examined.44-46  Nevertheless, both complete rupture of vesicles and local 

disruption of lipid membranes can lead to the release of fluorescent dye, and the 

differentiation of these two processes has been largely overlooked in previous studies.  By 

combining QCM-D measurements and fluorescent-dye experiments, which can reveal the 

rupture of vesicles and the formation of tiny pores on lipid membranes, respectively, we will 

be able to unambiguously differentiate the complete rupture of vesicles and the local 

disruption of lipid membranes. 

 While considerable efforts have been invested in examining the extent and speed of 

lipid membrane damage by nanoparticles, very few studies have investigated the reversibility 

of membrane damage.  It is known that line tension can serve as a driving force for the 

closure of pores formed on the surface of vesicles.47, 48  Numerous studies have provided 

evidence that lipid membranes possess a self-healing ability, i.e., the pores on the membranes 

can be spontaneously healed.47-50  For instance, Kinosita and Tsong42 created pores on RBC 

membranes using electric pulses and observed the self-healing of the pores.  To date, the 

resealing of pores induced by nanoparticle attachment has only received sporadic attention.50  

Given the recent evidence that GO can extract phospholipid from cell membranes,51 it is of 

considerable interest to examine whether the damage to membranes caused by GO is 

reversible.  

1.5 Biological Transformation of Nanoparticles 

 When nanoparticles enter biological systems, inorganic and organic constituents in 

the biological fluids can readily adsorb on the nanoparticle surface, thereby impacting the 

surface chemistry of the nanoparticles.  In biological fluids, a variety of types of proteins are 
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present.  The adsorption of proteins results in the formation of protein coronas around the 

nanoparticles.52  The presence of protein coronas can have significant impact on the cellular 

uptake and toxicity of nanoparicles.53, 54  Recent studies have provided evidence that the 

presence of protein coronas can reduce the attachment of silica and silver nanoparticles to 

SLBs.38, 55  Despite recent progress on nanoparticle-protein interactions, there remains a lack 

of understanding of the influence of solution chemistry on the adsorption of proteins on 

nanoparticles.  When nanoparticles are transported among different biological compartments, 

the variation in solution chemistry conditions may lead to different amount of proteins 

adsorbed on nanoparticles as well as a change in the conformation of protein coronas.  It 

remains to be elucidated how the nanoparticle-cell membrane interactions will be impacted 

by the presence of protein coronas formed under different solution chemistries.  In addition, 

very limited efforts have been devoted to the direct force measurements between 

nanoparticles and lipid membranes in the presence of protein coronas.  The delineation of the 

influence of protein coronas on nanoparticle-membrane interaction forces will allow for a 

better understanding of the impact of protein adsorption on the adhesion of nanoparticles to 

cell membranes. 

 In addition to proteins, inorganic phosphate ions are key constituents of biological 

fluids such as blood serum and saliva.56  Some inorganic nanoparticles, including iron oxide 

and aluminum oxide, have high adsorption affinity toward phosphate ions.57  Phosphate can 

adsorb on metal oxide nanoparticles through the formation of inner-sphere complexes 

thereby impacting the surface properties of the nanoparticles.58  It has been reported that the 

adsorption of phosphate ions resulted in reversal of the surface charge of CeO2 nanoparticles 

from positive to negative at neutral pH.59  The change in the surface charge of nanoparticles 



  9 

is expected to lead to an alteration in the electrostatic interactions between nanoparticles and 

cell membranes, thereby impacting the attachment of the nanoparticles to the membranes.  At 

present, no studies have examined the effect of phosphate adsorption on the attachment of 

nanoparticles to lipid membranes. 

1.6 Objectives and Scope of Dissertation 

 The overarching goal of this research is to systematically investigate the influence of 

solution chemistry as well as inorganic and organic constituents of biological fluids on the 

interactions of engineered nanoparticles with model cell membranes.  The emphasis will be 

placed on the attachment of nanoparticles to supported lipid bilayers, the disruption of lipid 

vesicles by nanoparticles, and the direct force measurements between nanoparticles and lipid 

bilayers.  Specific objectives of this study include: 

1. To investigate the influence of solution chemistry on the attachment of GO nanosheets to 

SLBs as well as the disruption of lipid vesicles by GO; 

2. To examine the influence of solution chemistry on the adsorption of human serum albumin 

(HSA) proteins on GO, as well as the impact of protein adsorption on the attachment of GO 

to SLBs; 

3. To unravel the impact of phosphate adsorption on the surface charge of inorganic (silica, 

ceria, and alumina) nanoparticles and their attachment to SLBs; and 

4. To measure the interaction forces between AgNPs and lipid bilayers by the employment of 

nanoparticle-functionalized atomic force microscope (AFM) tips. 
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1.7 Dissertation Organization 

 Chapter 2 focuses on the investigation into the influence of solution chemistry on the 

interactions of GO nanosheets with model cell membranes using a quartz-crystal 

microbalance with dissipation monitoring (QCM-D).  SLBs composed of zwitterionic 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) lipids were constructed on QCM-D sensors 

as model cell membranes.  The deposition of GO to SLBs was investigated at neutral pH 

over a wide range of NaCl and CaCl2 concentrations.  The deposition kinetics of GO on 

SLBs were derived by normalizing the rates of GO deposition on SLBs to the favorable 

deposition rates of GO on positively charged surfaces under the same solution chemistry 

condition.  The release of GO upon favorable attachment to supported lipid bilayers was 

examined through rinsing the deposited GO layer with electrolyte solutions.  Supported 

vesicular layers that were encapsulated with fluorescent dye were also constructed on QCM-

D sensors as another model for cell membranes.  The propensity for GO to disrupt the lipid 

membrane was examined by monitoring the release of dye from inside the vesicles.  The 

reversibility of the disruption of lipid membranes was explored by monitoring the dye release 

upon termination of the exposure of the vesicles to GO suspensions. 

 In Chapter 3, the adsorption of HSA proteins on GO was investigated under varying 

solution chemistry conditions.  The dry mass of HSA adsorption on GO was studied through 

batch experiments, and the information concerning the wet mass and conformation of HSA 

layers on GO was derived through the QCM-D measurements which involve the use of GO-

coated sensors.  The influence of ionic strength, presence of calcium, and pH conditions on 

the adsorption of HSA and the conformation of adsorbed HSA layers was examined.  

Furthermore, the attachment of GO on DOPC SLBs in the absence and presence of HSA was 
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investigated under different ionic strength conditions at neutral pH in order to elucidate the 

role of protein layer conformation in determining nanoparticle-membrane interactions. 

 Chapter 4 focuses on the aggregation and interactions of chemical mechanical 

planarization (CMP) nanoparticles (i.e., colloidal silica, fumed silica, ceria, and alumina) 

with model cell membranes, with an emphasis on the role of phosphate adsorption.  The 

adsorption of phosphate ions on the four CMP nanoparticles was investigated through batch 

adsorption experiments.  The influence of phosphate adsorption on the electrophoretic 

mobilities and aggregation behaviors of the CMP nanoparticles at neutral pH conditions was 

studied.  In addition, the deposition kinetics of CMP nanoparticles to DOPC SLBs was 

examined in the absence and presence of phosphate.  Finally, the disruption of supported 

vesicular layers by the CMP nanoparticles under neutral pH conditions was investigated. 

 In Chapter 5, a method was first developed to functionalize AFM tips with AgNPs by 

sequentially exposing the tips to polydopamine (PDA) and silver nitrate solutions.  The 

modified tips were observed under a scanning electron microscope (SEM).  Secondary and 

backscattered electron SEM imaging were conducted to reveal the morphology and surface 

composition of the modified tips, respectively.  DOPC SLBs were constructed on mica 

surfaces as model cell membranes.  The interaction forces between the AgNP-modified AFM 

tips and SLBs were measured at neutral pH condition in the absence and presence of HSA.  

The forces required for the AgNPs to penetrate the SLBs were also compared in the absence 

and presence of HSA. 
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Chapter 2. Interactions of Graphene Oxide with 

Model Cell Membranes: Probing Nanoparticle 

Attachment and Lipid Bilayer Disruption1 
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2.1 Introduction 

 Graphene is a two-dimensional nanomaterial consisting of a single layer of carbon 

atoms.1, 2  Owing to its unique structure, graphene possesses extraordinary electrical,3 

optical,4 thermal,5 and mechanical6 properties.  Graphene oxide (GO) is the oxidized form of 

graphene and it contains carboxyl, epoxy, and hydroxyl groups on its edges and basal 

planes.7  GO has been used as the precursor for the chemical production of graphene sheets.8  

Furthermore, GO has found broad applications in cell imaging,9 drug delivery,9, 10 

environmental sensors,11 and the fabrication of water filtration and gas separation 

membranes.11-15   

 Recently, GO has been reported to exhibit toxicity effects on gram-negative and 

gram-positive bacteria,16-19  as well as human cell lines.20, 21  The observed cytotoxicity of 

GO necessitates the further elucidation of the toxicity mechanisms in order to allow for the 

safe design of GO-based materials.  Currently, the mechanisms for the cytotoxicity of GO are 

still being investigated.  Some mechanisms that have been reported include destructive lipid 

extraction,22 oxidative stress toward cell components,16, 17 coating of cell membranes to 

prohibit cell proliferation,17 and penetration of lipid membranes by the edge asperities and 

corners of GO nanosheets.23, 24  The nonspecific interactions between GO and lipid bilayers 

(or interactions that do not involve specific cell receptors)25, 26 are expected to play a 

significant role in controlling the direct contact of GO with cell membranes, which is likely 

to be a critical initial process for the proposed mechanisms for GO cytotoxicity.25, 26   

 In light of the inherent complexity and dynamic nature of cell membranes, artificial 

membranes that are composed of lipid bilayers are commonly used as model systems to gain 

fundamental insights into the nonspecific interactions of cell membranes with 
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nanoparticles.25, 27, 28  Planar supported lipid bilayers (SLBs) have been employed as such 

models in the evaluation of the propensity for silica nanoparticles29 and quantum dots30 to 

attach to membranes.  In our earlier work,31 SLBs were assembled in a quartz crystal 

microbalance with dissipation monitoring (QCM-D) and were used for the quantification of 

the propensities for nanoparticle attachment in different solution chemistries.  In addition to 

SLBs, lipid vesicles (or liposomes) are another important model for the investigation of the 

cell membrane integrity upon the attachment of nanoparticles.25  Specifically, the disruption 

of vesicles by nanoparticles can result in the release or leakage of the fluid from within the 

vesicles, which can be monitored either through mass measurements using the QCM-D or 

dye release measurements from within the vesicles.25   

 While current studies have provided some insights into the nature of the interactions 

between GO and cell membranes, several important questions still remain to be answered.  

First, the propensity for GO to attach to cell membranes has not been quantitatively assessed 

and the reversibility of GO attachment on cell membranes has only received sporadic 

attention.17, 32  Second, only a few studies have accounted for the influence of solution 

chemistry in the assessment of the interactions between GO and cell membranes.33, 34  The 

variation in electrolyte concentrations in natural aquatic systems (e.g., rivers and estuaries) 

and biological systems (e.g., physiological fluids) is expected to lead to a change in GO–cell 

membrane interactions through the alteration of electrostatic interactions between GO and 

lipid bilayers.  Hence, a better understanding of the factors controlling GO–membrane 

attachment will facilitate the elucidation of the mechanisms for the biological effects of GO 

in different environments.  Third, although previous studies have demonstrated that GO can 

impair the integrity of bacterial and mammalian cells,21, 22 it is still unclear whether there is a 
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correlation between the attachment of GO on cell membranes and the disruption of cell 

membranes by GO.   

 In an effort to answer these questions, we employed a QCM-D to study the propensity 

for GO to attach to lipid membranes, as well as the reversibility of GO–membrane 

attachment, as a function of solution chemistry.  We also coupled a fluorescent-dye based 

technique with the QCM-D in order to monitor the leakage of vesicles upon contacting GO.  

The results obtained in this study will improve our understanding on the nonspecific 

interactions of GO with lipid membranes in a more quantitative manner and may be 

instructive on the role of GO attachment and membrane disruption during the assessment of 

the cytotoxicity of GO in aqueous environments of different solution chemistries. 

2.2 Materials and Methods 

2.2.1 Preparation and Characterization of GO Suspensions 

 Dry GO powder was purchased from Graphene Laboratories Inc. (Calverton, New 

York).  According to the supplier, the GO contains 79 % carbon and 20 % oxygen and has a 

flake size in the range of 0.5–5.0 µm.  Additionally, at least 80 % of the GO platelets consist 

of only one layer of carbon atoms.  To prepare the GO suspensions, ca. 8 mg of the GO 

powder was dispersed in 200 mL deionized (DI) water (Millipore, MA) through 

ultrasonication in an ultrasonic bath (Branson 1510R-MT, output power 70 W, frequency 42 

kHz) for 24 h.  The suspension was filtered through a 0.2 µm cellulose acetate filter 

(Corning, NY) and stored in a clean Pyrex bottle in the dark at 4 ºC.  Two batches of GO 

suspensions were prepared and used within six months after preparation.  The average 

hydrodynamic sizes of the first and second batches were determined to be 136 ± 7 and 119 ± 
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3 nm, respectively, through dynamic light scattering (DLS, BI-200SM and BI-9000AT, 

Brookhaven, NY). 

2.2.2 Solution Chemistry 

 ACS-grade NaCl, CaCl2, and NaHCO3 stock solutions were prepared and filtered 

using 0.1-µm syringe filters (Millipore, MA).  Most experiments were conducted at pH 7.2 ± 

0.2 (buffered with 0.2 mM NaHCO3).  Four buffers containing N-(2-hydroxyethyl)-

piperazine-N’-(2-ethanesulfonic acid) (HEPES, Sigma-Aldrich) were used in the 

experiments.  They are denoted as Buffer A (10 mM HEPES, 150 mM NaCl, pH adjusted to 

7.4), Buffer B (10 mM HEPES, 100 mM NaCl, with unadjusted pH ca. 5.5), Buffer C (20 

mM HEPES, 150 mM NaCl, pH adjusted to 7.4), and Buffer D (10 mM HEPES, no NaCl, 

pH adjusted to 7.4). 

2.2.3 Preparation of Vesicle Stock Suspensions 

 Zwitterionic 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) and positively-

charged 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (DOEPC) solutions in chloroform 

(Avanti Polar Lipids Inc., Alabaster, AL) were used to prepare zwitterionic DOPC vesicles 

and positively charged, mixed-lipid vesicles composed of DOPC and DOEPC.  For the 

preparation of DOPC vesicles, 0.2 mL of 25 g/L DOPC solution was dried in a conical flask 

with an ultrapure nitrogen gas stream to form a DOPC thin film on the bottom of the flask.  

The DOPC film was subjected to vacuum desiccation in nitrogen for at least 4 h and then 

hydrated by adding 5 mL Buffer A followed by magnetic stirring for ca. 30 min.  The DOPC 

suspension was then extruded using a mini-extruder (Avanti Polar Lipids Inc.) through a 50-

nm polycarbonate membrane (Whatman) back and forth for at least 15 times to obtain 
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unilamellar vesicles with a hydrodynamic diameter of 91–94 nm.35  For the preparation of 

positively charged DOPC–DOEPC vesicles, a 25 g/L DOPC solution and a 10 g/L DOEPC 

solution were mixed at a lipid mass ratio of 3:1 to obtain DOPC and DOEPC concentrations 

of 13.6 and 4.5 g/L, respectively.  Then, 0.2 mL of the DOPC–DOEPC mixture was dried 

with an ultrapure nitrogen gas stream, vacuum desiccated, hydrated with Buffer D, and 

extruded for 15 times.  The resulting DOPC–DOEPC suspension had DOPC and DOEPC 

concentrations of 0.54 and 0.18 g/L, respectively.  All vesicle suspensions were stored in 

glass vials that were sealed with nitrogen gas at 4 ºC and used within four days after 

preparation. 

2.2.4 Preparation of Vesicles Encapsulated with Fluorescent Dye 

 The preparation procedure for DOPC vesicles encapsulated with a fluorescent dye 

was adopted from the method of Moghadam et al.28  First, 5(6)-carboxyfluorescein (CF) 

(Molecular Probes, Eugene, OR) was dissolved in Buffer C with pH readjusted to 7.4 using 

KOH.  The resulting maroon-colored CF solution (100 mM) was stored in dark at 4 ºC and 

used within two months after preparation.  The CF solution was used to hydrate the DOPC 

film and extrusion was performed using the method described in the previous section.  The 

resulting vesicle suspension, to be referred to as CF-DOPC vesicle suspension, was stored in 

a glass vial wrapped with aluminum foil at 4 ºC and used within four days after preparation.  

2.2.5 Electrophoretic Mobility and Dynamic Light Scattering Measurements 

 The electrophoretic mobilities (EPMs) of GO and DOPC-DOEPC vesicles prepared 

in 0.2 mM NaHCO3 solutions were measured (ZetaPALS, Brookhaven Instruments Corp., 

Holtsville, NY) over a range of NaCl and CaCl2 concentrations.  The concentration of GO 
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used for the EPM measurements was ca. 2.6 mg/L as total organic carbon (TOC) determined 

using a TOC analyzer (TOC-L, Shimadzu), while the concentration of DOPC–DOEPC 

vesicles used was 36 mg/L.  Three samples were measured at each electrolyte concentration.  

For most experimental conditions, ten measurements were conducted for each sample.  At 

high NaCl and CaCl2 concentrations, only five measurements were conducted in order to 

minimize the effect of aggregation of GO and vesicles.  In addition, the aggregation of GO 

was investigated by measuring the change in the hydrodynamic diameter with time through 

time-resolved DLS.  These measurements were conducted over a range of NaCl and CaCl2 

concentrations at pH 7.2 using the method presented in our earlier publication.36 

2.2.6 Quartz Crystal Microbalance with Dissipation Monitoring 

 The interactions of GO with DOPC SLBs and vesicles were studied using a QCM-D 

E4 setup (Biolin Scientific, Västra Frölunda, Sweden).  The system is equipped with four 

measurement chambers, each housing a 5 MHz quartz crystal sensor with either silica-coated 

(QSX 303) or gold-coated (QSX 301) surface.  Before the QCM-D experiments, the flow 

modules and sensors were first cleaned using a protocol that was reported in our previous 

paper.31  The temperature inside the QCM-D chambers was maintained at 25 ºC.  For all the 

experiments, the shifts in frequency and energy dissipation at the 3rd overtone (∆f3 and ∆D3, 

respectively) were monitored simultaneously.  The frequency and dissipation shifts provide 

information on the deposited mass and the viscoelastic properties of the deposited layer on 

the sensor, respectively.37  In previous studies on the deposition of multiwalled carbon 

nanotubes38 and GO39 on silica surfaces, it has been demonstrated that the rate of frequency 

shift was proportional to the rate of deposition.  Thus, in this study, the rate of frequency shift 

at the 3rd overtone was used to quantify the deposition rates of GO on SLBs. 
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 For the deposition of GO on SLBs, a SLB was first assembled on the surface of 

silica-coated sensor using the method of Keller and Kasemo.40  Briefly, after a stable baseline 

was achieved (i.e., frequency signal drifts of less than 0.2 Hz within 10 min) by rinsing the 

sensor with Buffer A, a 0.07 g/L DOPC vesicle suspension was introduced to the QCM-D 

chamber.  The vesicles deposited on the sensor and subsequently ruptured to form a DOPC 

SLB, resulting in a characteristic frequency shift of –25 ± 0.5 Hz and a dissipation shift of 

0.1 × 10–6.  A similar approach adapted from the method of Cho et al.35 was used for the 

formation of DOPC–DOEPC SLBs.  A mixture of 0.038 g/L DOPC and 0.013 g/L DOEPC 

vesicles prepared in Buffer D was used to form the SLB. The formation of a DOPC–DOEPC 

SLB led to a frequency shift of –24.4 Hz and a dissipation shift of 0.1 × 10–6.  After the 

formation of SLBs, the chamber was rinsed with Buffer A (for DOPC SLBs) or Buffer D (for 

DOPC–DOEPC SLBs) for 10 min to remove the remaining vesicles.  An electrolyte solution 

of interest was then introduced into the measurement chamber to obtain a stable baseline, 

followed by the introduction of GO prepared in the same electrolyte solution to initiate the 

deposition process.  The GO concentration used for all QCM-D experiments was 2.6 mg/L 

TOC.  The flow rates were maintained at 0.10 ± 0.002 mL/min using a peristaltic pump 

(ISM935C, Ismatec SA, Zürich, Switzerland).  This flow rate resulted in a laminar flow in 

the measurement chambers.41 

 In order to quantify the deposition kinetics of GO on SLBs, the attachment efficiency, 

α, was calculated by normalizing the rates of frequency shift on SLBs to the rates under 

favorable (or transport-limited) conditions at the same solution chemistry:42 
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         (2.1) 

where t represents time.  The attachment efficiency can be understood as the probability of an 

attachment resulting from the collision between a GO nanoparticle and a SLB.43  The 

favorable deposition conditions were achieved by coating the silica sensor with poly-L-lysine 

(PLL) (prepared in Buffer B),42, 44 which is positively charged at pH 7.2.  All the rates of 

frequency shift used to calculate attachment efficiencies were determined within the first 10 

min of GO deposition. 

 In order to evaluate the propensity for GO to rupture vesicles, a supported vesicular 

layer (SVL) was formed on a gold-coated sensor.31, 40, 45  The chamber was first rinsed with 

Buffer A to attain a stable baseline and a 0.05 g/L DOPC vesicle suspension prepared in 

Buffer A was introduced into the chambers for ca. 30 min.  The vesicles deposited on the 

gold surface to form a SVL.  The chamber was then rinsed with Buffer A to remove the 

vesicles that remained in the solution.  Following that, a stable baseline was obtained by 

rinsing with an electrolyte of interest before a GO suspension prepared in the same 

electrolyte was introduced into the chamber.  The same procedure was used for the formation 

of a CF-DOPC SVL, except that Buffer C, instead of Buffer A, was used throughout the 

experiment. 

