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SUMMARY 

 Currently, diagnosis for serological diseases such as Ebola, HIV, and Lyme disease 

relies on enzyme-linked immunosorbent assays (ELISAs), which require centralized 

laboratories and several-day timescales to complete. However, emerging technologies such 

as potentiometric and electrochemical impedance biosensing can be developed into 

portable, label-free, point-of-care devices that require only hour timescales. Specifically, 

potentiometric sensing platforms can be miniaturized through cost-effective 

microfabrication, lend themselves to multiplexed and parallel sensing, and are easily 

integrated with other electronics. 

 Despite the promise of these new label free technologies, device reliability inhibits 

commercialization and adoption. This work focuses on improving potentiometric sensing, 

primarily through understanding erroneous behavior at the sensor-solution interface. 

During biomolecular sensing, biomolecules in solution interact with the sensor surface. 

Ideally, protein recognition mechanisms are leveraged to allow only target proteins to 

attach to the surface, imparting signal selectivity. However, unwanted protein interactions 

with sensor surfaces cause signal instability and increase false-positive rates. Although 

commonly used to functionalize the sensing surface, carboxyl-terminated thiol self-

assembled monolayers (COOH-SAMs) can have large defect densities, which in turn leads 

to large non-selective adsorption of proteins to hydrophobic surfaces exposed by these 

defects. A procedure is developed where the surface of COOH-SAMs is treated before 

functionalization to improve the