2.2.7 Detection of Dye Leakage from Supported Vesicles   

 After the formation of a CF-DOPC SVL on a gold-coated sensor, the CF dye outside 

the vesicles was removed by rinsing the chamber with Buffer C for at least 2 h.  This rinsing 

step was effective to reduce the CF concentration in the outflow of QCM-D system to lower 

than 0.05 µM.  The deposition of GO on the SVL was conducted according to the procedures 
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described above and the outflow samples were collected for 10 min per sample.  The 

fluorescence of the samples was measured using a spectrofluorometer (Fluorolog, Horiba) at 

excitation and emission wavelengths of 490 and 517 nm, respectively.  The presence of GO 

was shown to have negligible influence on the fluorescence intensity of CF, as shown in 

Figure 2.1. 
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Figure 2.1. Effect of GO on the fluorescence intensity of 1 µM CF dye dissolved in HEPES buffer.  

The concentration of GO was 2.6 mg/L TOC. 

 

2.3  Results and Discussion 

2.3.1 Electrokinetic properties of GO 

  Figure 2.2 presents the EPMs of GO in NaCl and CaCl2 solutions at pH 7.2.  The 

negative EPMs indicate that GO carried negative charge within the range of electrolyte 

concentrations employed.  The negative charge of GO was attributed to the deprotonation of 

carboxyl groups on the surface and edges of GO.7, 8  As the NaCl concentration was 
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increased, the magnitude of EPMs became smaller due to the screening of the surface charge 

of GO.  The decrease in EPMs with increasing CaCl2 concentration was mainly due to charge 

neutralization that resulted from the binding of Ca2+ ions to the carboxyl groups on GO.31, 46 

 

    

 

 

 

 

 

 

 

 

 

 

Figure 2.2  EPMs of GO as functions of NaCl and CaCl2 concentrations at pH 7.2.  Error bars 

represent standard deviations.  The lines are meant to guide the eye. 

 

2.3.2 Deposition Kinetics of GO on SLBs  

 Representative frequency and dissipation shifts during the formation of a DOPC SLB 

on a silica-coated sensor and during the deposition of GO on the SLB are shown in Figure 

2.3.  The silica-coated sensor was first rinsed with Buffer A until stable frequency and 

dissipation baselines were achieved.  A suspension of DOPC vesicles was introduced into the 

flow chamber and the adsorption of vesicles on the sensor resulted in a negative frequency 

shift and a positive dissipation shift.  As more and more vesicles adsorbed on the sensor, a 

critical surface coverage was achieved and the interaction between neighboring vesicles, as 
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well as that between vesicles and silica surface, resulted in the rupture of vesicles.40, 47, 48  

Upon rupture, the water that was encapsulated within the vesicles was released, causing a 

positive frequency shift and a negative dissipation shift.  The formation of the DOPC SLB 

resulted in a ∆f value of –25 Hz and a ∆D value of 0.1 × 10-6, both consistent with the values 

reported by other researchers.35, 47  Richter et al.47 employed a B5 protein that adsorbs 

favorably on silica surfaces to study the integrity of the SLBs formed using this protocol.  No 

protein binding was detected by the QCM-D, thus indicating that the SLBs on the silica 

surfaces were continuous.47 
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Figure 2.3. Representative frequency (blue) and dissipation (red) shifts during the formation of a 
DOPC SLB on a silica crystal and the deposition of GO on the SLB.  In Stage A, stable baselines 
were obtained by rinsing the silica crystal with Buffer A.  In Stage B, DOPC vesicles were deposited 
on the silica surface and they ruptured to form a SLB.  In Stage C, the system was rinsed with Buffer 
A to remove unadsorbed vesicles.  In Stage D, stable baselines were obtained by rinsing the SLB 
with a 0.6 mM CaCl2 and pH 7.2 solution.  In Stage E, GO was deposited on the SLB in the same 
solution chemistry as used in Stage D. 

 

 The propensity for GO to attach to SLBs was investigated by exposing the SLBs to 

GO over a range of NaCl and CaCl2 concentrations.  The deposition of GO on SLBs resulted 

in a negative frequency shift and a positive dissipation shift (Figure 2.3).  The increase in 
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energy dissipation had also been reported during the deposition of carbon nanotubes31 and 

quantum dots30 on SLBs.  The deposition rates of GO on DOPC SLBs are presented in 

Figure 2.4a and b.  An increase in NaCl concentration from 10 to 100 mM resulted in a rise 

in GO deposition rates (Figure 2.4a).  As the NaCl concentration was raised, the electric 

double layer (EDL) interaction between GO and SLBs was expected to become less repulsive 

due to the screening of the surface charges of both GO and SLBs, while the attractive 

dispersion force (i.e., the major component in van der Waals interactions) between them 

remained almost unchanged.49  Therefore, the increase in NaCl concentration resulted in a 

rise in the propensity for GO to attach to DOPC SLBs.  A further increase in NaCl 

concentration above 100 mM, however, led to a decrease in the deposition rates of GO.  This 

decline in the deposition rates was likely due to the decrease in the diffusion coefficient of 

GO resulting from their aggregation at these high electrolyte concentrations, which was also 

reported in previous QCM-D studies on nanoparticle deposition.42, 50   

 Similar trends were observed when GO was deposited on DOPC SLBs in CaCl2 

solutions.  Specifically, the rate of GO deposition increased when the CaCl2 concentration 

was raised from 0.2 to 0.6 mM (Figur 2.4b).  Calcium ions can bind to the carboxyl groups of 

GO39 and the phosphate moieties in the headgroups of DOPC lipids,30 thus resulting in the 

neutralization of the charges on GO and SLBs.  Additionally, it was demonstrated in our 

earlier study31 that the charge of DOPC was reversed at CaCl2 concentrations higher than 0.5 

mM.  Within the range of CaCl2 concentrations of 0.1–10 mM, GO remained negatively 

charged, as shown in Figure 2.2.  Therefore, when the CaCl2 concentration exceeded 0.5 

mM, the EDL repulsion between GO and DOPC SLBs turned into attraction.  Similar to the 

case of NaCl, a further increase in CaCl2 concentration above 0.8 mM resulted in a decline in 
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the deposition rates owing to the concurrent aggregation of GO.  Time-resolved DLS 

measurements verified that GO has the propensity to undergo aggregation at NaCl and CaCl2 

concentrations above 120 and 0.6 mM, respectively (Figure 2.5).  It is thus also expected that 

GO may deposit on SLBs to form multilayer structures under elevated electrolyte 

concentrations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Deposition rates of GO on DOPC SLBs as functions of (a) NaCl and (b) CaCl2 
concentrations at pH 7.2.  Attachment efficiencies of GO on DOPC SLBs as functions of (c) NaCl and 
(d) CaCl2 concentrations at pH 7.2.  Error bars represent standard deviations.  The lines are meant to 
guide the eye. 
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Figure 2.5. (a) Aggregation of GO in the presence of NaCl at pH 7.2. (b) Aggregation of GO in the 

presence of CaCl2 at pH 7.2.  The concentration of GO was 2.6 mg/L TOC. 

 

 By normalizing the deposition rates of GO on DOPC SLBs to the favorable 

deposition rates on PLL (Figure 2.6), the attachment efficiencies of GO on DOPC SLBs in 

NaCl and CaCl2 can be calculated and are presented in Figure 2.4c and d, respectively.  The 

attachment efficiencies increased with an increase in NaCl concentration within the range of 

10–30 mM (slow regime).  At NaCl concentrations higher than 30 mM, the attachment 

efficiency remained constant (fast regime).  Similarly, slow and fast deposition regimes were 

observed in CaCl2.  The CaCl2 concentration that delineated the two regimes was ca. 0.6 mM, 

which is close to the CaCl2 concentration at which the charge of DOPC SLBs is reversed (ca. 

0.5 mM).31  In the fast regimes, interestingly, the attachment efficiencies in NaCl and CaCl2 

were only 0.57 ± 0.10 and 0.46 ± 0.05, respectively, both values lower than 1 which is 

expected if the interactions between GO and SLBs are controlled only by EDL repulsion and 

van der Waals attraction.51, 52 
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Figure 2.6.  Deposition rates of GO on PLL-coated surfaces as functions of (a) NaCl and (b) CaCl2 
concentrations at pH 7.2.  Error bars represent standard deviations.  The lines are meant to guide the 
eye. 

 

 According to Derjaguin–Landau–Verwey–Overbeek (DLVO) theory,51, 52 when the 

EDL repulsion is eliminated through charge screening at high electrolyte concentrations, 

favorable deposition will take place, resulting in an attachment efficiency of one.53  

Attachment efficiencies of lower-than-one, however, have been obtained for some systems, 

including the deposition of fullerene nanoparticles and bacteriophage MS2 on silica surfaces 

at high electrolyte concentrations.41, 54  In addition, attachment efficiencies of smaller-than-

one were measured for the deposition of multiwalled carbon nanotubes on DOPC SLBs at 

elevated NaCl concentrations.31  Additional repulsive forces had been invoked in these 

studies31, 41, 54 to account for the discrepancies between the observed attachment efficiencies 

and predictions based on DLVO theory.  Hence, we speculate that non-DLVO repulsive 
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forces were also operative between GO and SLBs and contributed to the lower-than-one 

attachment efficiencies. 

 In order to test the existence of this repulsive force for positively charged SLBs, a 

DOPC–DOEPC SLB was used for the deposition of GO.  The EPMs of DOPC–DOEPC 

vesicles were positive over the range of NaCl concentrations tested (i.e., 1–100 mM), as 

shown in Figure 2.7a. If only EDL and van der Waals attraction were regulating the 

interactions between GO and SLBs, an attachment efficiency of one would be expected over 

the entire range of NaCl concentrations.  However, the attachment efficiencies of GO on 

DOPC–DOEPC SLBs were lower than 1 (ca. 0.3) over the entire range of NaCl 

concentrations (Figure 2.7b). This result demonstrated that the repulsive force was also 

existent between GO and positively charged lipid bilayers and that it can even “win out” over 

the sum of EDL and van der Waals attraction. 
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Figure 2.7. (a) EPMs of DOPC–DOEPC vesicles as a function of NaCl concentration at pH 7.2. (b) 
Attachment efficiencies of GO on positively charged DOPC–DOEPC SLBs as a function of NaCl 
concentration at pH 7.2.  Error bars represent standard deviations.  The lines are meant to guide the 
eye. 

 

 The headgroups of lipid bilayers are known to be highly hydrated.49  NMR 

experiments on 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipid bilayers have 

revealed the presence of a less mobile hydration shell of ca. 1–2 water molecules hydrogen-

bonded to the oxygen in the phosphate and a more mobile hydration shell of ca. 5–6 

hydrogen-bonded water molecules near the N(CH3) choline moiety.55  Using frequency 

modulation atomic force microscopy, Fukuma et al.56 observed oscillatory force profiles 

when an atomically sharp tip approached 1,2-dipalmitoyl-sn-glycero-3-phosphocholine 

(DPPC) lipid bilayers, thus demonstrating the presence of intrinsic hydration layers adjacent 

to the lipid bilayers.  It is thus expected that repulsive hydration forces can be operative when 

a well-hydrated particle approaches a lipid surface.  Using atomic force microscopy, Higgins 

et al.57 observed the presence of an oscillatory repulsive force when a carbon nanotube 

approached a DPPC SLB, which was attributed to the removal of up to five structured water 

layers.  Ahmed et al.58 demonstrated that the formation of DMPC SLB on SiO2 particles of 
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varying surface densities of silanol groups via the rupture of DMPC vesicles was slower for 

SiO2 particles with higher silanol densities and thus more bound water.  This observation 

indicates that hydration force was playing a crucial role in the interaction between SiO2 

particles and lipid vesicles.  In light of these findings, hydration force was likely to be 

operative between GO and lipid bilayers.   

 GO contains abundant carboxyl, epoxy, and hydroxyl groups,7 which are prone to 

hydration.  When GO comes into close approach to lipid bilayers, the hydration layers 

adjacent to the functional groups on GO and the headgroups of lipid bilayers might overlap, 

bringing about repulsive entropic force between GO and lipid bilayers.  This repulsive force 

may dominate van der Waals attraction and EDL interaction, especially at small separation 

distances, hence resulting in the lower than expected deposition kinetics of GO to SLBs.  It is 

noteworthy that for real cell membranes that contain other components, such as 

lipopolysaccharides and proteins, additional steric or electrostatic forces induced by these 

components can potentially play a role in the interactions of GO with cell membranes.59-61   

2.3.3 Reversibility of GO Deposition on DOPC SLBs 

 After being attached on cell membranes, GO can elicit negative responses from 

bacterial (e.g., oxidation of cell components and inhibition of the proliferation of cells) and 

human cells (e.g., hemolysis of red blood cells).16, 21  The reversibility of GO deposition may 

have critical implications for the GO-induced cell responses, especially if the cell responses 

are dependent on the duration of GO–membrane contact.  Figure 2.8 shows the change in 

frequency during the deposition of GO on a DOPC SLB in a 1.1 mM CaCl2 solution (4–24 

min), followed by the rinsing of the deposited GO with the same electrolyte solution (24–37 

min) and then with DI water (37–55 min).  For all stages, the pH was maintained constant at 
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7.2.  At 1.1 mM CaCl2, the DOPC SLB was positively charged and EDL attraction was 

expected to dominate between GO and DOPC SLBs.  In DI water (or in the absence of 

CaCl2), however, the SLB became negatively charged, as shown in our earlier study,31 thus 

resulting in EDL repulsion between the GO and SLBs.   

 

 

 

 

 

 

 

 

 

Figure 2.8. Frequency shifts during the deposition of GO on SLBs at 1.1 mM CaCl2 and rinsing of 
deposited GO with a 1.1 mM CaCl2 solution followed by DI water.  The pH is maintained at 7.2 for the 
entire experiment. 

 At 1.1 mM CaCl2, GO deposited on DOPC SLBs with an attachment efficiency of ca. 

0.4 (Figure 2.4d).  When the deposited GO was rinsed with a 1.1 mM CaCl2 solution, no 

frequency shift was observed, as shown in Figure 2.8, thus indicating that the deposited GO 

could not be released in the same solution chemistry.  Following that, a positive frequency 

change of 0.8 Hz was observed when the deposited GO was rinsed with DI water.  In a 

control experiment, the displacement of the 1.1 mM CaCl2 solution by DI water in the 

absence of deposited GO resulted in a similar frequency shift of 0.8 Hz since the change in 

solution density and viscosity can also result in a change in frequency.62, 63  Taking this 

buffer effect62, 63 into consideration, the exposure of the deposited GO to DI water did not 
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lead to any observable release of deposited GO from DOPC SLBs. This result indicates that 

the energy barrier for the release of the deposited GO was still insurmountable in DI water,64 

despite the transition from EDL attraction to repulsion between the deposited GO and SLB.  

The irreversibility of GO deposition on lipid membranes was also observed in another 

study17 that showed that GO, after being adsorbed onto bacterial cell membranes, cannot be 

released even when the GO–bacteria suspension was subjected to ultrasonication.  

2.3.4 No Significant Rupture of Supported Vesicles when Exposed to GO 

 A supported DOPC vesicular layer was used to investigate the rupture of vesicles 

upon the attachment of GO.  Representative frequency and dissipation shifts during the 

formation of a SVL and the subsequent introduction of a GO suspension are presented in 

Figure 2.9.  The SVL was first formed on a sensor by introducing a DOPC vesicle suspension 

into the QCM-D chamber.31, 40  The large shifts in frequency and dissipation indicated that 

the vesicles had deposited on the sensor to form a SVL (75–154 min).40  The deposited 

vesicles were then rinsed with Buffer A (154–215 min) followed by a 0.6 mM CaCl2 solution 

(215–284 min).  A GO suspension prepared in a 0.6 mM CaCl2 solution was then introduced 

into the chambers (from 284 min onwards).  This CaCl2 concentration was selected because 

it corresponded to the onset of the fast deposition regime, as shown in Figure 2.4d.  This 

calcium concentration is also representative of the concentrations in biological systems and 

natural aquatic systems with moderately hard water.65, 66  With the continuous introduction of 

GO suspension, there was a negative frequency shift and a positive dissipation shift, 

indicating that GO was depositing on the supported vesicles.  The negative frequency shift 

and concurrent positive dissipation shift also imply that no detectable rupture of vesicles took 

place upon the attachment of GO on the vesicles.  In a positive control experiment performed 
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in our previous study,31 the exposure of supported DOPC vesicles to a 32 mM Triton X-100 

solution, a known membrane solubilizer, resulted in an instantaneous positive frequency shift 

and a concurrent negative dissipation shift resulting in final frequency and dissipation values 

of close to 0, which indicated that all the vesicles had ruptured instantaneously.  Therefore, it 

was concluded from the results in Figure 2.9 that GO deposition did not induce the rupture of 

the supported DOPC vesicles. 

 

 

 

 

 

 

 

 

 

 

Figure 2.9. Frequency and dissipation shifts during the formation of a DOPC SVL and the deposition 

of GO on the SVL at 0.6 mM CaCl2 and pH 7.2. 

 

 In the study of Frost et al.45 on the interactions between GO and positively charged 

vesicles that were composed of 1-palmitoyl-2-oleyl-sn-glycero-3-phosphocholine (POPC) 

and 1-palmitoyl-2-oleyl-sn-glycero-3-ethylphosphocholine (POEPC), the supported POPC–

POEPC vesicles were ruptured upon the attachment of GO.  The authors attributed the 

rupture of the vesicles to the electrostatic attraction between GO and the bilayers.  However, 

we did not observe significant rupture of positively charged DOPC–DOEPC vesicles upon 
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the attachment of GO (Figure 2.10).  We speculate that the difference in membrane fluidity 

resulting from the different degrees of saturation of the fatty acid tails of the phospholipids,67 

as well as the difference in GO properties (e.g., flake size and density of surface functional 

groups), may account for the discrepancy between Frost et al.’s and our observations.  

Further investigation that involves a systematic variation in both the vesicle composition and 

GO properties is needed to fully elucidate their effects on the propensity for GO to rupture 

the vesicles. 

2.3.5 Release of Fluorescent Dye from Supported DOPC Vesicles 

 It has been reported that, after coming into attachment with cell membranes, GO may 

cause the destructive extraction of lipid from membranes.22  This local damage of the lipid 

bilayers may not result in the complete rupture of cell membranes.  Instead, it may lead to the 

formation of pores on membranes and hence the release of intracellular components,68 which 

has been suggested to be a key mechanism for the cytotoxicity of nanoparticles.69  To 

distinguish the complete rupture of vesicles from the local damage of vesicles that may not 

result in complete rupture, we use disruption from here on to refer to the latter process. 
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Figure 2.10. Frequency (blue) and dissipation (red) shifts during the formation of a DOPC–DOEPC 
SVL and the deposition of GO on the SVL at 150 mM NaCl and pH 7.2.  The red arrows indicate the 
times at which two GO suspensions were successively prepared and introduced to the QCM-D 
chambers to allow for the deposition of GO on the SVL. 

 

 The fluorescent dye leakage technique has been proven to be a powerful tool for the 

study of the rupture and disruption of vesicles by nanoparticles and macromolecules (e.g., 

gold nanoparticles,28, 70 humic acids,71 and peptides72).  Herein, the fluorescent dye leakage 

technique was coupled with QCM-D in order to monitor the leakage of vesicles and changes 

in the deposited mass simultaneously (scheme illustrated in Figure 2.11).  This protocol 

involved three stages: deposition of fluorescent-dye encapsulated vesicles on gold-coated 

sensors (Stage A), removal of external dye by buffer rinse (Stage B), and exposure of the 

supported vesicles to GO suspension (Stage C).  The NaCl concentration inside the supported 

vesicles was 150 mM, which is close to the ionic strength in biological fluids.26  The 

frequency and dissipation shifts of the sensors, as well as the fluorescence intensity of the 

outflow, were monitored simultaneously throughout the experiment.  At the end of each 
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experiment, the supported vesicles were exposed to a 32 mM Triton X-100 solution to induce 

the complete rupture of the vesicles.  In a typical experiment, four QCM-D chambers were 

used in parallel.  In two of the chambers, GO suspensions were introduced into the chambers 

to allow for the deposition of GO onto the supported vesicles.  In the other two chambers, as 

a negative control, the supported vesicles were exposed to electrolyte solutions of the same 

solution chemistry in the absence of GO.  Three solution chemistries were employed in 

preparing the GO suspensions: 150 mM NaCl and 0.6 mM CaCl2, both allowing for the fast 

deposition of GO to lipid bilayers, and 1 mM NaCl, at which GO underwent slow deposition 

on the bilayers (as shown in  Figure 2.4c and d). 

 

   

 

Figure 2.11. Schematic of dye leakage detection coupled with QCM-D.  Note that GO and vesicles 

are not drawn to scale. 
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 Figure 2.12a shows the frequency and dissipation response during the deposition of 

GO on the supported DOPC vesicles at 150 mM NaCl and Figure 2.12b shows the release of 

dye from the vesicles in the presence and in the absence of GO.  Figure 2.12c shows a close-

up of the dye release during the GO deposition and rinsing stages.  Before the introduction of 

the GO suspension, the dye outside the supported vesicles was removed by rinsing with 

Buffer C followed by a 150 mM NaCl solution.  When the GO suspension was introduced 

into the chambers (58 to 105 min), the GO deposited on the SVL, as evident from the 

considerable decrease in frequency response (Figure 2.12a).  The decrease in the frequency 

response also indicated that no significant rupture of deposited vesicles occurred upon GO 

attachment.  While GO deposition took place on the SVL, the dye concentration was also 

observed to be significantly higher than that in the absence of GO (Figure 2.12b and c), 

indicating that the attachment of GO resulted in the release of some dye from inside the 

vesicles.  Since the lipid bilayers are impermeable barriers to CF, the release of dye implies 

that some pores had formed on the vesicles such that the dye molecules were able to diffuse 

through the lipid bilayers.  This local disruption of the vesicles was not severe enough to 

induce the rupture of the vesicles.  The disruption of model cell membranes by GO is 

consistent with the findings of other studies that have reported the release of RNA from 

Escherichia coli caused by the direct contact with the sharp edges of GO nanowalls18 and the 

leakage of intracellular contents from dental pathogens when exposed to GO.73 
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Figure 2.12. (a) Frequency and dissipation shifts when supported DOPC vesicles were exposed to 
GO suspension in 150 mM NaCl (shaded in red), 150 mM NaCl solution (shaded in blue), and 32 mM 
Triton X-100.  The solid and dash lines show the frequency and dissipation shifts, respectively.  (b) 
Release of CF dye from supported vesicles upon exposure to GO suspension (in 150 mM NaCl), 150 
mM NaCl solution, and 32 mM Triton X-100.  The red and blue lines show the release of dye in the 
GO deposition and control experiments, respectively.  (c) Close-up of the release of dye in the GO 
deposition and rinsing stages, both at 150 mM NaCl.  Error bars represent standard deviations. 
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 Following the deposition of GO, the supported vesicles were rinsed with Triton X-

100 (153 to 178 min) and significant dye release was observed as the deposited vesicles were 

solubilized by the surfactant (Figure 2.12b).  It is noted that the amount of dye released upon 

exposure to Triton was significantly lower for the vesicles that were pre-exposed to a GO 

suspension since some dye had earlier been released during GO exposure.  It is noteworthy 

that the vesicles ruptured instantaneously upon the exposure to Triton, as shown by the 

abrupt frequency and dissipation shifts at 153 min in Figure 2.12a.  By this token, the 

disruption of cell membranes by GO was much less severe than that by the surfactant in 

terms of the extent and speed of disruption.   

 After GO had deposited on the SVL for 40 min, the GO suspension was replaced by a 

150 mM NaCl solution at 104 min and the dye concentration dropped to background level 

within 20 min from the switch in solutions (Figure 2.12c).  The almost complete reduction in 

dye release suggests that the pores on vesicles that were formed during the deposition of GO 

were transient and could “heal” in the absence of GO in the background solution.  Although 

GO can cause perturbation of lipid membranes, the model membranes seemed to possess the 

ability to “repair” this local disruption.  It is interesting to note that this “self-repairing” can 

take place even when the GO nanosheets were still attached to the membranes, as indicated 

by the stable frequency response during this NaCl rinsing stage (105–153 min, Figure 2.12a).   

 Vesicles deposited on a surface are subjected to membrane tension due to the 

restriction of thermal fluctuation of the lipid membrane.74, 75  The sharp corners of GO, as 

shown by molecular simulation, can induce pores on lipid bilayers,23, 76 consistent with our 

experimental observations.  The growth (or shrinkage) of the pores is controlled by two 

opposing forces –– membrane tension which is the driving force for pore opening and line 
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tension (or the excess free energy per unit length of the pore edge) which is the driving force 

for pore closure.49, 75, 77, 78  Two mechanisms can come into play simultaneously to inhibit the 

further growth of the pores and eventually result in their closure.75, 79  First, the formation of 

pores will allow for the lipid to be distributed over a smaller area, thereby leading to a 

relaxation of the membrane tension.79  Additionally, the leaking of internal fluid from the 

vesicles due to the excess Laplace pressure75, 79 will result in the shrinkage of the vesicles and 

hence a reduction in the membrane tension.79  As the membrane tension decreases, line 

tension begins to dominate, hence driving the closure of the pores.79  It was likely that these 

two mechanisms contributed to the “self-healing” of the pores when the exposure of the SVL 

to the GO suspension was terminated.  In another study, Wong-Ekkabut et al.80 performed 

computer simulations of the translocation of fullerene nanoparticles through lipid membranes 

and also reported transient distortion of the membranes.  To the best of our knowledge, this 

study is the first to provide experimental evidence on the transient disruption of lipid 

membranes upon the attachment of GO. 

 Additionally, a similar deposition experiment was conducted with a suspension of GO 

prepared in 0.6 mM CaCl2 (Figure 2.13).  When a supported vesicular layer was rinsed with a 

0.6 mM CaCl2 solution, a considerable amount of dye was released from the vesicles, which 

is likely due to the rupture-promoting ability of Ca2+ ions.35, 81  Even though some dye was 

released in this CaCl2 rinsing stage, the release of dye that resulted from the subsequent 

deposition of GO was still evidently higher compared to that in the control experiment, 

similar to the observation at 150 mM NaCl. 
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Figure 2.13. (a) Frequency and dissipation shifts when supported DOPC vesicles were exposed to 
GO suspension in 0.6 mM CaCl2 (shaded in red), 0.6 mM CaCl2 solution (shaded in blue), and 32 mM 
Triton X-100.  The solid and dash lines show the frequency and dissipation shifts, respectively.  (b) 
Release of CF dye from supported vesicles when the vesicles were exposed to GO suspension (in 
0.6 mM CaCl2), 0.6 mM CaCl2 solution, and 32 mM Triton X-100.  The red and blue lines show the 
dye release profiles in the GO deposition and control experiments, respectively.  Error bars represent 
standard deviations. 

 

 Finally, the deposition experiment was conducted at 1 mM NaCl (Figure 2.14), at 

which the attachment efficiency of GO on DOPC SLBs was below 0.05 (Figure 2.4c).  When 

Buffer C was replaced by a 1 mM NaCl solution at 34 min, the frequency shift increased 

(Figure 2.14a) while the dye concentration of the outflow increased from 0.03 to 0.60 M 

(Figure 2.14b), indicating that some of the supported vesicles were disrupted with the switch 

in background solutions.  The disruption of vesicles was attributed to the sudden generation 
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of an osmotic pressure across the lipid bilayer of vesicles with the dramatic drop in NaCl 

concentration (150 mM in Buffer C to 1 mM) and this osmotic-triggered disruption of 

vesicles was also observed in other studies.82, 83  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.14.  (a) Frequency and dissipation shifts when supported DOPC vesicles were exposed to 
GO suspension in 1 mM NaCl (shaded in red), 1 mM NaCl solution (shaded in blue), and 32 mM 
Triton X-100.  The solid and dash lines show the frequency and dissipation shifts, respectively.  (b) 
Release of CF dye from supported vesicles upon exposure to GO suspension (in 1 mM NaCl), 1 mM 
NaCl solution, and 32 mM Triton X-100.  The red and blue lines show the release of dye in the GO 
deposition and control experiments, respectively.  Error bars represent standard deviations. 
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 Upon the introduction of the GO suspension (80–125 min), the QCM-D frequency 

and dissipation response remained constant (Figure 2.14a) because the conditions for GO 

deposition on DOPC vesicles were unfavorable.  Meanwhile, the fluorescent dye 

concentrations of the QCM-D outflow in the GO deposition and control experiments (Figure 

2.14b) were not significantly different (two-tailed t test, significance level of 0.05).  This 

observation further verified that the deposition of GO on the surface of vesicles is vital to 

induce further penetration or creation of pores in the lipid bilayers.  When the attachment of 

GO on lipid bilayers was inhibited by strong EDL repulsion, the disruption of lipid vesicles 

can be alleviated to a large extent.  Thus, the effect of solution chemistry in the specific 

environments where the GO–cell membrane interactions take place should be accounted for 

during the assessment of the cytotoxicity of GO.  

2.4 Conclusions 

 In this study, the influence of NaCl and CaCl2 concentrations on the propensity of GO 

to attach on model cell membranes is investigated.  Since both GO and SLB are negatively 

charged under neutral pH conditions, the rise in NaCl concentration results in the reduction 

of electrostatic repulsion and thus in an increase in the GO deposition kinetics.  In the 

presence of CaCl2, Ca2+ ions can bind to the headgroups of DOPC and neutralize or reverse 

the charge of the SLBs, hence allowing for fast GO deposition.  At elevated NaCl or CaCl2 

concentrations, however, mass-transfer-limited deposition kinetics were not achieved, which 

was attributed to the existence of repulsive hydration forces between GO and SLBs.  No 

release of GO from the SLBs was observed upon elution with DI water, indicating that the 

attachment of GO was largely irreversible.  When GO deposited on the SVLs under 
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favorable conditions, no rupture of the deposited vesicles was observed.  Instead, dye leakage 

from inside the vesicles was detected, indicating the formation of pores on the vesicles.  The 

leakage of dye decreased significantly upon the termination of exposure to GO suspension, 

demonstrating the self-healing ability of the membranes.  Additionally, dye leakage was not 

observed under unfavorable deposition conditions, further verifying that the attachment of 

GO was a necessary step for the disruption of lipid membranes. 
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Chapter 3. Adsorption of Human Serum Albumin 

on Graphene Oxide: Implications for Protein 

Corona Conformation and Nanoparticle-Cell 

Membrane Interactions1 

  

                                                 
1 This chapter will be submitted for publication in a peer-reviewed journal.  Co-author Chenxu Yan performed 

the batch adsorption experiments and wrote the Materials and Methods section for the batch experiments.  Co-

author Kai Loon Chen helped with data interpretation and manuscript editing.   
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3.1 Introduction 

 Owing to its unique optical,1 mechanical,2 chemical,3 and antibacterial properties,4 

graphene oxide (GO) has recently found widespread applications in diverse fields including 

energy storage,5 water treatment,6 and sensing of biomolecules.7  In particular, GO has been 

proposed as a promising candidate for efficient cellular imaging and drug delivery.8, 9  

Recently, GO has been reported to show cyto- and geno-toxicity toward human cells.10, 11  A 

mechanistic understanding of how GO nanosheets interact with biological systems, when 

they are accidentally uptaken (e.g., from GO-contaminated water) or purposely administered 

(e.g., use of GO for drug delivery) into the human body, will enable a better assessment of 

the biological impacts of GO. 

 When nanoparticles enter a biological fluid (such as blood plasma), proteins present 

in the medium can adsorb on the nanoparticle surface to form protein coronas.12-14  The 

formation of protein coronas on nanoparticles is expected to have at least two-fold 

implications for the biological impacts of nanoparticles.  First, the coronas bound to 

nanoparticle surface confer a biological identity to the nanoparticles and have a pronounced 

influence on the cellular responses to the nanoparticles.12, 15  In their study of the interactions 

of silica nanoparticles with A549 lung epithelial cells, Lesniak et al.16 reported that weaker 

adhesion to cell membranes and lower internalization efficiency were observed when the 

nanoparticles were coated with protein coronas.  Second, upon being adsorbed to 

nanoparticles, proteins may undergo conformational changes, which can lead to an alteration 

in the biological functions of the proteins.17  

 The formation of protein coronas on GO has been the subject of several recent studies.  

Chong et al.18 demonstrated that the toxicity of GO toward A549 cells was decreased when 
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the GO was coated with bovine serum albumin (BSA).  They also observed an alteration in 

the secondary structures of BSA upon binding to GO.18  Lim and co-workers19 reported that 

the wavelength of the maximum fluorescence emission of human serum albumin (HSA) was 

red-shifted, which is indicative of conformational change of the protein,20 upon adsorbing on 

GO.  These studies provide insights into the mechanisms for the interactions between GO 

and proteins.  Nevertheless, there is still a lack of understanding of the influence of solution 

chemistry on the amount of proteins adsorbed on GO and the conformation of protein 

coronas.   Such information is critical to evaluating the biological responses to GO when 

protein-coated GO is transported among different biological compartments with varying 

solution chemistries.  In addition, our previous work has shown that GO can disrupt lipid 

bilayers upon favorable attachment.21  The mechanisms by which protein coronas influence 

the adhesion of GO to cell membranes remain to be elucidated. 

 In this study, we investigate the adsorption of HSA, which is the most abundant 

protein in human plasma,22 on GO.  Adsorption isotherms of HSA on GO were obtained 

through batch experiments under varying solution chemistry conditions.  Those isotherms 

will provide quantitative information on the absolute (dry) mass of HSA adsorbed on GO.  

The adsorption of HSA on GO was also investigated through quartz crystal microbalance 

with dissipation (QCM-D) measurements by employing GO-coated sensors.  The QCM-D 

senses “wet” mass of protein layers (adsorbed proteins plus water associated with the 

proteins)23 on GO.  In addition, the QCM-D measurements provide information on the initial 

kinetics of protein adsorption.  The combination of batch and QCM-D experiments can thus 

enable comprehensive understanding of the formation and conformation of protein coronas 

on GO.  Finally, the impact of HSA adsorption on the attachment of GO to a supported lipid 
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bilayer (SLB) as a model cell membrane was investigated.  Our findings provide fundamental 

insights into the interactions of serum proteins with GO and will enable a better 

understanding of the biological impacts of GO in different biological fluids with varying 

solution chemistry conditions. 

3.2  Materials and Methods 

3.2.1 Preparation and Characterization of GO Suspensions  

 GO powder was purchased from Graphene Laboratories Inc. (Calverton, NY).  

According to the supplier, the GO contains 79% carbon and 20 % oxygen.  To prepare GO 

suspensions, 50 mg of GO powder was dispersed in 100 mL of DI water through 

ultrasonication in an ultrasonic batch (Branson 1510R-MT, output power 70 W, frequency 42 

kHz) for 24 h.  The resulting GO suspension, which showed a brownish color, was stored in a 

Pyrex bottle wrapped with aluminum foil at 4 C.  Two GO suspensions were prepared.  One 

of the GO suspensions was directly used in the batch adsorption experiments (denoted as raw 

GO suspension, 500 mg/L as GO mass).  The other GO suspension was subjected to 

centrifugation at 1,400 g (Avanti centrifuge J-20 XPI, Beckman Coulter Inc., Brea, CA) for 5 

min, and the supernatant was withdrawn with glass pipets (denoted as GO supernatant) and 

was used for the preparation of GO-coated QCM-D sensors.  The concentration of the GO 

supernatant was determined to be 120 mg/L (as total organic carbon, TOC) using a TOC 

analyzer (TOC-L, Shimadzu).  The average hydrodynamic size of the GO-raw and GO-

supernatant suspensions was determined as 764  126 nm and 542  91 nm, respectively, 

through dynamic light scattering (DLS) measurements (see below). 
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3.2.2 Solution Chemistry 

 ACS-grade NaCl, CaCl2, and NaHCO3 were used for the preparation of stock 

solutions.  All stock solutions were filtered through 0.1-m polyvinylidene fluoride filters 

(Millipore, MA) prior to use.  The adsorption of HSA on GO was carried out under three pH 

conditions: pH 7.0  0.5, buffered with NaHCO3; pH 2.0  0.1, adjusted with 1 M HCl; and 

pH 4.7  0.4, without pH adjustment.   

3.2.3 Dynamic Light Scattering (DLS) 

 Time-resolved DLS measurements were carried out with a light scattering unit to 

investigate the hydrodynamic size of GO and the rates of aggregation of GO and HSA-

modified GO.  This unit is composed of an argon laser (Lexel 95, Cambridge laser, CA) that 

emits laser light at a wavelength of 488 nm, a photomultiplier tube mounted on a goniometer 

(BI-200SM, Brookhaven, NY), a digital correlator (BI-9000AT, Brookhaven, NY), and a 

thermostatted vat filled with an index-matching cis- and trans-mixture of 

decahydronaphthalene.  The room temperature was maintained at 25 C.  New borosilicate 

glass vials (VWR) were soaked in a 2 % Extran solution (Extran MA01, Merck KGaA, 

Darmstadt, Germany) for at least 2 hr, rinsed extensively with DI water, and oven-dried prior 

to use.  For the investigation of the aggregation of GO in the absence and presence of HSA, a 

predetermined amount of NaCl solution was introduced to a glass vial containing either a 

diluted GO suspension or a mixture of GO and HSA.  The total volume of the suspension 

was 1 mL.  After the suspension in the vial was briefly mixed using a vortex mixer, the vial 

was inserted into the vat and the DLS measurement was started immediately.  All DLS 

measurements were conducted at a scattering angle of 90.  Each autocorrelation function 
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was accumulated for 15 s. The intensity-weighted hydrodynamic diameters were derived 

through second-order cumulant analysis (Brookhaven software). 

3.2.4 Atomic Force Microscopy (AFM) Imaging of GO Nanosheets 

 Half microliter of the diluted GO suspension was subjected to ultrasonication for 10 

min, deposited on a freshly cleaved mica (V1 grade, SPI Supplies, PA), and then dried in the 

air.  The mica was mounted on the stage of an AFM (Multimode NanoScope IIId, Bruker 

Nano Inc.) and was imaged with a RTESP cantilever (Bruker) in tapping mode.  The AFM 

images were analyzed using NanoScope Analysis Software (version 1.50, Bruker). 

3.2.5 Electrophoretic mobility (EPM) measurements 

 The EPMs of GO were measured (ZetaPALS, Brookhaven Instruments Corp., 

Holtsville, NY) using GO-supernatant under varying solution chemistry conditions.  The 

concentration of GO used in all EPM measurements was 6 mg TOC/L.  Three samples were 

measured at each condition. For most of the experimental conditions, ten measurements were 

conducted for each sample.  At high NaCl concentration (150 mM), only five measurements 

were conducted in order to minimize the effect of GO aggregation. 

3.2.6 Batch Adsorption Experiments 

 Lyophilized powder HSA (≥ 97%, M.W. 66.5 kDa, Sigma-Aldrich) was used for the 

preparation of HSA solutions. Batch experiments were conducted in 2-mL low protein 

binding centrifuge tubes (LoBind, Eppendorf) at room temperature (20 ± 1 °C). A mass 

concentration of 120 mg/L for GO was used in all experiments.  Batch experiments were 

carried out under six conditions: pH 7.4 ± 0.5 with 1 mM, 30 mM, 150 mM NaCl or 0.33 

mM CaCl2; and pH 2.0 ± 0.1 or pH 4.7 ± 0.4 with 150 mM NaCl.  Experiments were carried 
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out in triplicates under each condition.  HSA stock solution was prepared immediately prior 

to the experiments by dissolving HSA powder (Sigma-Aldrich) in deionized water.  The 

HSA stock solution was spiked into the centrifuge tubes to initiate the adsorption. All the 

samples were wrapped with aluminum foil and mixed on a rotator (TC-7, New Brunswick 

Scientific) at 45 rpm for 6 hours. We have verified that this duration of adsorption was 

sufficient for samples to reach apparent adsorption equilibrium (no further adsorption of 

HSA after 6 hours) based on our preliminary experiment.  

 After 6-hr adsorption, all samples were centrifuged at 25,000 g (Centrifuge 5417R, 

Eppendorf) for a pre-determined duration to separate GO from the aqueous phase. The 

duration of centrifugation was 60 minutes at pH 7.4 with 1 mM, 30 mM NaCl and 0.33 mM 

CaCl2; 5 minutes at pH 7.4 and 150 mM NaCl; 3 minutes at pH 2.0 and 150 mM NaCl; and 2 

minutes at pH 4.7 and 150 mM NaCl.  Such durations of centrifugation were chosen such 

that less than 2 % (mass vs. mass) GO remained in the supernatant after centrifugation under 

all conditions.  The percentage of GO remained in the supernatant after centrifugation was 

determined via comparison of scattered light intensities, measured by DLS, between the 

supernatant and a GO suspension with a predetermined mass concentration.  This method 

was validated by the fact the HSA in the supernatant scattered significantly less light than 

GO. 

 The supernatants containing HSA were diluted 10 times in 40 mL amber vials and the 

HSA concentrations were subsequently determined using a total organic carbon analyzer 

(TOC-L, Shimadzu).  We determined in our preliminary experiments that the adsorption of 

HSA to the LoBind centrifuge tubes was negligible over the course of the adsorption 
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experiments.  The adsorbed mass of HSA was calculated from the difference between added 

mass and the mass in the supernatant. 

 The assumptions for Langmuir isotherm model (e.g., homogeneous adsorption sites 

and no adsorbate-adsorbate interactions) are invalid in the case of protein adsorption.24, 25  

Herein, the isotherms of HSA on GO were fit to the Freundlich model: 

                         F W

nq K C
     (3.1) 

where q (mg HSA/mg GO) and Cw (mg/L) are the equilibrium adsorbed and solution 

concentrations of HSA, respectively; KF [(mg HSA)1-n Ln (mg GO)-1] is the Freundlich 

affinity coefficient; and n (unitless) is the Freundlich linearity index.26  The parameter KF 

reflects the adsorption density and can be understood as indication of the overall binding 

strength between the adsorbate and adsorbent.27  

3.2.7 Preparation of GO-coated QCM-D Sensors 

 We employed a layer-by-layer approach to assemble GO layers on 5 MHz quartz 

crystal sensors with silica-coated surfaces (QSX 303). A QCM-D E4 setup (Biolin Scientific, 

Vas̈tra Frölunda, Sweden) was used for the modification of the sensors with GO and the 

subsequent adsorption of HSA on the GO-coated sensors.  Prior to each experiment, the 

sensors were cleaned and dried using a protocol described previously.21, 28  The temperature 

inside the QCM-D chambers was maintained at 25 C.  A flow rate of 0.1 mL/min, 

corresponding to laminar flow condition in the chambers,29 was employed in all QCM-D 

measurements.  

 A solution of 0.1 g/L poly-L-lysine (PLL, molecular weight 70,000–150,000, Sigma-

Aldrich) dissolved in a buffer containing 10 mM N-(2-hydroxyethyl)-piperazine-N’-(2-

ethanesulfonic acid) (HEPES) and 100 mM NaCl was flowed through the QCM-D chambers 
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to allow for the adsorption of PLL on the sensors.  Next, a GO suspension at a concentration 

of 30 mg TOC/L (buffered with 1 mM NaHCO3 at pH 7) was flowed across the sensor 

surface to allow for the favorable deposition of a GO layer on top of the positively charged 

PLL layer.  Finally, the chambers were rinsed with 1 mM NaHCO3 to remove unadsorbed 

GO.  

 In order to test the coverage of the GO layer, we investigated the deposition of 

negatively charged gold nanoparticles (AuNPs) (NanoXact, NanoComposix, San Diego, CA) 

on GO-coated sensors as well as on PLL-coated sensors.  The AuNPs were observed under a 

transmission electron microscope (TEM, Philips EM 420).  A drop of AuNP suspension was 

deposited and dried on a formvar/carbon-coated grid prior to being observed under the TEM 

at 100 kV.  The size distribution of the AuNPs (Figure 3.1) was obtained from the TEM 

images by measuring the diameters of 128 individual AuNPs using ImageJ software 

(National Institutes of Health).  The average diameter of the AuNPs was determined to be 5.6 

nm. 

 

 

 

 

 

 

 

Figure 3.1. (a) Representative TEM of gold nanoparticles (AuNPs).  The scale bar represents 100 
nm. (b) Size distribution of 128 AuNPs adsorbed on a TEM grid.  Longest dimensions were measured 
for slightly elongated nanoparticles.  Each bar represents a diameter range of 0.5 nm. 
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  The deposition of the AuNPs on a sensor exposed successively to PLL and GO, as 

well as on a sensor that is solely exposed to PLL, was shown in Figure 3.2.  Appreciable 

deposition of AuNPs was observed on the PLL-coated sensor, while the deposition of AuNPs 

on GO-coated sensor was undetected.  This result implies that there were no exposed PLL 

regions larger than 5  5 nm on the GO-coated sensor.  Since HSA has a dimension of 8  8 

 3 nm,30 the adsorption of HSA on the GO-coated sensor is expected to be attributed solely 

to GO-HSA interactions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2. (a) Coating of a QCM-D sensor with a GO layer and the deposition of AuNPs on the GO 
layer. (b) Coating of a QCM-D sensor with PLL and the deposition of AuNPs on the PLL layer.  
Duplicate experiments were performed and similar results were obtained. 
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3.2.8 Adsorption of HSA on GO-coated Sensors 

 Following the coating of QCM-D sensors by GO, an electrolyte solution of interest 

was flowed through the chambers until a stable baseline was attained.  A HSA solution 

prepared in the same electrolyte solution (125 mg/L) was introduced to the chambers to 

initiate the adsorption process.  After 2-h adsorption, the same electrolyte solution was 

flowed through the chambers to test the reversibility of HSA adsorption on GO.   

 The deposition or adsorption of mass on the sensors result in a decrease in the 

resonance frequency of the sensor (∆f), which can be related to the mass added on the sensor 

(∆m) according to the Sauerbrey equation:31 

     

f
m C

n


         (3.2) 

where C is the mass sensitivity factor (= 17.7 ng cm-2 Hz-1 at 5 MHz) and n is the overtone 

number (1, 3, 5, 7, 11, 13).  The Sauerbrey relation can be applied for sufficiently rigid and 

thin layers that are evenly distributed over the sensor surface.12  The deposition or adsorption 

of a viscoelastic layer will result in an enhancement in the ability of the sensor to dissipate 

energy, which is represented by the dissipation factor D.32  Reviakine et al.33 proposed that 

the Sauerbrey equation can be applied to the adsorbed layer when the ratio of ∆D/∆f is 

significantly less than 0.4  10-6/Hz.  The ratios of ∆D/∆f values for HSA layers were 

calculated from the total frequency and dissipation shifts (in 7th overtone) caused by the 

adsorption of HSA on GO.  Under most conditions employed in HSA adsorption experiments, 

the ratio ∆D/∆f was lower than 0.12  10-6 /Hz and the wet mass of HSA layer on GO was 

derived using the Sauerbrey model.  At pH 2.0 and 150 mM NaCl, the ratio ∆D/∆f was high 

(ca. 0.5  10-6/Hz), indicating that the HSA layer was viscoelastic.34  The wet mass estimated 
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using Sauerbrey model is thus underestimated under this condition as suggested by Höök et 

al.23, 35 

3.2.9 Deposition of GO and HSA-modified GO on DOPC SLBs 

 To examine the influence of HSA adsorption on the interactions of GO with model 

cell membranes, we investigated the rate of deposition of GO and HSA-modified GO on 

DOPC SLBs.  The preparation of DOPC vesicles and the formation of DOPC SLBs on silica-

coated QCM-D sensors have been described in previous publications21, 36 and also in Chapter 

2.  To prepare HSA-modified GO, 10 mg/L HSA and 6 mg/L GO were mixed in a centrifuge 

tube at a solution chemistry of interest followed by being left on the bench for 20 min to 

allow for the adsorption of HSA on GO.  After the formation of SLBs on QCM-D sensors, an 

electrolyte solution of interest was flowed through the chambers to obtain a stable baseline.  

Next, either a GO suspension (6 mg/L) or a mixture of GO and HSA (6 mg/L GO, 10 mg/L 

HSA) was introduced to the chambers to initiate the deposition process.  The rate of 

deposition, expressed as the rate of frequency shift (Hz/min), was calculated by performing a 

linear regression during the initial 10 min of GO deposition. 

3.3 Results and Discussion 

3.3.1 Characterization of GO  

 AFM imaging revealed that the thickness of the GO nanosheets was ca. 1 nm (Figure 

3.3), consistent with that of monolayer GO.37  The EPMs of GO were measured at 150 mM 

NaCl under varying pH conditions (Figure 3.4a).  Over the pH range of 2.0–7.0, GO was 

negatively charged owing to the deprotonation of carboxyl groups on the edges and basal 
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planes of GO.3  A decrease in pH from 7.0 to 2.0 results in a reduction in the magnitude of 

the EPM of GO (Figure 3.4a), which is expected since fewer carboxyl groups were 

dissociated under lower pH conditions.  At an ionic strength of 1 mM, the magnitude of the 

EPM of GO was smaller in the presence of calcium (Figure 3.4b).  The presence of CaCl2 

reduced the EPMs through charge neutralization stemming from the binding of calcium ions 

to the dissociated carboxyl groups.28 

 

 

  

 

 

 

 

 

Figure 3.3. (a) AFM images of GO on mica. (b) AFM Height profiles of GO. The positions of the 

profiles are marked as white lines in (a). 

 

 

 

 

 

 
 
 
 
 
Figure 3.4. (a) EPMs of GO at 150 mM NaCl under different pH conditions. (b) EPMs of GO at pH 7.0 
with an ionic strength of 1 mM in the absence and presence of calcium ions.  Error bars represent 
standard deviations. 
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3.3.2 Influence of Ionic Strength on HSA Adsorption on GO 

 The isotherms at pH 7.0 and varying NaCl concentrations are presented in Figure  

3.5a and the fitted parameters (KF and n) are shown in Table 3.1.  The adsorbed absolute 

mass of HSA (q) increased with increasing the equilibrium HSA concentration in solution 

(Cw) at 1, 30, and 150 mM.  The adsorbed mass followed the order 150 mM > 30 mM > 1 

mM when Cw was below 125 mg/L.  At higher Cw, the adsorbed mass was comparable at 30 

and 150 mM NaCl, both higher than that at 1 mM NaCl.  It is notable that KF increases with 

increasing NaCl concentration, suggesting that the overall binding strength between HSA and 

GO increases with the rise in ionic strength. 

 

 

 

 

 

 

 

Figure 3.5.  (a) Adsorption isotherms of HSA on GO at pH 7.0. Dashed lines represent Freundlich 
fitting. (b) Wet mass of HSA adsorbed on a GO layer estimated using Sauerbrey model during the 
exposure of the GO layer to 125 mg/L HSA at pH 7.0 followed by rinsing with background electrolytes.  
Vertical lines indicate the time points at which solutions were switched from protein-free solutions (S) 
to protein solutions (S+HSA) and finally back to protein-free solutions (S). (c) Overall ΔD/Δf values 
calculated from data in (b). The cartoon illustrates the proposed conformation of HSA layers on GO 
under different ionic strengths. 

 

 The “wet” mass of protein layer adsorbed on GO, which is calculated from the 

frequency shifts during the exposure of GO-coated QCM-D sensors to HSA based on 

Sauerbrey model, is presented in Figure 3.5b.  The wet mass of adsorbed HSA layer 
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increased with time over the course of 2 h at all ionic strengths.  The HSA layer was 

subsequently rinsed with the same electrolyte solution.  Negligible release of HSA upon 

rinsing was observed, indicating that the adsorption of HSA on GO was largely irreversible.   

 

Table 3.1. Fitted parameters of Freundlich isotherm for HSA adsorption on GO. 

Conditions 
Freundlich Model   

qe = KFCe
n 

 KF n R2 

1 mM NaCl, pH 7 0.0032 0.9233 0.9431 

30 mM NaCl, pH 7 0.0451 0.4725 0.9597 

150 mM NaCl, pH 7 0.2111 0.1727 0.9043 

0.33 mM CaCl2, pH 7 0.0560 0.4271 0.9624 

150 mM, pH 2 0.4018 0.0595 0.5214 

150 mM, pH 4.7 0.5832 0.0854 0.8726 

 

 

 The irreversibility of HSA adsorption on GO is indicative of the strong binding 

between HSA and GO.  The protein coronas formed around nanoparticles are divided into 

two categories: “soft” corona, where rapid dynamic exchange of proteins between the 

medium and the particles dominates, and “hard” corona, where the affinity of proteins to the 

particle surface is strong.13  Proteins in soft corona are loosely associated with the particle 

surface and can be readily desorbed upon exposure to protein-free solutions.13  Therefore, the 

HSA layers adsorbed on the GO-coated sensors are expected to have similar properties to the 

hard coronas formed around GO.  Our results from QCM-D experiments can thus help 

elucidate the conformation of hard coronas on GO under varying conditions. 

 Figure 3.5b shows that the wet mass of HSA layer was larger at 30 mM and 150 mM 

than 1 mM, consistent with the absolute mass of adsorption shown in Figure 3.5a.  However, 
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the wet mass was slightly lower at 150 mM than 30 mM, which is opposite to the order for 

the absolute mass of adsorption under similar equilibrium HSA concentration (125 mg/L).  

This observation indicates that more water was coupled in the HSA layer at 30 mM than 150 

mM, which overwhelmed the difference in absolute HSA adsorption under these conditions.  

Another notable observation from Figure 3.5b is that the initial rate of HSA adsorption on 

GO (initial slope in mass–time plot) was much smaller at 1 mM than 30 and 150 mM. 

 The conformation of the adsorbed HSA layer on GO under varying ionic strength was 

investigated by comparing the ratios of ∆D/∆f (Figure 3.5c).  Higher ∆D/∆f  values indicate 

that the adsorbed layer is more fluid or hydrated, whereas lower ∆D/∆f values are indicative 

of more rigid/compact layers on the sensor.38, 39  The ratio ∆D/∆f decreases with the increase 

in ionic strength, indicating that the adsorbed HSA layers were the most fluid at 1 mM and 

most rigid at 150 mM.   

 The adsorption of HSA on surfaces is a complex process which involves intertwining 

subprocesses including the electric double layer (EDL) and van der Waals interactions 

between proteins and the surface, structural rearrangements of proteins, and change in degree 

of hydration of proteins and the surface upon adsorption.25, 40  The ionic strength of solution 

can regulate the EDL interactions between protein and GO and between adsorbed proteins, 

thereby influencing HSA adsorption.  The isoelectric point (IEP) of HSA has been reported 

as 4.7–5.8.41-43  At pH 7.0, HSA carries net negative charge which is the same sign as the 

surface charge of GO.  At 1 mM, the thickness of the EDL of both HSA and GO 

(characterized by the Debye screening length) was ca. 10 nm.  The overlapping of EDLs of 

the protein and the adsorbent is enthalpically unfavorable,25 resulting in lower binding 

affinity between HSA and GO at 1 mM.  Additionally, the presence of EDL repulsion gave 
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rise to an energy barrier to the deposition of HSA on GO and caused a slower rate of 

adsorption at 1 mM (Figure 3.5b).  Furthermore, the EDL repulsion between adsorbed HSA 

molecules led to a sparse distribution of HSA on GO and thereby a more fluid/hydrated HSA 

layer at 1 mM (Figure 3.5c).   Due to screening of the charge of both HSA and GO at 150 

mM, the adsorption density was highest and the HSA layer took the most compact structure 

(Figure 3.5a and c).   

3.3.3 Influence of Calcium on HSA Adsorption on GO 

 Calcium ions are a key constituent in biological fluids and are present in human 

plasma at a concentration of ca. 1 mM.44, 45  The effect of calcium ions on the adsorption of 

HSA on GO at neutral pH and an ionic strength of 1 mM was investigated.  The adsorbed dry 

mass of HSA on GO increases with increasing Cw in the presence and absence of calcium 

(Figure 3.6a).  In the presence of calcium ions, the adsorbed dry mass and the fitted KF 

(Table 3.1) were both higher, indicating stronger binding between HSA and GO.  Higher rate 

of initial adsorption and greater wet mass uptake during the exposure of GO layer to HSA 

were observed in the presence of calcium (Figure 3.6b).  The lower ratio of ∆D/∆f (Figure  

3.6c) indicates that a more compact HSA layer was formed on GO in the presence of calcium. 

 The presence of calcium ions results in a reduction in the magnitude of the EPMs of 

GO (Figure 3.4b).  Additionally, calcium ions can neutralize the charge of HSA molecules at 

neutral pH through binding to the imidazole and deprotonated carboxyl groups of HSA.46  In 

addition to forming a monodentate chelate with one of these groups, one calcium ion can 

bind to two of these groups on HSA to form a bidentate chelate46 which is more stable than a 

monodentate chelate.  As a consequence of the lower magnitude of the surface charge of GO 

and the net charge of HSA, the EDL repulsion between HSA and GO was reduced in the 
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presence of calcium, resulting in faster initial adsorption.  Furthermore, calcium ions can 

serve as a bridge between two deprotonated carboxyl groups from difference peptide 

chains.47  It is expected that such bridging can take place between two adjacent HSA 

molecules, leading to the adsorption of a HSA layer with a dense protein distribution and a 

rigid structure in the presence of calcium. 

 

 

 

 

 

 

 

 

Figure 3.6. (a) Adsorption isotherms of HSA on GO at pH 7.0 in the absence and presence of 
calcium ions.  Dashed lines represent Freundlich fitting. (b) Wet mass of HSA adsorbed on a GO 
layer estimated using Sauerbrey model during the exposure of the GO layer to 125 mg/L HSA at pH 
7.0 followed by rinsing with background electrolytes.  Vertical lines indicate the time points at which 
solutions were switched from protein-free solutions (S) to protein solutions (S+HSA) and finally back 

to protein-free solutions (S). (c) OverallD/f values calculated from data in (b).  The cartoon 
illustrates the proposed conformation of HSA layers on GO in absence and presence of calcium. 

 

3.3.4 Influence of pH on HSA Adsorption on GO 

 The adsorption of HSA on GO was investigated at 150 mM (ionic strength in most 

biological fluids)14 under pH 2.0, 4.7, and 7.0, which are lower than, equal to, and higher 

than the IEP of HSA, respectively.  These pH conditions are also close to the pH of some 

biological fluids.  For example, the pH of human gastric fluids, duodenal fluids, and blood is 

ca. 1–3, ca. 5–6, and ca. 7.4, respectively.48-50  The dry mass of HSA adsorption generally 
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pH 2.0

increased with increasing Cw under pH 2.0, 4.7, and 7.0 (Figure 3.7a).  The dry mass of 

adsorption was higher at pH 4.7 than 2.0 and 7.0.  The wet mass of HSA layer adsorbed on 

GO (Figure  3.7b) followed the order pH 2.0 > pH 4.7 > pH 7.0.  The contrary orders of dry 

and wet mass of HSA adsorption at pH 2.0 and 4.7 indicate that more water was trapped in 

the adsorbed HSA layer at pH 2.0.  This proposition is further supported by the observation 

that the ratio ∆D/∆f at pH 2.0 was over 5 times higher than that at pH 4.7 (Figure 3.7c).  The 

lowest ∆D/∆f value was observed at pH 4.7, suggesting that the adsorbed HSA layer took the 

most compact conformation. 

 

 

 

 

 

 

 

Figure 3.7. (a) Adsorption isotherms of HSA on GO at 150 mM NaCl under varying pH conditions.  
Dashed lines represent Freundlich fitting.  (b) Wet mass of HSA adsorbed on a GO layer estimated 
using Sauerbrey model during the exposure of the GO layer to 125 mg/L HSA at 150 mM NaCl 
followed by rinsing with background electrolytes.  Vertical lines indicate the time points at which 
solutions were switched from protein-free solutions (S) to protein solutions (S+HSA) and finally back 

to protein-free solutions (S). (c) OverallD/f values calculated from data in (b). The cartoon 
illustrates the proposed conformation of HSA layers on GO under different pH conditions. 
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conditions.  Between pH 4.5 and 8, most HSA molecules are expected to take its normal 

conformation (N form).51  With the decrease in pH from 7.0 to 4.7, the surface of GO became 

less negatively charged (Figure 3.4a), whereas the net charge of HSA changed from negative 

to zero.  At IEP, the protein molecules take the most compact structure as the intramolecular 

electrostatic repulsion is minimized.52  In addition, the adsorbed HSA molecules experience 

negligible electrostatic repulsion between one another.  Koutsoukos et al.53 reported that the 

lateral interactions between adsorbed HSA molecules were the most enthalpically favorable 

at the IEP of HSA.  The adsorbed HSA molecules at IEP can interact with one another 

favorably, resulting in a high packing density of HSA on GO.  Maximum adsorption near the 

IEP of HSA was also reported on polystyrene,54 silicon wafer,42 and TiO2
51 surfaces. 

 At neutral pH, HSA is heart shaped, consisting of three homologous domains with 

similar 3-D structures.30  When the pH is lowered to 2.0, HSA carries net positive charge due 

to the protonation of ionizable residues.  The electrostatic repulsion between positively 

charged residues in adjacent domains of HSA leads to a separation of the domains and 

further a structural transition of HSA to a fully extended conformation (E form) with a high 

aspect ratio.55-57  Despite the electrostatic attraction between HSA and GO at pH 2.0, the 

lower dry mass adsorption at pH 2.0 than pH 4.7 (Figure  3.7a) is likely due to the lateral 

repulsion between adsorbed HSA molecules and a more sparse distribution of HSA on GO.  

Under the extended conformation at pH 2.0, more residues in HSA are exposed to the 

solution58, thereby increasing the amount of water bound to the HSA molecules through H-

bonding and leading to a more fluid HSA layer on GO. 
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3.3.5 Evolution of Protein Layer Conformations Over Time during HSA Adsorption 

 The ∆D versus ∆f (D-f) plots are shown in Figure 3.8 to reveal the change in fluidity 

of the HSA layers adsorbed on GO.  The origin (0,0) in each plot corresponds to the onset of 

HSA adsorption on GO.  The point with the highest D value in each plot represents the 

endpoint of HSA adsorption on GO.  A two-stage adsorption process, as shown by the two 

stages with different slopes in the D-f plots, was observed for all conditions investigated 

except for pH 2.0 (Figure 3.8c).  At pH 7.0 and 1 mM NaCl, the D-f plot was characterized 

by an initial stage with a higher slope (in magnitude) followed by a stage with a lower slope 

(Figure 3.8a).  This decrease in slope suggests that the adsorbed HSA layer on GO became 

more compact with time.  This is consistent with the findings by Richter and co-workers59, 60 

who reported that less water is coupled with adsorbed proteins with the increase in surface 

coverage.  Such decrease in slope in the D-f plots was also observed in the adsorption of BSA 

on a poly(acrylic acid) film at pH 7.0 under an ionic strength of 10 mM.61 

 

 

 

 

 

 

  

Figure 3.8. Dissipation shift versus frequency shift plots using QCM-D data at pH 7.0 as a function of 
(a) ionic strength (b) calcium presence, and (c) at 150 mM NaCl as a function of pH.  Inset in (c) 

shows the linear fitting at pH 4.7 and 7.0.  The D and f data between the onset of HSA adsorption 

and the point where f reaches maximum magnitude are used in all D/f plots.  Vertical dashed lines 
represent the break points of the two-stage adsorption processes. Duplicate experiments were 
conducted and similar results were obtained. 
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 Under higher ionic strength (30 and 150 mM) at pH 7.0 and 4.7, an opposite trend 

was observed: the slope in the second adsorption stage was larger than that in the first stage. 

(Figure 3.8a and c).  Similar trend was also observed in the presence of calcium ions (Figure 

3.8b). These observations are indicative of the formation of a more compact HSA layer on 

GO followed by the adsorption of a looser layer.   

 Höök et al.62 observed similar D-f plots (higher slope in second stage) during the 

adsorption of hemoglobin on hydrophobic surfaces.  They proposed that the adsorption of the 

first protein layer involves structural/conformational changes of proteins whereas the proteins 

in the second layer take native conformations.62  Our findings are in accordance with Höök’s 

reports and suggest that conformational changes of HSA may have taken place during the 

initial adsorption of HSA on GO.  In aqueous solutions the hydrophobic residues in HSA are 

mostly buried in the interior of the molecules.25  On GO surface, HSA can undergo structural 

changes to allow for the direct contact of its hydrophobic residues with the hydrophobic sp2 

regions on GO.25, 63  The conformational change of HSA on GO has been reported by Ding et 

al.18 who observed a decrease in -helical content of HSA upon being adsorbed on GO.  The 

looser HSA layer in the second stage is likely a result of a reduction in available hydrophobic 

regions on GO and thus less conformational change of subsequently adsorbed HSA 

molecules.61  It is worth noting that such adsorption of a tighter protein layer followed by a 

looser layer on GO was not observed at 1 mM NaCl and pH 7.0 likely due to the strong 

electrostatic repulsion between HSA molecules. 

 To verify the key role of hydrophobic interactions in driving HSA adsorption on GO, 

the adsorption of HSA on a hydrophilic silica-coated sensor was investigated (Figure 3.9). At 

pH 2.0 and 7.0, the adsorption of HSA on silica was negligible and was much smaller than 
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that on GO.  The van der Waals attraction between HSA and silica is expected to be stronger 

than that between HSA and GO, as the Hamaker constant of silica is much higher than that of 

GO (6.364 and 0.23765, respectively).  The striking difference in HSA adsorption on GO and 

silica at pH 2.0 likely stems from the fact that GO contains hydrophobic sp2 regions3 while 

the silica-coated sensor is highly hydrophilic (contact angle with water < 5).66 
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Figure 3.9. Frequency shifts during the adsorption of 125 mg/L HSA on silica (a) and GO (b) at 150 

mM NaCl under varying pH conditions.  

 

 At pH 2.0, the magnitude of slope ∆D/∆f continuously increased with the adsorption 

of HSA (Figure 3.8c).  Besides the aforementioned structural change of HSA on GO due to 

hydrophobic interactions, the extended conformation of HSA at pH 2.0 may also contribute 

to the increase in slope.  During the initial stage of HSA adsorption, HSA may adsorb on GO 

either via a side-on or end-on orientation, as there were plenty of binding sites on GO.  With 

the increase in surface coverage of HSA on GO, the incoming HSA molecules are likely to 

take predominantly end-on orientation due to the limitation on available binding sites on GO, 

thereby resulting in an increase in the fluidity of HSA layer (higher magnitude of ∆D/∆f).  

This transition from side-on to end-on orientation has also been reported by Roach et al.67 in 
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their study of the adsorption of fibrinogen, which has an elongated shape, on a hydrophobic 

surface.  

3.3.6 HSA adsorption Reduced GO attachment to SLBs at pH 7   

 The influence of HSA coronas on the deposition of GO on SLBs was investigated at 

neutral pH condition.  Note that we did not separate the hard-corona-coated GO from the 

protein solution and therefore the GO nanosheets were expected to be dressed with both hard 

and soft coronas.  The rate of GO deposition on SLBs were similar at 30 and 150 mM NaCl 

(Figure 3.10), consistent with our previous work demonstrating that fast deposition of GO on 

DOPC SLBs was achieved at NaCl concentration higher than ca. 30 mM.21  In the presence 

of HSA, the rates of deposition were reduced under both ionic strength conditions, but the 

extent of reduction was much greater at 30 mM than at 150 mM (Figure 3.10).  This 

observation implies that the adsorbed HSA on GO had a more substantial impact on the 

interactions between GO and SLBs at 30 mM NaCl. 

 

  

 

 

 

 

  

 

Figure 3.10. Effect of HSA adsorption on the deposition of GO on DOPC supported lipid bilayers at 
pH 7.0 under different ionic strengths.  The cartoon illustrates the interaction of protein-coated GO 
with lipid bilayers. 
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 Under both 30 and 150 mM NaCl, the average hydrodynamic size of GO was similar 

in the absence and presence of HSA over the course of the deposition experiment (Figure 

3.11a).  Meanwhile, the magnitude of EPMs of GO was not significantly increased in the 

presence of HSA under both conditions (Figure 3.11b).  Therefore, the inhibition of GO 

deposition by HSA adsorption at 30 and 150 mM NaCl was probably not due to the change 

in the aggregation behavior of GO or the enhancement in the surface charge of GO.   

 

 

 

 

 

 

 

 

 

Figure 3.11. (a) Average hydrodynamic diameter of GO and HSA-modified GO during the initial 20 
min of aggregation at 30 and 150 mM NaCl, pH 7.0.  (b) Electrophoretic mobilities of GO and HSA-
modified GO at 30 and 150 mM NaCl, pH 7.0. 

 

 As shown in Figure 3.5c, the HSA layer on GO at 30 mM was more fluid (hydrated) 

compared to that at 150 mM NaCl.  In their study on the deposition of humic matter-coated 

colloids on quartz sand, Amirbahman and Olson68, 69 postulated that the magnitude of steric 

repulsion between the colloids and the sand was directly dependent upon the conformations 

of the adsorbed polymers.  A more hydrated HSA layer is expected to impart more steric (or 
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electrosteric) repulsion between HSA-coated GO and SLB, thereby inhibiting the deposition 

of GO on SLB more significantly.   

3.3.7 Implications 

 In order to better understand the formation and conformation of protein coronas on 

GO, the adsorption of HSA on GO was investigated under biologically relevant conditions.  

Our results show that the ionic strength and pH conditions as well as presence of calcium 

ions in the media had key influences on both the HSA-GO binding strength and the 

conformations of the hard coronas on GO.  Higher ionic strength (e.g., blood compared to 

saliva)70 can lead to enhanced binding of HSA to GO and more compact protein coronas on 

GO.  Under acidic conditions (such as in gastric fluids), the coronas on GO are expected to 

be highly hydrated due to the conformational changes of proteins.  These findings will 

provide fundamental insights into the dynamic changes of protein coronas when GO is 

transported from one biological compartment to another.  We also show that the attachment 

of GO to lipid bilayers was reduced upon being coated by protein coronas, with a higher 

degree of reduction observed with more fluid (hydrated) protein coronas.  Therefore, the 

hemolytic activity of GO10 may be mitigated by protein coronas to varying degrees 

depending upon the corona conformations.  Given the complexity of biological media, the 

coronas formed on nanoparticle surfaces often include multiple components (e.g., fatty acids, 

lipids, proteins)71 and undergo dynamic nanoparticle-biomolecule association and 

dissociation.14  Further investigations that involve the use of more realistic biological media 

are warranted to allow for a holistic understanding of the biological impacts of GO. 
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Mechanical Planarization Nanoparticles with Model Biological Membranes: Role of Phosphate Adsorption, 
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4.1 Introduction 

 Chemical mechanical planarization (CMP) is a key process in the semiconductor 

industry for the production of integrated circuit devices.1  In CMP processes, slurries of 

abrasive particles, including SiO2, CeO2, and Al2O3, are employed to planarize wafers 

through a combination of mechanical abrasion and chemical etching.2  The planarized wafers 

are subsequently rinsed with ultra-pure water, resulting in the generation of CMP 

wastewater.3, 4 Although CMP wastewaters are generally subjected to on-site wastewater 

treatment (e.g., electrocoagulation5 and microfiltration6) and/or municipal biological 

wastewater treatment, the wastewater effluent from municipal wastewater treatment plants 

still contains some unremoved CMP NPs which can be discharged, together with the treated 

effluent, into surface waters.7  In their study on the removal efficiency of CeO2 NPs by a 

model wastewater treatment plant, Limbach et al.8 reported that about 6 wt % of the added 

CeO2 NPs was found in the outflow of the model plant.  The release of CMP NPs into the 

natural environment potentially poses a threat to the ecosystem and human health.  In 

addition to the risks associated with the environmental release of CMP NPs, the exposure of 

workers to CMP NPs at the workplace may give rise to health risk concerns.9, 10 

 There have been extensive studies concerning the toxicity of SiO2, CeO2, and Al2O3 

NPs.  The SiO2 NPs used in CMP processes mainly include colloidal silica (c-SiO2) and 

fumed silica (f-SiO2).
7  Colloidal SiO2 is synthesized through the hydrolysis and 

condensation of a Si precursor (e.g., silicon alkoxide),11 while fumed SiO2 is produced by 

pyrolysis of silicon tetrachloride (SiCl4) at high temperatures (1800 C).12, 13  It has been 

reported that f-SiO2 has a greater ability than c-SiO2 to generate hydroxyl radicals and cause 

red blood cells (RBCs) to undergo lysis due to their strained three-membered rings and 
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chainlike aggregate structure.14  The CeO2 NPs used in CMP processes are made from high 

temperature calcination (> 300 C).7  CeO2 NPs have been shown to induce oxidative stress 

in human cancer cells and subsequently result in the damage of cell membranes.15  Finally, 

Al2O3 NPs can be produced through dehydration of γ-AlOOH (boehmite) at high 

temperatures (500–700 C).16  Previous studies have reported that Al2O3 NPs can show 

inhibitory effect on human bronchial epithelial cells and cause hemolysis of RBCs.17, 18  

 While the mechanisms for the cytotoxicity of different classes of nanomaterials are 

still under investigation, studies have shown that the direct association of NPs with cell 

membranes is often a critical step that precedes the subsequent biological responses.19, 20  The 

attachment of NPs on cell membranes can also result in damage of the membranes.20 

Therefore, a detailed assessment of the interactions of CMP NPs with cell membranes is 

expected to improve our understanding on the biological effects of these nanomaterials.  Due 

to the inherent heterogeneity and diversity of cell membranes, the use of model (or artificial) 

cell membranes that are composed of lipid bilayers is an attractive approach to gain 

fundamental insights into the interactions between NPs and cell membranes.20-22 A common 

approach to investigate the attachment of NPs to cell membranes involves the employment of 

supported lipid bilayers (SLBs) to evaluate the NP’s propensity to attach on lipid bilayers.23, 

24  Since a lipid bilayer is a key component of cell membranes, the use of SLBs will enable 

the elucidation of the nonspecific interactions between NPs and cell membranes at the nano-

bio interface.19, 20, 24-28  A recent study utilizing model membranes showed that the presence 

of proteins can decrease the attachment of NPs to membranes and hence reduce the uptake of 

NPs by human epithelial cells.29  Additionally, lipid bilayer vesicles have been used as model 

cell membranes to probe the propensity of NPs to disrupt lipid bilayers.20, 30-32   
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 The objective of this work is to investigate the interactions of model CMP NPs with 

model biological membranes which include SLBs and supported vesicular layers (SVLs).  

Since phosphate is a key constituent in biological fluids, such as human blood serum (0.81–

1.45 mM) and saliva (5–14 mM),33 the role of phosphate in these interactions will be studied.  

In addition, we will examine the aggregation behavior of CMP NPs in model biological 

media since the cellular uptake of NPs, as well as the subsequent biological responses, has 

been shown to be dependent on the aggregation state of the NPs.34, 35  The results of this 

study will provide new insights into the nonspecific interactions of CMP NPs with cell 

membranes when they enter biological systems. 

4.2 Materials and Methods 

4.2.1 CMP NP Suspensions 

 Four model CMP NPs, namely, c-SiO2, f-SiO2, CeO2, and Al2O3, were provided by 

Cabot Microelectronics Corporation (Aurora, Illinois, USA) as slurries.  These NP slurries 

are shared within a research consortium and have been extensively characterized.7  Their 

physicochemical properties (including shape, size, crystalline structure, and surface charge) 

are presented in a recently published paper by Speed et al.7  These slurries were maintained 

colloidally stable by pH adjustment and did not contain organic stabilizers.7  Here, we 

highlight some of the properties of the CMP NPs reported by Speed et al.7  Through 

transmission electron microscopy (TEM) imaging, the c-SiO2 NPs were observed to be 

mostly spherical, while the f-SiO2 NPs appeared irregular-shaped and fused together. X-ray 

diffraction (XRD) analysis showed that both c-SiO2 and f-SiO2 NPs had amorphous SiO2 

structures. The CeO2 NPs were rectangular and XRD patterns of the CeO2 slurry revealed the 
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cubic fluorite structure of the NPs.36  Finally, the Al2O3 NPs contained a broad range of 

particle sizes and XRD results indicated that the Al2O3 NPs were γ-Al2O3.
37  The mean 

diameters of the c-SiO2, CeO2, and Al2O3 NPs determined through TEM imaging were 36, 

39, and 38 nm, respectively.  The size of the f-SiO2 NPs could not be determined through 

TEM due to their coalesced state. By employing dynamic light scattering (DLS), the 

hydrodynamic diameter of the f-SiO2 NPs was determined to be ca. 148 nm. All slurries were 

used directly after being diluted in deionized (DI) water (18 MΩ cm, Millipore, MA) without 

further purification.  

4.2.2 Solution Chemistry 

 ACS-grade NaCl, NaH2PO4, Na2HPO4, and NaHCO3 were used for the preparation of 

stock solutions.  All stock solutions were filtered using 0.1 µm polyvinylidene fluoride 

syringe filters (Millipore, MA).  The pH of the diluted CMP dispersions was maintained at 

7.4 with either a phosphate (1.13 mM NaH2PO4 and 3.87 mM Na2HPO4) or bicarbonate (0.4 

mM NaHCO3) buffer. Three buffers containing N-(2-hydroxyethyl)-piperazine-N’-(2-

ethanesulfonic acid) (HEPES, Sigma-Aldrich) were also used in the experiments using a 

quartz crystal microbalance with dissipation monitoring (QCM-D).  They are denoted as 

Buffer A (10 mM HEPES, 150 mM NaCl, pH adjusted to 7.4), Buffer B (10 mM HEPES, 

100 mM NaCl, with unadjusted pH ca. 5.5), and Buffer C (20 mM HEPES, 150 mM NaCl, 

pH adjusted to 7.4). 

4.2.3 Electrophoretic Mobility Measurements 

 The electrophoretic mobilities (EPMs) of the CMP NPs were measured (ZetaPALS, 

Brookhaven Instruments Corp., Holtsville, NY) over a range of NaCl concentrations in either 
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phosphate or bicarbonate buffer at pH 7.4.  The concentrations of the CMP NPs used in the 

EPM measurements are presented in Table 4.1.  Three samples were measured at each 

electrolyte concentration.  For most of the experimental conditions, ten measurements were 

conducted for each sample.  At high NaCl concentrations, only five measurements were 

conducted in order to minimize the effect of NP aggregation. 

 

Table 4.1. Concentrations of CMP NPs used in electrophoretic mobility measurements 

Name c-SiO2 f-SiO2 CeO2 Al2O3 

Dilution factor 100 1,000 1,000 1,000 

Concentration 270 mg Si L-1 50 mg Si L-1 9.6 mg Ce L-1 29 mg Al L-1 

 

4.2.4 Phosphate Adsorption by CMP NPs 

 The CMP NPs in the stock suspensions were washed before being used for the 

phosphate adsorption experiments.  For the f-SiO2, CeO2, and Al2O3 NPs, 50 mL of each NP 

suspension was centrifuged at 3,650 g (Beckman Coulter, CA, 4,000 rpm) for 3 h.  90 % of 

the supernatant was carefully decanted and replaced with an equal volume of deionized (DI) 

water.  This cleaning process was repeated two times.  For the c-SiO2 NPs, a similar 

procedure was used, except that the centrifugation was performed at 12,000 g (Eppendorf, 

NY, 13,375 rpm) for 40 min and the cleaning process was repeated four times.  The 

concentrations of the c-SiO2, f-SiO2, CeO2, and Al2O3 NPs in the washed suspensions were 

determined to be 22.5  1.3, 46.3  7.8, 5.5  0.1, and 19.4  0.3 g/L, respectively, by 

gravimetric analysis.   

 Adsorption experiments were conducted in glass scintillation vials at room 

temperature.  These experiments were conducted at an initial phosphate concentration of 100 
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µM, 1 g/L NPs, 1 mM NaCl, and pH 7.4.  Two duplicate adsorption reactors were set up for 

each type of NPs.  After the suspension was stirred on a magnetic stir plate at 400 rpm for 10 

min, aliquots of the suspension were drawn and centrifuged at 12,000 g (Eppendorf, NY, 

13,375 rpm) for 40 min.  The concentration of phosphate in the supernatant was determined 

using the colorimetric technique of Murphy and Riley.38  Briefly, 0.06 mL of 11 N H2SO4 

was added to 3 mL of the supernatant, followed by the addition of 0.24 mL of 8 g/L 

ammonium molybdate (Fluka) and 0.2 g/L antimony potassium tartrate (Sigma-Aldrich).  

The resulting solution was mixed to allow for the formation of an antimony-phospho-

molybdate complex.  Next, 0.12 mL of 60 g/L ascorbic acid (Sigma-Aldrich) was added to 

the solution to reduce the complex to a blue-colored complex.  The absorbance of the 

solution was measured with a UV/Vis spectrophotometer (Shimadzu, UV-1800) at 650 nm.  

A linear calibration curve was obtained over the range of phosphate concentration of 0–25 

M. 

 Control experiments were also performed on the four CMP suspensions without the 

addition of phosphate.  Two duplicate control reactors were set up for each NP.  Each control 

reactor contains 1 g/L CMP NPs and 1 mM NaCl.  After 10 min of stirring, aliquots of the 

control suspensions were drawn, centrifuged, and measured in a similar manner as the NP-

phosphate suspensions (described in the previous paragraph).  The absorbance of the 

supernatants of the control suspensions at 650 nm was subtracted from that of the 

supernatants of the NP-phosphate suspensions.  The concentrations of phosphate in the 

supernatants of NP-phosphate suspensions were determined using the calibration curve and 

the amount of phosphate adsorbed on the NPs was calculated through material balance 

(expressed as mol phosphate/g NPs). 
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4.2.5 Dynamic Light Scattering 

Time-resolved dynamic light scattering (DLS) measurements were conducted with a 

light scattering unit to investigate the aggregation kinetics of four CMP NPs in phosphate and 

bicarbonate buffers.  This unit consists of an argon laser with a wavelength of 488 nm (Lexel 

95, Cambridge laser, CA), a photomultiplier tube mounted on a goniometer (BI-200SM, 

Brookhaven, NY), a digital correlator (BI-9000AT, Brookhaven, NY), and a thermostatted 

vat filled with an index-matching cis- and trans-mixture of decahydronaphthalene.  The room 

temperature was maintained at 25 ºC.  New glass vials were soaked overnight in a cleaning 

solution (Extran MA01, Merck KGaA, Darmstadt, Germany), rinsed thoroughly with DI 

water, and dried in an oven under dust-free conditions prior to use.  For each aggregation 

experiment, a predetermined amount of NaCl solution was introduced to a glass vial 

containing a diluted suspension of CMP NPs.  The pH of the suspension was maintained at 

7.4 with either phosphate or bicarbonate buffer, or adjusted to 1.0, 2.0, and 12.0 using 1 M 

HCl or NaOH.  The total volume of the suspension was 1 mL.  The suspension in the vial 

was briefly mixed using a vortex mixer.  The vial was then inserted into the index-matching 

vat and the DLS measurements were started immediately.   

All DLS measurements were performed at a scattering angle of 90º and each 

autocorrelation function was accumulated for 15 s.  The intensity-weighted hydrodynamic 

diameters of the aggregates were derived through second-order cumulant analysis 

(Brookhaven software).  The DLS measurements were performed over time periods of 10–50 

min to allow for a large enough increase in the intensity-weighted hydrodynamic diameter 

for an accurate determination of the NP aggregation kinetics. 
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 The early-stage aggregation kinetics of CMP NPs can be derived from time-resolved 

DLS measurements using eq 4.1:39, 40 

          (4.1)  

where k is the aggregation rate constant, N0 is the initial primary particle concentration, and 

Dh(t) is the intensity-weighted hydrodynamic diameter at time t.  Note that Dh(t) is calculated 

from the diffusion coefficient of the CMP NPs/aggregates and is equivalent to the diameter 

of a sphere that has the same diffusion coefficient as the CMP NPs/aggregates. The DLS 

technique has also been used to investigate the aggregation kinetics of other non-spherical 

colloids, such as nickel hydroxycarbonate,41 carbon nanotubes,42 and graphene oxide.43  The 

NP concentrations used in the DLS experiments are presented in Table 4.2. 

 

Table 4.2. Concentrations of CMP NPs used in dynamic light scattering measurements. 

Name c-SiO2 f-SiO2 CeO2 Al2O3 

Dilution factor 1,000 25,000 5,000 25,000 

Concentration 27 mg Si L-1 2 mg Si L-1 1.92 mg Ce L-1 1.16 mg Al L-1 

 

 For most NaCl concentrations employed in the DLS measurements, the initial 

aggregation rates were derived by performing linear least-squares regression in the early 

aggregation stage before the intensity-weighted hydrodynamic diameter reached 1.4 Dh(0).44  

At low NaCl concentrations, however, the hydrodynamic diameter failed to reach 1.4 Dh(0) 

and the linear regressions were performed over the first 50 min of aggregation.  The 

aggregation attachment efficiency, αA, was calculated to quantify the aggregation kinetics of 

the CMP NPs at different NaCl concentrations:40, 44 
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        (4.2) 

The terms with subscript “fast” refer to diffusion-limited conditions.   

4.2.6 Preparation of Vesicle Stock Suspensions 

 Two types of vesicles were used in the QCM-D experiments: 1) zwitterionic 1,2-

dioleoyl-sn-glycero-3-phosphocholine (DOPC) vesicles for the formation of SLBs to 

investigate the propensity for CMP NPs to attach to lipid bilayers, and 2) DOPC vesicles 

encapsulated with carboxyfluorescein (CF) dye (to be referred to as CF-DOPC vesicles) to 

assess the disruption of lipid membranes by the NPs.  For the preparation of DOPC vesicles, 

0.2 mL of 25 g/L DOPC chloroform solution (Avanti Polar Lipids, Inc., Alabaster, AL) was 

dried in an Erlenmeyer flask using a gentle stream of ultrapure nitrogen gas.  A DOPC thin 

film was formed at the bottom of the flask and the film was subjected to vacuum desiccation 

for at least 4 h.  The DOPC lipids were then re-suspended in 5 mL Buffer A and the solution 

was magnetically stirred for ca. 30 min.  To obtain unilamellar vesicles, the DOPC solution 

was extruded using a mini-extruder (Avanti Polar Lipids) through a 50-nm polycarbonate 

membrane (Whatman) for at least 15 times.45  For the preparation of CF-DOPC vesicles, the 

aforementioned DOPC thin film was hydrated with a 100 mM CF solution prepared in Buffer 

C and was subsequently subjected to the same extrusion treatment.32  All vesicle suspensions 

were stored in glass vials at 4 ºC and used within four days after preparation. 
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4.2.7 Quartz Crystal Microbalance with Dissipation Monitoring 

 The interactions of CMP NPs with DOPC SLBs and vesicles were studied using a 

QCM-D E4 setup (Biolin Scientific, Västra Frölunda, Sweden) that is equipped with four 

measurement chambers.  Each chamber housed a 5 MHz quartz crystal sensor with either a 

silica-coated (QSX 303) or gold-coated (QSX 301) surface.  The sensors were cleaned prior 

to the QCM-D experiments according to a protocol that was described in our previous 

paper.46  The temperature inside the QCM-D chambers was maintained at 25 ºC.  The rate of 

frequency shift at the 3rd overtone, d∆f(3)/dt, was used to quantify the deposition rates of GO 

on SLBs.46, 47  Duplicate experiments were carried out for each condition. 

 For the deposition of CMP NPs on SLBs, a SLB was first formed on the surface of a 

silica-coated sensor using the method of Keller and Kasemo.48  The sensor was rinsed with 

Buffer A until a stable baseline was achieved (i.e., frequency signal drifts of less than 0.2 Hz 

per 10 min).  Following that, a 0.07 g/L DOPC vesicle suspension was flowed through the 

QCM-D chamber for ca. 5 min.  The vesicles deposited on the silica surface and 

subsequently ruptured on the surface to form a SLB.48  The formation of a DOPC SLB 

resulted in a characteristic frequency shift of –25 ± 0.5 Hz and a simultaneous dissipation 

shift of 0.1 × 10–6.48  After the SLB was formed, the chamber was rinsed with Buffer A for 

ca. 10 min to remove the unadsorbed vesicles.  A NaCl solution with phosphate or 

bicarbonate buffer was then flowed through the measurement chamber to obtain a stable 

baseline, followed by the introduction of CMP NPs in the same solution chemistry to initiate 

the deposition process.  The NP concentrations used in the QCM-D experiments are 

presented in Table 4.3.  The flow rate was maintained at 0.10 ± 0.002 mL/min using a 
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peristaltic pump (ISM935C, Ismatec SA, Zürich, Switzerland).  This flow rate resulted in a 

laminar flow in the QCM-D chamber.47 

 

Table 4.3. Concentrations of CMP NPs used in quartz crystal microbalance experiments. 

Name c-SiO2 f-SiO2 CeO2 Al2O3 

Dilution factor 10,000 25,000 1,000 10,000 

Concentration 2.7 mg Si L-1 2 mg Si L-1 9.6 mg Ce L-1 2.9 mg Al L-1 

 

The deposition kinetics of CMP NPs on SLBs were quantified using the deposition 

attachment efficiency, αD, which can be calculated by normalizing the rate of frequency shift 

on SLBs to the rate under favorable condition obtained at the same solution chemistry:49, 50

               (4.3)  

The subscript “fav” refers to favorable deposition condition.  For c-SiO2, f-SiO2, and CeO2 

NPs in both phosphate and bicarbonate buffers, as well as Al2O3 NPs in phosphate buffer, the 

favorable deposition experiments were performed on silica sensors coated with positively 

charged poly-L-lysine (PLL).49, 51  To prepare the PLL-coated sensors, PLL was diluted in 

Buffer B to a concentration of 0.01 g/L before the mixture was used to modify the silica 

crystals.49  For Al2O3 NPs in bicarbonate buffer, favorable deposition conditions were 

achieved by using bare silica surfaces since the Al2O3 NPs are positively charged in 

bicarbonate buffer at pH 7.4 while silica is negatively charged.52 

4.2.8 Detection of Dye Leakage from Supported Vesicles   

 A supported CF-DOPC vesicular layer was formed on a gold-coated sensor in order 

to investigate the propensity for the CMP NPs to disrupt lipid membranes.46, 48, 53  After a 

stable baseline was achieved by rinsing the sensor with Buffer C, a 0.05 g/L CF-DOPC 
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vesicle suspension was flowed through the chamber for ca. 30 min.  The CF-DOPC vesicles 

deposited on the gold surface to form a SVL.48, 53  The CF dye outside the vesicles was 

removed by rinsing the SVL with Buffer C for at least 2 h.  Following the rinsing stage, a 

NaCl solution (150 mM NaCl, phosphate buffer, pH 7.4) was introduced into the chamber to 

achieve a stable baseline.  Next, a CMP NP suspension prepared in the same solution 

chemistry was introduced into the chamber for 40 min.  At the end of each experiment, the 

vesicles were exposed to a 32 mM Triton X-100 solution, a membrane solubilizer,54 to 

induce the complete rupture of the deposited vesicles.  The fluorescence of the outflow was 

measured using a spectrofluorometer (Horiba Jobin Yvon, France) at an excitation 

wavelength of 490 nm and an emission wavelength of 517 nm. 

4.3 Results and Discussion  

4.3.1 Electrokinetic Properties of CMP NPs 

 The EPMs of the CMP NPs are presented in Figure 4.1a as a function of NaCl 

concentration in phosphate buffer at pH 7.4.  As shown in the figure, all four NPs carried 

negative charge in the presence of phosphate.  The magnitude of the EPMs for all four NPs 

decreased with an increase in NaCl concentration due to the screening of surface charge.55  In 

our previous work,7 we have measured the pH of zero point of charge (pHZPC) of c-SiO2, f-

SiO2, CeO2, and Al2O3 NPs in the absence of phosphate to be below 2, 2, 8, and 10, 

respectively.  These values are consistent with the pHZPC values of silica (ca. 2),52, 56 CeO2 

(6.0–8.5), and γ-Al2O3 (7.6–9.3)57, 58 reported in the literature.  The negative charge of SiO2 

NPs at pH 7.4 in the presence of phosphate is consistent with the pHZPC of silica.  



  98 

1 10 100

-4

-3

-2

-1

0

 c-SiO
2

 Al
2
O

3

 CeO
2

 f-SiO
2

E
le

c
tr

o
p
h

o
re

ti
c
 M

o
b
ili

ty

(1
0

-8
m

2
/V

s
)

NaCl Concentration (mM)

(a)

c-SiO
2
f-SiO

2
CeO

2
Al

2
O

3

-5

-4

-3

-2

-1

0

1

2

3

E
le

c
tr

o
p
h

o
re

ti
c
 M

o
b
ili

ty

(1
0

-8
m

2
/V

s
)

 1 mM NaCl, NaHCO
3

 100 mM NaCl, NaHCO
3

 1 mM NaCl, Phosphate

 100 mM NaCl, Phosphate

(b)

c-SiO
2
f-SiO

2
CeO

2
Al

2
O

3

0

20

40

60

80

100

P
h

o
s
p

h
a

te
 a

d
s
o

rb
e

d

(
m

o
l 
P

/g
 N

P
s
)

(c)

Interestingly, in the presence of phosphate, the CeO2 and Al2O3 NPs carried considerable 

negative charge at pH 7.4. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. (a) EPMs of CMP NPs over a wide range of NaCl concentrations at pH 7.4 in phosphate 
buffer. (b) EPMs of CMP NPs at 1 and 100 mM NaCl and pH 7.4 in phosphate and bicarbonate 
buffer.  The data in phosphate buffer was reproduced from Figure 1a for comparison. (c) Phosphate 
adsorption by CMP NPs within a time duration of 10 min.  The adsorption experiments were 
conducted at an initial phosphate concentration of 100 µM, 1 g/L NPs, 1 mM NaCl, and pH 7.4.  Error 
bars represent standard deviations. 
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 The EPMs of the four CMP NPs were further measured in 1 and 100 mM NaCl in 

bicarbonate buffer (i.e., in the absence of phosphate) at pH 7.4 and the EPMs in the absence 

and presence of phosphate are compared in Figure 4.1b. In bicarbonate buffer, the c-SiO2 and 

f-SiO2 NPs were negatively charged, while the CeO2 and Al2O3 NPs carried slight negative 

charge and considerable positive charge, respectively. These results were consistent with the 

pHZPC values for SiO2, CeO2, and Al2O3 that had been reported in the literature.52, 56-58  For 

both c-SiO2 and f-SiO2 NPs, the EPMs in the two buffers at the same NaCl concentration was 

not statistically different (two tailed t-test, significant level of 0.05).  In contrast, for CeO2 

and Al2O3 NPs, their EPMs in the two buffers were significantly different.  This discrepancy 

is likely due to the adsorption of the phosphate ions on the surface of CeO2 and Al2O3 NPs.  

In order to test this hypothesis, phosphate adsorption experiments were further conducted for 

the four NPs (Figure 4.1c).  The amount of phosphate adsorbed on CeO2 and Al2O3 NPs over 

a time period of 10 min (expressed as µmol phosphate/g NPs) was one to two orders of 

magnitude higher than that on f-SiO2 NPs (no adsorption detected on c-SiO2 NPs).  Since the 

densities of CeO2 (ca. 7.3 g/cm3)59 and Al2O3 (ca. 3.9 g/cm3)60  are both higher than that of 

amorphous SiO2 (ca. 2.2 g/cm3)61, a more pronounced difference in phosphate adsorption on 

CeO2 and Al2O3 NPs versus SiO2 NPs would be expected if the amount of adsorbed 

phosphate is expressed on a particle number basis.  Therefore, the significant change in the 

EPMs of CeO2 and Al2O3 NPs was very likely due to the adsorption of phosphate on the NPs.  

 At pH 7.4, phosphate (pKa1 = 2.1, pKa2 = 7.2, pKa3 = 11.9) mainly exists in the form of 

monovalent (H2PO4
-) and divalent (HPO4

2-) phosphate ions (calculated to be 39 and 61 %, 

respectively).52  As shown in Figure 4.1b, the Al2O3 NPs underwent charge reversal in the 

presence of phosphate.  It has been shown through 31P NMR measurements that phosphate 
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can adsorb to γ-Al2O3 via both outer- and inner-sphere complexation.62  Outer-sphere 

complexation occurs through the electrostatic attraction between the positively charged –

AlOH2
+ groups and negatively charged phosphate ions,62 whereas inner-sphere complexation 

takes place through direct bond formation between the Al atom and the oxygen donor atoms 

in the phosphate ion.62, 63  Hunter64 reported that inner-spherically adsorbed ions have a 

higher propensity to reverse the sign of surface charge, whereas indifferent ions can only 

screen the surface charge.  Therefore, inner-sphere complexation of phosphate is expected to 

be the primary mechanism for the reversal of surface charge of Al2O3 NPs.  For CeO2 NPs 

which already carried a negative charge at pH 7.4 (Figure 4.1b), the enhancement of negative 

surface charge in the presence of phosphate, as observed elsewhere,65, 66 was likely a result of 

the inner-sphere complexation between phosphate ions and the CeO2 NPs.64  For both SiO2 

NPs, the surface charges in the presence and absence of phosphate were not significantly 

different (Figure 4.1b), consistent with the negligible adsorption of phosphate on the SiO2 

NPs compared to that on CeO2 and Al2O3 NPs (Figure 4.1c). 

4.3.2 Stability of c-SiO2 and f-SiO2 NPs at pH 7.4 

 The aggregation profiles of the four CMP NPs at 150 mM NaCl and pH 7.4 in the 

presence and absence of phosphate are presented in Figure 4.2. This NaCl concentration was 

chosen because the ionic strength in physiological fluids is ca. 150 mM.19  The 

hydrodynamic diameter of c-SiO2 and f-SiO2 NPs did not change significantly within a 

duration of 20 min, whereas CeO2 and Al2O3 NPs underwent appreciable aggregation.  This 

observation shows that both SiO2 NPs were considerably more stable than CeO2 and Al2O3 

NPs at pH 7.4.  Since phosphate ions do not adsorb favorably on both NPs, as discussed in 
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the previous section, they are not expected to be involved in the mechanisms for the elevated 

stability of the SiO2 NPs. 
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Figure 4.2.  Aggregation profiles of four CMP NPs at 150 mM NaCl and pH 7.4 in (a) phosphate and 

(b) bicarbonate buffer. 

 

 In order to elucidate the mechanisms for the high stability of SiO2 NPs at pH 7.4, 

aggregation experiments were further carried out at pH 2.0 (adjusted with 1 M HCl), which is 

the reported pHZPC of SiO2.
52, 56  Thus, at pH 2.0, the electric double layer (EDL) repulsion 
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between the SiO2 NPs was expected to be largely eliminated.  As shown in Figure 4.3a, the f-

SiO2 NPs underwent considerable aggregation at pH 2.0 compared to at pH 7.4 (both in the 

presence and absence of phosphate).  It can therefore be concluded that the elevated stability 

of f-SiO2 NPs at pH 7.4 was due to the high surface charge that was not completely screened 

even at 150 mM NaCl. 

 In contrast to f-SO2 NPs, c-SiO2 NPs were stable at pH 2.0 (Figure  4.3b).  Additional 

aggregation experiments of c-SiO2 NPs were carried out at pH 1.0 (data not shown) and no 

aggregation was observed, similar to at pH 2.0 and 7.4.  The high stability of c-SiO2 colloids 

at ca. pH 2 has been reported by different researchers.67-69  The presence of a repulsive force 

between silica surfaces at short separation distances, in addition to EDL repulsion, has been 

detected through force measurements using atomic force microscopy and surface force 

apparatus.70, 71  Israelachvili and co-workers71, 72 proposed that a hairy layer of protruding 

silanol and silicic acid groups on silica surface was the origin of the repulsive force between 

SiO2 colloids and also their stability in water.  Borkovec and co-workers69 reported that SiO2 

particles underwent fast aggregation at pH 12 which they attributed to the dissolution of the 

hairy layers at high pH conditions.  The aggregation behavior of c-SiO2 at pH 12 is presented 

in Figure 4.3c.  In the absence of NaCl at pH 12, c-SiO2 was stable, likely due to the EDL 

repulsion between the NPs.  With the increase in NaCl concentration, the aggregation rates of 

the NPs increased and fast aggregation was achieved at 150 mM NaCl.  This result supports 

the hypothesis that the presence of hairy layer on the surface of c-SiO2, which was dissolved 

at pH 12, contributed to the remarkable stability of the c-SiO2 NPs at pH 7.4.   

 Zhang et al.14 investigated the surface silanol densities of both c-SiO2 and f-SiO2 

through Fourier transform infrared spectroscopy and found that f-SiO2 had a lower total 
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silanol content (ca. 2.8 OH/nm2) than c-SiO2 (ca. 4.5 OH/nm2).  It is thus expected that the 

protruding hairy silanol and silicic acid groups were less abundant on f-SiO2 NPs than on c-

SiO2 NPs.  Therefore, the repulsive force caused by the hairy layers is likely to play a more 

important role in the stability of c-SiO2 than that of f-SiO2.  We do not, however, rule out the 

possibility of other mechanisms for the stability of c-SiO2 NPs, such as hydration force 

resulting from the hydrogen bonding network between silanol groups.73  

 

 

 

 

 

 

 

 

 

 

  

 

 

 

  

 

 

 

 

 

Figure 4.3. Aggregation profiles of (a) f-SiO2 NPs at 150 mM NaCl at pH 7.4 (in phosphate and 
bicarbonate buffer) and pH 2.0 (pH adjusted with 1 M HCl), (b) c-SiO2 NPs at 150 mM NaCl at pH 7.4 
(in phosphate and bicarbonate buffer) and pH 2.0 (pH adjusted with 1 M HCl), and (c) c-SiO2 NPs at 

pH 12 (pH adjusted with 1 M NaOH) at varying NaCl concentrations. 
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4.3.3 Phosphate Adsorption Enhanced the Stability of CeO2 and Al2O3 NPs 

 The aggregation kinetics of CeO2 and Al2O3 NPs were investigated over a wide range 

of NaCl concentrations in the presence of phosphate and the attachment efficiencies are 

presented in Figure 4.4.  At NaCl concentrations of ca. 10–90 mM, the attachment 

efficiencies of both CeO2 and Al2O3 NPs increased with increasing NaCl concentrations 

(reaction-limited regime) as a result of the screening of their surface charge.  At NaCl 

concentrations higher than 90 mM, a further increase in the salt concentration did not result 

in any substantial increase in the attachment efficiencies (diffusion-controlled regime) since 

the energy barrier to aggregation was eliminated due to charge screening under these 

conditions.  The critical coagulation concentrations (CCCs) that demarcated the reaction- and 

diffusion-limited regimes were ca. 90 mM for both CeO2 and Al2O3 NPs in the presence of 

phosphate.   

 In addition, aggregation experiments were carried out at pH 7.4 in the absence of 

phosphate in order to elucidate the role of phosphate adsorption on the stability of CeO2 and 

Al2O3 NPs (Figure 4.4).  Reaction- and diffusion-limited regimes were also observed for both 

CeO2 and Al2O3 NPs in bicarbonate buffer, indicating that the aggregation kinetics were 

controlled by electrostatic interactions in the absence of phosphate.  The CCC values were 

determined to be ca. 2 mM for CeO2 (Figure 4.4a) and 25 mM for Al2O3 NPs (Figure 4.4b), 

both considerably lower than their respective CCCs in the presence of phosphate.  This 

comparison implies that the stability of CeO2 and Al2O3 NPs was enhanced as a result of the 

adsorption of phosphate on the NP surface.  As shown in Figure 4.1b, the adsorption of 

phosphate resulted in a significant increase in the magnitude of the surface charge of CeO2 

NPs, thereby increasing the energy barrier to NP aggregation.  For Al2O3 NPs, the surface 
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charge was reversed in the presence of phosphate and, additionally, the magnitude of the 

surface charge was increased (as shown in the increase in the magnitude of EPM in Figure 

4.1b), thus raising the EDL repulsion between the NPs.  Because the increase in the 

magnitude of surface charge due to the adsorption of phosphate was smaller for Al2O3 than 

for CeO2 (Figure 4.1b), the rise in CCC in the presence of phosphate was less pronounced for 

Al2O3 than for CeO2 NPs (Figure 4.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4. Aggregation attachment efficiencies of (a) CeO2 and (b) Al2O3 NPs as a function of NaCl 
concentration at pH 7.4 in phosphate and bicarbonate buffer.  The dashed lines are extrapolated from 
the favorable and unfavorable aggregation regimes, and their intersections yield the CCCs. 
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4.3.4 Deposition of CMP NPs on DOPC SLBs in the Presence of Phosphate 

 The deposition of the CMP NPs on DOPC SLBs was investigated in order to probe 

the propensity for CMP NPs to attach to lipid membranes.  In our previous work, the DOPC 

bilayers were determined to be negatively charged at pH 7.23  Figure  4.5 presents the rates of 

frequency shift during the deposition of CMP NPs on the SLBs in the presence of phosphate.  

When the NaCl concentration was raised from 1 to 30 mM, the deposition rates of c-SiO2 and 

f-SiO2 NPs on SLBs increased due to the reduction of the EDL repulsion between the NPs 

and SLBs.  In contrast, no deposition of CeO2 and Al2O3 NPs on SLBs was detected over the 

NaCl concentration range of 1–100 mM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5.  Deposition rates of (a) c-SiO2, (b) f-SiO2, (c) CeO2, and (d) Al2O3 NPs on DOPC SLBs in 
phosphate buffer at pH 7.4.  Error bars represent standard deviations and the lines are meant to 
guide the eye.  Asterisks (*) indicates that no frequency shift was detected. 
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 By normalizing the deposition rates of CMP NPs on SLBs to the transport-limited 

deposition rates on PLL (presented in Figure 4.6), we obtained the deposition attachment 

efficiencies of the four NPs on SLBs, as presented in Figure 4.7.  For the two SiO2 NPs, the 

attachment efficiencies increased when the NaCl concentration was increased from 1 to 100 

mM.  At NaCl concentrations higher than 100 mM, the attachment efficiency did not increase 

with a further increase in NaCl concentration, most likely due to the complete screening of 

surface charges under these high ionic strength conditions.  Interestingly, for both CeO2 and 

Al2O3 NPs, the attachment efficiency did not reach unity even at 300 mM NaCl.   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Deposition rates of (a) c-SiO2, (b) f-SiO2, (c) CeO2, and (d) Al2O3 NPs on PLL-modified 
surfaces in phosphate buffer at pH 7.4.  Error bars represent standard deviations and the lines are 
meant to guide the eye. 
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Figure 4.7. Deposition attachment efficiencies of (a) c-SiO2, (b) f-SiO2, (c) CeO2, and (d) Al2O3 NPs 
on DOPC SLBs at pH 7.4 in phosphate buffer.  Error bars represent standard deviations.  The lines 
are meant to guide the eye.  Asterisks (*) indicate that no frequency shift was detected on SLBs. 

 

4.3.5 Comparing Deposition Kinetics of CMP NPs on DOPC SLBs in the Presence and 

Absence of Phosphate 

 In order to obtain further insights into the low propensity for CeO2 and Al2O3 NPs to 

deposit on SLBs in the presence of phosphate, additional deposition experiments on SLBs 

were performed in bicarbonate buffer.  As shown in Figure 4.8a and b, both c-SiO2 and f-

SiO2 NPs had similar propensities to attach to SLBs in phosphate and bicarbonate buffers, 

owing to their similar surface charge in the two buffers (Figure 4.1b).  
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Figure 4.8. Deposition attachment efficiencies of (a) c-SiO2, (b) f-SiO2, (c) CeO2, and (d) Al2O3 NPs 
on DOPC SLBs at pH 7.4 in phosphate and bicarbonate buffer.  Error bars represent standard 
deviations.  The data in phosphate buffer was reproduced from Figure 4.7 for comparison.  Asterisks 
(*) indicate that the attachment efficiencies were 0 (i.e., no frequency shift was detected on SLBs). 
 

 For the CeO2 NPs, the deposition attachment efficiency in bicarbonate buffer 

increased from zero to close to unity when the NaCl concentration was raised from 1 to 100 

mM (Figure 4.8c) due to the reduction in the EDL repulsion between the NPs and SLBs.  In 

the presence of phosphate, however, the deposition attachment efficiencies of CeO2 NPs on 

SLBs were zero at both 1 and 100 mM NaCl.  According to the EPM measurements (Figure 

4.1b), additional negative charge was imparted to the CeO2 NPs through phosphate 

adsorption.  Thus, the EDL repulsion between the CeO2 NPs and SLBs may still be strong 

enough even at 100 mM NaCl to inhibit the deposition of the NPs.   
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 For the deposition of Al2O3 NPs on SLBs, a more pronounced contrast in attachment 

efficiency was observed in phosphate and bicarbonate buffers (Figure 4.8d).  In bicarbonate 

buffer, Al2O3 was positively charged at both 1 and 100 mM NaCl (Figure 4.1b).  The 

attractive EDL and vdW interactions between Al2O3 NPs and SLBs resulted in close-to-unity 

attachment efficiencies at both 1 and 100 mM NaCl in bicarbonate buffer.  In the presence of 

phosphate, however, the attachment of Al2O3 NPs on SLBs was not detected at both 1 and 

100 mM NaCl due to the negative charge of Al2O3 NPs imparted by phosphate adsorption 

(Figure 4.1b).  The distinctly different deposition behaviors of both CeO2 and Al2O3 NPs on 

SLBs in the presence and absence of phosphate shows that it is imperative to account for the 

influence of phosphate adsorption in the assessment of NP association with cell membranes. 

4.3.6 No Disruption of Vesicles by CMP NPs Detected 

 The attachment of NPs on cell membranes has been reported in some studies74, 75 to 

result in the damage of the membranes and the leakage of intracellular contents. Dye leakage 

experiments have been employed in several studies on the disruption of cell membranes by 

silica,31 gold,30 TiO2
32, and graphene oxide53 NPs.  Herein, the disruption of the supported 

vesicles upon the attachment of CMP NPs was investigated by QCM-D coupled with 

fluorescence detection measurements.  This technique enables us to simultaneously monitor 

the deposition of CMP NPs on the supported vesicles using QCM-D and detect the disruption 

of the vesicles by measuring the dye leakage from the vesicles.53  These experiments were 

only performed in phosphate buffer in the context of cell membrane disruption in biological 

systems.  Since no attachment of CeO2 and Al2O3 NPs on DOPC bilayers was expected to 

take place at 150 mM NaCl (i.e., ionic strength of physiological fluids), as shown in Figure  

4.7c and d, these experiments were only conducted for both SiO2 NPs. 
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Figure 4.9. (a) Frequency and dissipation shifts during the formation of a SVL (26–57 min), the 
deposition of f-SiO2 NPs on the SVL at 150 mM NaCl and pH 7.4 (213–257 min), and the rupture of 
the vesicles when they were exposed to 32 mM Triton X-100 (277–301 min). (b) Frequency and 
dissipation shifts when supported vesicles were exposed to f-SiO2 NPs (in 150 mM NaCl), 150 mM 
NaCl, and 32 mM Triton X-100. (c) Release of CF dye from supported vesicles upon exposure to f-
SiO2 NPs (in 150 mM NaCl), 150 mM NaCl, and 32 mM Triton X-100.  Insert: close-up of the release 
of dye in the f-SiO2 NP deposition stage. 
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 The frequency and dissipation shifts during the formation of a SVL and the 

deposition of f-SiO2 NPs on the SVL are presented in Figure 4.9a.  Figure 4.9b and c show 

the frequency and dissipation shifts and the dye concentration in the outflow of QCM-D, 

respectively, during the deposition of f-SiO2 NPs on the SVL.  The experimental protocol 

involves three stages:  1) deposition of dye-encapsulated vesicles on a gold-coated sensor to 

form a SVL (26–57 min, only in Figure 4.9a); 2) removal of unadsorbed vesicles with buffer 

rinse (57–190 min); and 3) deposition of NPs on the SVL at 150 mM NaCl (213–257 min).  

The fluorescence intensity of the outflow was monitored from close to the end of Stage 2 

onwards (from 176 min).  In a typical experiment, four QCM-D chambers were employed.  

In two of the chambers, deposition experiments were performed with a suspension of CMP 

NPs prepared in 150 mM NaCl.  In the other two chambers, control experiments were 

conducted using the same procedure as the deposition experiments, except that a 150 mM 

NaCl solution was used in lieu of the NP suspension.  

 As shown in Figure 4.9a and b, f-SiO2 NPs deposited on the SVL continuously 

without eliciting significant rupture of the vesicles as evidenced from the monotonic decrease 

in frequency and increase in dissipation shifts (213–257 min).  At the same time, no 

significant difference in dye leakage concentration was observed between the deposition and 

control experiments (inset of Figure 4.9c, two-tailed t test, significance level of 0.05).  As a 

positive control, the exposure of the vesicles to Triton (276 min) resulted in precipitous 

frequency and dissipation shifts (Figure 4.9b), as well as a dramatic increase in fluorescence 

intensity (Figure 4.9c), indicating that the vesicles had been ruptured by the surfactant.  

Hence, it can be inferred that the deposition of f-SiO2 NPs on the SVL did not induce 

appreciable disruption of the lipid membrane.  Similar experiments were performed for c-
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SiO2 NPs and no significant dye leakage was observed during the deposition of c-SiO2 NPs 

on the vesicles (Figure 4.10).  These results demonstrate that both of SiO2 NPs have a low 

propensity to disrupt DOPC bilayers at 150 mM NaCl despite their high affinity to associate 

with the model membranes under these conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.10.  (a) Frequency and dissipation shifts when supported vesicles were exposed to c-SiO2 
NP suspension prepared at 150 mM NaCl (191–234 min), 150 mM NaCl solution (234–256 min), and 
32 mM Triton X-100 solution (256–280 min).  The solid and dash lines show the frequency and 
dissipation shifts, respectively.  (b) Release of CF dye from supported vesicles when the vesicles 
were exposed to c-SiO2 NP suspension prepared at 150 mM NaCl, 150 mM NaCl solution, and 32 
mM Triton X-100 solution.  The red and blue lines show the dye release profiles in the NP deposition 
and control experiments, respectively.  Error bars represent standard deviations. 
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4.4 Conclusions 

 In this study, the aggregation behavior of four CMP NPs and their interactions with 

model cell membranes at neutral pH conditions were investigated.  One important aspect of 

this study is to examine the influence of phosphate, a key component of biological fluids, on 

the surface charge and colloidal stability of the NPs, as well as on the nanoparticle–

membrane interactions.  The surface charge of both c-SiO2 and f-SiO2 NPs was not 

appreciably altered by phosphate as phosphate did not adsorb favorably on the NP surface.  

As a result, both SiO2 NPs had similar aggregation and deposition kinetics on SLBs in the 

presence and absence of phosphate.  Conversely, the CeO2 NPs became more negatively 

charged while the Al2O3 NPs underwent charge reversal (positive to negative) in the presence 

of phosphate, both likely due to the adsorption of phosphate on the NPs through inner-sphere 

complexation.  The enhancement of surface charge in the presence of phosphate led to an 

increase in the stability of CeO2 and Al2O3 NPs and decreased the NPs’ propensity to attach 

to SLBs.  These results imply that the nonspecific interactions between NPs and cell 

membranes and potentially the biological effects of NPs may be controlled by phosphate.  

Thus, the role of phosphate needs to be accounted for in the assessment of the stability and 

cellular interactions of NPs.  Additionally, the deposition of both c-SiO2 and f-SiO2 NPs on 

supported vesicles did not result in detectable disruption of the vesicles.  Future studies that 

include a systematic variation of membrane properties (e.g., lipid composition and 

incorporation of proteins in membranes) and CMP NP properties (e.g., sizes and shapes) will 

enable additional mechanistic insights into the interactions between the nanoparticles and cell 

membranes.  The effects of other major constituents in biological fluids (e.g., proteins) 

should also be investigated.  
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Chapter 5. Silver Nanoparticles Formed In Situ on 

AFM Tips for Force Measurements with Model 

Cell Membranes: Influence of Protein Coronas1 

  

                                                 
1 This chapter will be submitted for publication in a peer-reviewed journal.  Co-author Kai Loon Chen helped 

with data interpretation and manuscript editing.   
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5.1 Introduction 

 With the extensive use of silver nanoparticles (AgNPs) in consumer products,1 the 

potential exposure of humans to the nanoparticles poses a risk to human health.2, 3  AgNPs 

have been shown to cause damage to DNA and mitochondria in human cells.4  Currently, the 

mechanisms for the cytotoxicity of AgNPs are still under investigation. 

             A better understanding of how AgNPs interact with cell membranes is necessary for 

the elucidation of the underlying mechanisms for the reported cytotoxicity of AgNPs.  For 

example, AgNPs have been shown to induce damage to the membranes of red blood cells 

which leads to the leakage of hemoblobin.5, 6  AgNPs have been reported to be internalized 

into human epithelial A549 cells and further undergo dissolution to release toxic Ag+ ions in 

the cytosol.7  Previous studies have demonstrated that the internalization of nanoparticles by 

cells depend on the propensity for nanoparticles to attach to cell membranes as well as the 

nanoparticle-cell membrane adhesion strength.8, 9  To date, studies on AgNP-cell membrane 

interactions have involved the use of both human cells10 and artificial (or model) cell 

membranes.11  The use of artificial cell membranes enables a precise control over the 

compositions and properties of the membranes, thereby allowing for the elucidation of 

nanoparticle-membrane interactions at a molecular level.12 

 Since the attachment of nanoparticles to cell membranes is expected to be heavily 

influenced by nanoparticle-membrane interaction forces, a method that allows for the direct 

measurements of the interaction forces of AgNPs with cell membranes is highly desirable.  

Atomic force microscopy (AFM) has been used for force measurements between cell 

membranes and tips modified with a cluster of nanoparticles.13  This method, however, 

requires the use of a micromanipulator which may not be readily available.  Our strategy to 
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modify AFM tips with AgNPs involves the coating of AFM tips by polydopamine (PDA)14, 15 

and the in situ reduction of silver ions by the catechol groups in the PDA.14  We show for the 

first time that successive exposure of AFM probes to polydopamine and silver nitrate 

solutions resulted in the formation of AgNPs on the apex of the tips.  The AgNP-modified 

tips enable the measurements of the interaction forces between a silver nanoparticle and a 

lipid bilayer formed on mica as a model cell membrane.  Due to the abundance of human 

serum albumin (HSA) proteins in human bloodstream and saliva,16 the influence of HSA on 

the interactions with the AgNP-modified tips and model cell membranes was also 

investigated. 

5.2 Materials and Methods 

5.2.1 Preparation and Characterization of AgNP-Modified AFM Probes 

 AFM probes (SNL-10, Bruker) with silicon tips at the end of silicon nitride 

cantilevers were modified with AgNPs.  The functionalization of AFM tips by AgNPs was 

achieved through the formation of a PDA film on the tip and the subsequent reduction of 

silver ions by PDA to form AgNPs.15  Dopamine hydrochloride powder (0.2 g; Sigma-

Aldrich) was dissolved in a 15 mM Trizma hydrochloride buffer at pH 8.5 (Sigma-Aldrich).  

Under constant agitation, the solution gradually turned darker, indicating that dopamine 

underwent polymerization to form PDA.14  An AFM probe was immersed in the PDA 

solution for 45 min to allow for the formation of a PDA film on the probe.15  Next, the probe 

was gently placed in a Petri dish containing de-ionized (DI) water (18 MΩ·cm, Milli-Q 

system, Millipore, MA) to remove unadsorbed PDA and subsequently placed in a Petri dish 

containing a freshly prepared 500 mM AgNO3 solution.  The petri dish was covered with 



  123 

aluminum foil to avoid light exposure.  After 16 hours, the AFM probe was gently placed in 

a Petri dish containing DI water to remove the AgNO3 solution attached to the probe.  Finally, 

the probe was placed in a vacuum desiccator at room temperature until use.   

 The morphology and surface composition of unmodified silicon tips, tips exposed to 

PDA only, and tips exposed to both PDA and AgNO3 solutions (to be referred to as Si, PDA, 

and Ag-PDA tips, respectively) were examined with an EOL JSM-6700F field emission 

scanning electron microscope (FE-SEM, JEOL) coupled with an energy dispersive 

spectrometer (EDS). 

5.2.2 Preparation of Lipid Vesicles 

 Small unilamellar vesicles comprised of zwitterionic 1,2-dioleoyl-sn-glycero-3-

phosphocholine (DOPC) were prepared using the extrusion method.17  The procedure 

involved the drying of a DOPC solution in chloroform to form a DOPC film on the bottom of 

an Erlenmeyer flask, the hydration of the film with a HEPES buffer solution (10 mM 

HEPES, 150 mM NaCl, 2 mM CaCl2, pH 7.4), and the extrusion of the DOPC solution using 

a mini-extruder (Avanti Polar Lipids Inc.) through a polycarbonate membrane with a pore 

size of 50 nm (Whatman) to obtain unilamellar DOPC vesicles. 

5.2.3 Formation and AFM Imaging of Lipid Bilayers on Mica 

 DOPC SLBs were formed on mica through vesicle fusion.18  A freshly cleaved mica 

(Grade V-1 Muscovite, 2SPI Supplies) was mounted onto the AFM (Multimode NanoScope 

IIId, Bruker Nano Inc) scanner.  An AFM probe with unmodified silicon tips (SNL-10, 

Bruker) was secured in a glass fluid cell, which was then mounted on the AFM stage.  Next, 

a 50 mg/L DOPC suspension (diluted in HEPES buffer) was slowly injected into the fluid 
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cell with a syringe.  After waiting for 10 min to allow for the adsorption of DOPC vesicles 

and the rupture of the vesicles on mica, tapping-mode AFM imaging was performed to 

observe the SLBs formed on mica.  Cantilevers with a nominal spring constant of 0.24 N/m 

were oscillated at a resonance frequency of ca. 18.5 kHz with a root-mean-square amplitude 

of 0.5 V. 

5.2.4 AFM Force Measurements 

 After the formation of SLBs on mica, the fluid cell was rinsed with vesicle-free 

electrolyte solutions to remove unadsorbed vesicles.  Force measurements were thereafter 

taken on the SLBs at 1 or 150 mM NaCl and pH 7 (buffered with 0.4 mM NaHCO3).  In 

order to investigate the influence of HSA on the interactions between AFM tips and SLBs, 

force measurements were further conducted in the presence of HSA.  A 500 mg/L HSA 

solution at pH 7 in the presence of 1 or 150 mM NaCl was injected into the fluid cell.  The 

system was equilibrated for 20 min before the force measurements were taken.  All force 

measurements were taken within 2 h after the AFM tips were mounted in the fluid cell.   

 During each force measurement, both approach and retract force curves were 

recorded by the AFM.  A scan rate of 0.498 Hz and ramp size of 0.5 m were employed, 

leading to a tip approaching and retracting velocity of 0.498 m/s.  The spring constants of 

the cantilevers were calibrated using the thermal noise method.19  The cantilever deflection 

versus sample displacement data was converted to force versus separation data using the 

method reported by Ducker et al.20 
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5.3 Results and Discussion 

5.3.1 Formation of AgNPs on AFM Tips 

 Figure 5.1a illustrates the procedures for the modification of the AFM tips with 

AgNPs.  The surface morphology of a tip that was exposed sequentially to PDA and AgNO3 

solutions (Ag-PDA tip) was observed with secondary electron (SE) SEM imaging (Figure 

5.1b).  Nanoparticles with diameters of ca. 50 nm were observed on the apex of the Ag-PDA 

tip. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1.  (a) Schematic of the modification of AFM probes with AgNPs on the apex. (b) Secondary 
electron image of the AgNP-modified tip. (c) Backscattered electron image of the same AgNP-
modified tip showing the contrast in chemical composition on the tip. 

  

(b) (c) 
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 In order to confirm that the nanoparticles formed on the tip apex were AgNPs, we 

collected the backscattered electron (BE) images of Ag-PDA tips (Figure 5.1c and 5.2a) as 

well as that of Si and PDA tips (Figure 5.2b and c).  Since heavier elements (i.e., elements 

with higher atomic number) have a stronger ability to backscatter electrons than lighter 

elements, and thus appear brighter in the BE images, BE imaging can be used to reveal the 

contrast of regions with different surface compositions.21  The BE images of both Si and 

PDA tips show featureless surfaces, indicating that the surface compositions of these two tips 

were uniform (Figure 5.2b and c).  In contrast, bright spots were observed on the Ag-PDA 

tips (Figure 5.1c and 5.2a).  Since silver has higher atomic number than the composing 

elements of the Si tip and PDA (C, N, and O), the presence of the bright spots on the tip 

likely suggest that AgNPs were formed on the tip.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.2. Backscattered electron imaging of (a) Ag-PDA (b) Si and (c) PDA tips. 
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 Energy-dispersive X-ray spectroscopic (EDS) analysis on the tip (Figure 5.3) shows 

the presence of silver within those bright spots.  Additional EDS analysis was performed on a 

PDA tip and silver was not detected (Figure 5.4).  Therefore, the bright spots on the BE 

images of Ag-PDA tip correspond to AgNPs formed on the tip.  These tips were hence 

referred to as AgNP tips.  The formation of AgNPs on PDA film can be attributed to the 

binding and reduction of Ag+ ions by the catechol groups in PDA.14   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.3. Backscattered electron imaging of an Ag-PDA tip (a) and the corresponding EDS analysis 
at a bright spot on the tip (b). 
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Figure 5.4. Backscattered electron imaging of a PDA tip (a) and the corresponding EDS analysis in a 

selected area on the tip (b). 

 

 In order to test the robustness of this approach to functionalizing AFM tips with 

AgNPs, we additionally performed SE and BE imaging on three different tips that were 

sequentially exposed to PDA and AgNO3 (Figure 5.5).  Silver nanoparticles were observed 

on the apex of all three tips.  It is worth noting that the AgNPs formed on the tip apex were 

Ag undetected 

(a) 

(b) 
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present either as individual nanoparticles (Figure 5.1b) or as a cluster of nanoparticles 

(Figure 5.5a and b). 
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Figure 5.5.  SEM images of three different Ag-PDA tips. The left and right panels show the secondary 
and backscattered electron imaging, respectively. 
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 To further prove that the AgNPs were protruding from the PDA surface, we 

performed force measurements using both PDA and AgNP tips on two different surfaces 

(i.e., mica and SLB) at 1 mM NaCl and pH 7 (Figure 5.6 and 5.7).  The work of adhesion, 

which is defined as the work required to pull the tips off from the surface after contact, was 

calculated from the retraction force curves using the trapezoidal rule.22-24  On both surfaces, 

the work of adhesion measured using PDA and AgNP tips differ significantly (unpaired two-

tailed t-test, p < 0.01), thereby suggesting that the AgNPs formed on the tips were protruding 

from the PDA surface instead of being embedded in the PDA film. 

 

  

 

 

 

 

 

 

 

 

Figure 5.6. (a) Representative force profiles during retraction of PDA and AgNP tips from mica at 1 
mM NaCl.  (b) Work of adhesion for PDA and AgNP tips during retraction from mica. Positive and 
negative values indicate attractive and repulsive interactions, respectively.  Error bars represent 
standard deviations (n = 30).  Asterisks (*) indicate significant difference (p < 0.01) between PDA and 

AgNP tips.  
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Figure 5.7. (a) Representative force profiles during retraction of PDA and AgNP tips from DOPC 
SLBs at 1 mM NaCl.  (b) Work of adhesion for PDA and three different AgNP tips during retraction 
from SLBs. Positive and negative values indicate attractive and repulsive interactions, respectively.  
Error bars represent standard deviations (n = 30).  Asterisks (*) indicate significant difference (p < 

0.01) between PDA and AgNP tips. 

  

 The AgNP-modified AFM tips are expected to hold promise in a variety of 

applications.  For example, these tips may find application in tip-enhanced Raman 

spectroscopy, where AFM and surface enhanced Raman scattering are combined, to probe 

the chemical composition at specific sites on biological membranes.25  In addition, these 

AgNP-modified tips can be used in the force measurements between AgNPs and 

environmentally relevant surfaces to gain fundamental insights into the propensity for the 

AgNPs to deposit on and to release from these surfaces. 

5.3.2 Lipid Bilayers Formed on Mica for AFM Force Measurements 

 Through AFM imaging, the thickness of the lipid bilayer formed on mica was 

measured to be ca. 4 nm (Figure 5.8a and b), which is close to the reported thickness of 

DOPC bilayer on mica (ca. 5 nm).26  A representative force curve during the approaching of 
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an AgNP tip toward an SLB is shown in Figure 5.8c.  Herein the separation is defined as the 

distance between the tip and the mica substrate.  When the tip was brought to a separation 

distance smaller than ca. 4 nm, the tip experienced increasing repulsive force most likely due 

to the indentation of the lipid bilayer by the tip.27  A jump in the force plot was observed 

when the applied force exceeded a threshold, indicating that the tip penetrated through the 

SLBs and came into contact with the mica substrate.  This sudden jump during the 

approaching of an AFM tip toward SLBs has been observed in previous studies.27-30  In this 

paper, the focus will be placed on the approach force curves which can provide information 

about the interactions of the AgNPs with an intact (undamaged) lipid bilayer.  The retraction 

curve, which did not display a breakthrough (Figure 5.8c), involves both AgNP-mica and 

AgNP-lipid interactions and thus would not reflect the true scenario of the interactions 

between AgNPs and cell membranes. 

 

 

 

 

 

 

 

Figure 5.8.  (a) AFM image of a mica surface covered with a DOPC lipid bilayer.  (b) Height profiles 
of the holes within the bilayer. (c) Representative force curves during the approaching of an AgNP tip 
toward an SLB and the retraction of the tip from the SLB.  Force measurements were conducted at 1 
mM NaCl. 
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5.3.3 Presence of HSA Enhanced the Repulsion between AgNPs and Lipid Bilayers 

 We first examined the interaction forces between AgNPs and lipid bilayers before 

contact.  The approach interaction forces between AgNPs and the bilayer as a function of 

their separation distance (D) are presented in Figure 5.9.  This separation D was calculated 

by subtracting the thickness of the bilayer, as determined through AFM imaging, from the 

separation between the tip and the mica substrate.   

 

 

 

 

 

 

 

 

Figure 5.9.  Representative approach force curves between AgNP tips and DOPC SLBs at (a) 1 mM 
NaCl and (b) 150 mM NaCl.  The D in x-axis represents the distance between the tips and the surface 
of the lipid bilayers.  Inserts show fitted decay lengths at (b) 1 mM NaCl (d) 150 mM NaCl.  Error bars 
represent standard deviations, n = 30.  Asterisks (*) indicate significant difference (p < 0.01) between 

fitted decay lengths in absence and presence of HSA. 

 

 In the absence of HSA, AgNPs experience repulsive forces during approaching to the 

SLB at both 1 and 150 mM.  Since both AgNPs and DOPC SLBs are negatively charged at 

pH 7,31, 32 this repulsive force can be ascribed, at least in part, to electrical double layer (EDL) 

repulsion.  We further fit the interaction force curves in absence of HSA to eq 5.1:33 
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where F is the interaction force in approach curve, A is a pre-exponential constant, and λ is 

the decay length.  The force curves at 1 and 150 mM were fit up to separation D of 20 and 1–

2 nm, respectively (Figure 5.10, in consideration of the respective long and short ranges for 

EDL interactions.34, 35  The fitted decay length at 1 mM (ca. 4.9 nm) was larger than that at 

150 mM NaCl (ca. 1.5 nm), consistent with the presence of EDL repulsion between AgNPs 

and SLBs. 

  

 

 

 

 

 

 

 

Figure 5.10. Semi-log plots of representative approach force curves between AgNP tips and DOPC 
SLBs in absence and presence of HSA at (a) 1 mM NaCl (b) 150 mM NaCl.  D represents the 
separation between the tips and the lipid bilayer surface. 

 

 In the presence of HSA, the magnitude of the repulsive force between AgNPs and 

SLBs was increased at both 1 and 150 mM (Figure 5.9). The interaction force curves in 

presence of HSA were also fitted to eq 5.1 (Figure 5.10).  The fitted decay length was 

significantly higher (p < 0.01) in the presence of HSA at both 1 and 150 mM (Figure 5.9 

inserts). 

 HSA can adsorb on the surface of AgNPs via hydrophobic interaction to form 

coronas.36  The adsorbed HSA layer can influence the interactions between AgNPs and lipid 
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bilayer through two mechanisms.  First, the adsorbed HSA may alter the surface charge of 

AgNPs thereby impacting the EDL repulsion between AgNPs and SLBs.  The change in 

surface charge can alter the magnitude of EDL repulsion but would not result in a change in 

the decay length of the interaction forces.34  Second, before the HSA-coated AgNPs come 

into contact with SLB, the chains of adsorbed HSA molecules will be compressed, which is 

entropically unfavorable and would give rise to a repulsive steric or electro-steric force.34  

The increase in the decay length in the presence of HSA provides evidence that steric (or 

electro-steric) repulsion was present between HSA-coated AgNPs and SLB.  In their study on 

the interactions between silica and quartz, Borkovec and co-workers22 also observed an 

increase in decay length in the presence of poly(ethylene imine) which they attribute to 

electro-steric repulsions. 

 The HSA molecule can be approximated as an equilateral triangular prism with a 

dimension of 8 8  3 nm.37, 38  HSA proteins can adsorb on AgNPs to form “hard” and “soft” 

coronas, which refer to proteins strongly bound to and loosely associated with nanoparticles, 

respectively.39  Gebauer et al.40 reported that the hard coronas formed on AgNPs consist of 

monolayer HSA molecules, which are expected to have a thickness of 3–8 nm.  The 

measured decay lengths in the presence of HSA (Figure 5.9) were similar to the expected 

thickness of hard corona.  It is thus speculated that the hard coronas formed on HSA 

contributed to the observed steric repulsion between AgNPs and SLBs. We do not, however, 

rule out the possibility that soft coronas also contributed to steric forces especially at large 

separation (> 8 nm). 
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5.3.4 Protein Coronas Raised the Forces for AgNPs to Penetrate Lipid Bilayers 

 Upon contact with AFM tips, SLBs were penetrated when the force applied on the 

tips exceeded a threshold.  This threshold, known as breakthrough force, can be understood 

as the maximum force the SLBs can withstand before being penetrated by the tip (Figure 

5.11a).41  Figure 5.11b presents the breakthrough force measured during the approaching of 

AgNP-tips toward SLBs in the absence and presence of HSA.  A notable observation is that 

the presence of HSA increased the breakthrough forces at both 1 and 150 mM NaCl (Figure 

5.11b).  Angle et al.42 have shown that the breakthrough forces on an SLB depend on the 

geometry of the tip when other conditions remain the same. Lower breakthrough forces were 

measured using sharper tips (i.e., tips with smaller radius of curvature) because higher local 

pressure will be exerted on the SLB by sharper tips under the same applied forces.42   

 

 

 

 

 

 

 

 

 

Figure 5.11.  (A) Representative approach force curves between an Ag-NP tip and an SLB at 1 mM 
NaCl.  The separation represents the distance between the tip and the mica substrate.  (b) Forces 
required for AgNP tips to penetrate DOPC SLBs in absence and presence of HSA.  Error bars 
represent standard deviations (n = 30). Asterisks (*) indicate significant difference (p < 0.01) between 

penetration forces in absence and presence of HSA measured using the same tip. 
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 In their study of the interactions of HSA with AgNPs, Chen et al.36 observed through 

transmission electron microscopy that protein coronas were formed around the AgNPs after 

the nanoparticles were incubated with a ca. 480 mg/L HSA solution overnight.  They 

reported that the diameter of the AgNPs increased from ca. 30 to 80 nm after HSA 

adsorption.36  Since the HSA concentration used in this study (500 mg/L) is close to that used 

by Chen et al., it is likely that the diameters of AgNPs on the AFM tips were increased upon 

the formation of protein coronas, thereby resulting in a higher breakthrough force during the 

approach to the SLBs. 

5.3.5 Implications 

 In summary, we have developed a facile approach to modifying AFM tips in situ with 

AgNPs.   This method can potentially be used to functionalize AFM tips with other metal 

(e.g., copper and gold) nanoparticles through the binding and reduction of metal ions by 

polydopamine.14, 43  Our force measurements show that the presence of protein coronas give 

rise to steric repulsion between AgNPs and SLBs.  This observation possibly implies that the 

hemolytic activity of AgNPs6 may be reduced upon formation of protein coronas which 

inhibit the direct contact between AgNPs and cell membranes.  We also demonstrate that the 

forces required for AgNPs to penetrate lipid bilayers were increased in the presence of 

proteins.  This finding suggests that the cellular uptake of AgNPs via membrane penetration 

may be hindered by protein coronas formed on the nanoparticles. 
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6.1 Conclusions  

 In this dissertation, the influence of solution chemistry and presence of protein 

coronas on the interactions of GO with model cell membranes was examined in Chapters 2 

and 3.  Chapter 4 focuses on the effect of phosphate adsorption on the aggregation and 

interactions of CMP nanoparticles with model cell membranes.  In Chapter 5, a facial 

approach to functionalizing AFM tips with AgNPs was developed, and the interaction forces 

between AgNPs and lipid bilayers were measured. 

 In Chapter 2, the propensity for GO to attach to and disrupt model cell membranes 

was examined using SLBs and SVLs.  The deposition kinetics of GO on DOPC SLBs at 

neutral pH were observed to increase with increasing electrolyte (NaCl and CaCl2) 

concentrations, demonstrating the critical role of electrostatic interactions in controlling GO 

attachment.  The deposition kinetics of GO on negatively charged DOPC SLBs and 

positively charged DOPC-DOEPC SLBs at elevated electrolyte concentrations were both 

lower than mass-transfer-limited kinetics, likely due to the presence of hydration forces 

between GO and SLBs.  Upon favorable GO deposition to DOPC SLBs at 1.1 mM CaCl2 at 

pH 7, no GO release was observed when the deposited GO was rinsed with DI water at the 

same pH, implying that the deposition of GO was largely irreversible.  Upon the attachment 

of GO to supported vesicles that were encapsulated with a fluorescent dye, dye leakage was 

detected, thus indicating that the lipid vesicles were disrupted by GO.  When the exposure of 

the SVL to the GO suspension was terminated, the leakage of dye dropped precipitously, 

demonstrating that the pores formed on the lipid bilayers have a self-repairing ability.  This 

self-healing of pores was attributed to the decrease in membrane tension due to the release of 
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fluid and the further dominance of line tension (excess free energy per unit length of the pore 

edge) which drives pore closure.  No dye leakage was observed upon exposure of the 

supported vesicles to GO suspension when the deposition of GO to SLBs was unfavorable (1 

mM NaCl and pH 7), thereby providing direct evidence that the attachment of GO was a 

crucial step for the disruption of the vesicles. 

 In Chapter 3, the adsorption of HSA on GO was examined and the influence of HSA 

adsorption on GO attachment to DOPC SLBs was explored.  QCM-D sensors were coated by 

GO layers through sequentially exposing the sensors to a PLL solution and a GO suspension.  

The absolute (dry) mass of HSA adsorption was studied through batch adsorption 

experiments, and the wet mass of HSA layer on GO was estimated from QCM-D 

measurements based on Sauerbrey model.  The absolute mass of HSA adsorption increased 

with raising ionic strength at neutral pH.  The adsorbed HSA layer was more rigid at higher 

ionic strength conditions, likely due to the decrease in magnitude of the net charge of HSA 

and more favorable lateral interactions between adsorbed HSA.  Calcium ions increased HSA 

adsorption on GO which is likely attributed to the binding of calcium to the carboxyl groups 

of GO and HSA to result in charge neutralization.  At physiological ionic strength (150 mM), 

the dry mass of HSA adsorption reaches maximum value at the IEP of HSA.  Under this 

condition, the adsorbed HSA layer was the most compact likely owing to the favorable 

interactions between adsorbed HSA.  Under acidic conditions (pH 2.0), the adsorbed HSA 

layer was highly fluid due to the extended conformations of HSA under this condition.  

Finally, the attachment of GO to DOPC SLBs was inhibited by HSA adsorption, and the 

degree of inhibition was higher when the HSA layer was more fluid. 
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 In chapter 4, the adsorption of phosphate ions, a key constituent in human serum and 

saliva, on four CMP nanoparticles was investigated.  Phosphate adsorbed on ceria and 

alumina nanoparticles appreciably, resulting in an enhancement in the negative charge of 

ceria and a reversal of the charge of alumina from positive to negative.  The colloidal 

stability of both ceria and alumina nanoparticles was enhanced in the presence of phosphate 

ions at neutral pH.  The attachment kinetics of ceria and alumina to DOPC SLBs was greatly 

reduced in the presence of phosphate due to the elevation in the electrostatic repulsion 

between the nanoparticles and SLBs.  The deposition of ceria and alumina nanoparticles on 

SLBs was not detected at neutral pH and NaCl concentrations lower than 200 mM in the 

presence of phosphate.  The adsorption of phosphate on both colloidal and fumed silica 

nanoparticles was found to be negligible, and, consequently, the colloidal stability of the 

silica nanoparticles and their attachment to SLBs were not significantly influenced by the 

presence of phosphate ions.  The colloidal and fumed silica nanoparticles were found to be 

remarkably stable at neutral pH conditions both in the presence and absence of phosphate, 

likely due to the presence of a hairy layer of protruding silanol and silicic acid groups on the 

nanoparticle surface which give rise to steric repulsion between nanoparticles.  The 

attachment efficiencies of both silica nanoparticles on SLBs increased to one when the NaCl 

concentration was raised to 100 mM in the presence of phosphate. Furthermore, the 

attachment of colloidal and fumed silica nanoparticles to fluorescent-dye-encapsulated 

DOPC SVLs did not result in detectable leakage of dye, indicating that the nanoparticles did 

not cause significant disruption of the vesicles. 

 In Chapter 5, the interactions between AgNPs and SLBs were probed using AFM 

force measurements.  A facile approach to modifying AFM tips with AgNPs was developed 
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based on the reduction of silver ions by the catechol groups in PDA.  By successively 

exposing the AFM tips to a 2 g/L PDA solution for 45 min and a 500 mM silver nitrate 

solution for 16 h, AgNPs were formed on the apex of the tips as confirmed through 

secondary and backscattered electron SEM imaging.  Control force measurements on mica 

and SLB surface using both PDA-modified and AgNP-modified tips suggest that the AgNPs 

were protruding from the surface of the PDA layer.  During the approaching of AgNP-

modified tips toward SLBs at pH 7, the AgNPs experience predominantly repulsive forces at 

both 1 and 150 mM NaCl likely owing to electrostatic interactions.  The presence of HSA 

increased the magnitude of this repulsive force between AgNPs and SLBs.  By fitting the 

force-separation curves to an exponential decay equation, the decay length of the repulsive 

forces at both 1 and 150 mM NaCl was found to be larger in the presence of HSA.  This 

observation suggests that the adsorption of HSA to AgNPs likely gives rise to steric or 

electrosteric repulsion between AgNPs and SLBs.  Furthermore, the forces required for the 

AgNPs to penetrate SLBs were higher in the presence of HSA at both 1 and 150 mM NaCl, 

probably stemming from the increased size of the AgNPs as a result of HSA adsorption. 

6.2 Key Contributions and Engineering Significance 

 In this dissertation work, the physicochemical interactions between engineered 

nanoparticles and model cell membranes were investigated in terms of nanoparticle 

attachment, lipid membrane disruption, and nanoparticle-membrane force interactions.  

Specific emphasis has been placed on the influence of human serum albumin and phosphate 

ions, which are key constituents in human serum and saliva, on these nanoparticle-membrane 
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interactions.  New insights have been provided into the disruption of lipid membranes by 

nanoparticles.  The specific contributions of this dissertation are described below: 

 Demonstrated for the first time that the disruption of lipid membranes caused 

by GO can be self-healed.  GO nanosheets were shown to cause the formation of 

pores on lipid membranes when the conditions for GO attachment were favorable.  

When the exposure of lipid vesicles to GO was terminated, the pores were self-

healed.  This result provides new insights into the cytotoxicity of GO toward 

mammalian and bacterial cells.  During the design of GO based antibacterial 

materials and the evaluation of the cytotoxicity of GO toward human cell lines, this 

potential reversibility of lipid membrane disruption should be taken into 

consideration. 

 Provided evidence that the attachment of GO to lipid bilayers can be inhibited 

by the presence of protein coronas on GO and the degree of inhibition is 

dependent on the conformation of coronas.  HSA proteins can adsorb on GO to 

form protein coronas.  The amount of HSA adsorbed and the conformation of HSA 

layers have been shown to be dependent on solution chemistry.  The attachment of 

GO to lipid bilayers was reduced in the presence of HSA proteins due to the 

formation of protein coronas on GO.  The degree of reduction in attachment was 

influenced by the fluidity of the hard protein coronas around GO. When GO is 

transported between different biological compartments, the change in solution 

chemistry can result in an alteration in the conformation of the protein coronas on 

GO.  To evaluate the biological impacts of GO-based drug delivery agents, the 
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adsorption of proteins on GO must be accounted for to enable better understanding of 

the interactions of GO with human cell membranes.   

 Demonstrated for the first time that the adsorption of phosphate can 

significantly reduce the attachment of nanoparticles to lipid bilayers.  Phosphate 

ions were shown to adsorb appreciably on ceria and alumina nanoparticles and impart 

additional negative charge to the nanoparticles.  As a result, the attachment of the 

nanoparticles to negatively charged lipid bilayers was substantially reduced.  The 

presence of phosphate did not significantly influence the attachment of silica 

nanoparticles, on which the adsorption of phosphate was negligible, to lipid bilayers.  

This finding identified the key role of an inorganic constituent of biological fluids in 

determining the surface properties of and the cellular responses to inorganic 

nanomaterials.  Depending on the affinity between phosphate ions and the 

nanoparticles, the nanoparticles may either retain their original surface charge or 

become more negatively charged.  The change in surface charge properties of 

nanoparticles would result in alterations in the interactions of the nanoparticles with 

biological components and may subsequently influence the cytotoxicity of the 

nanoparticles. 

 Developed a facile approach to modifying AFM tips in situ with AgNPs.  AFM 

tips were functionalized with AgNPs by successively exposing the tips to PDA and 

silver nitrate solutions.  This approach may also be used to modify AFM tips with a 

variety of metal nanoparticles (e.g., gold and copper) through the reduction of metal 

ions by polydopamine.  The AgNP-modified AFM tips may potentially be employed 

to probe the interactions of AgNPs with a wide range of environmentally relevant 
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surfaces, such as silica and biofilm, to mechanistically understand the propensity for 

AgNPs to deposit on these surfaces, thereby enabling better prediction of the fate and 

transport of AgNPs in the environment. 

 Delineated the interaction forces between AgNPs and lipid bilayers in the 

absence and presence of protein coronas.  The interactions between AgNPs and 

negatively charged DOPC lipid bilayers were measured to be predominantly repulsive 

at neutral pH conditions.  The presence of protein coronas imparts additional steric 

(or electrosteric) repulsive forces between the AgNPs and lipid bilayers.  Therefore, 

the role of protein adsorption in determining nanoparticle-membrane interactions 

must be accounted for during the assessment of the negative impacts of AgNPs on 

human health.   

  

The list of publications and expected publications from this dissertation work is presented 

below: 

1) Liu, X. T. and Chen, K. L., Interactions of Graphene Oxide with Model Cell Membranes: 

Probing Nanoparticle Attachment and Lipid Bilayer Disruption, Langmuir, 2015, 31, 

12076−12086. (Chapter 2) 

2) Liu, X. T. and Chen, K. L., Aggregation and Interactions of Chemical Mechanical 

Planarization Nanoparticles with Model Biological Membranes: Role of Phosphate 

Adsorption, Environmental Science: Nano, 2016, 3, 146−156. (Chapter 4) 

3) Liu, X. T., Yan, C. X., and Chen, K. L., Adsorption of Human Serum Albumin on 

Graphene Oxide: Implications for Protein Corona Formation and Conformation (in 

preparation). (Chapter 3) 
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4) Liu, X. T. and Chen, K. L., Silver Nanoparticles Formed In Situ on AFM Tips for Force 

Measurements with Model Cell Membranes: Influence of Protein Coronas (in preparation). 

(Chapter 5) 

6.3 Future Work 

 The model cell membranes employed in this study consist of single or binary 

phospholipids and thus are oversimplified models for cell membranes which contain a variety 

of phospholipids, sphingolipids, cholesterol, and membrane proteins.  It is of considerable 

interest to build models that have similar composition to biological membranes.  In addition, 

different from the SLBs employed in this research which are laterally homogeneous in terms 

of lipid packing, cell membranes are laterally organized and contain lipid rafts, which are 

segregated microdomains enriched in sphingolipids and cholesterol.  The roles of 

sphingolipids, cholesterol, membrane proteins, and the presence of lipid rafts in determining 

nanoparticle-membrane interactions warrant further investigation. 

 In this research, some efforts have been devoted to understanding the influence of 

inorganic and organic constituents of biological fluids on nanoparticle-membrane 

interactions.   Real biological fluids are often highly complex, containing a variety of 

components including mono- and multi-valent electrolytes, lipids, and proteins.  These 

components can adsorb on nanoparticles, thereby resulting in a change in the surface 

properties of the nanoparticles.  In addition, nanoparticles may undergo a wide range of 

transformations in biological fluids including dissolution, aggregation, oxidation, and 

reduction.   Further studies that involve the use of more realistic biological media and the 

monitoring of change in the physicochemical properties of nanoparticles over time will 
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enable holistic understanding of the interactions between the nanoparticles and cell 

membranes. 

 Although the physical damage to cell membranes has been proposed as an important 

pathway for the cytotoxicity of a range of nanoparticles, other pathways (e.g., oxidative 

stress) are often operative simultaneously, further impeding the elucidation of the underlying 

mechanisms for nanoparticle cytotoxicity.  Comparison of the cytotoxicity studies that 

involve the use of different human cell lines is often complicated by the diversity of toxicity 

testing protocols used across different studies.  Model cell membranes can provide 

mechanistic insights into nanoparticle-membrane interactions at a molecular level.  One 

promising, but currently underexplored, area is to establish the correlation between the 

nanoparticle-membrane interactions obtained using model membranes and the cytotoxicity 

studies based on the use of human cell lines.  This type of research is expected to expedite 

the elucidation of the underlying mechanisms for the adverse impacts of nanoparticles on 

biological systems. 
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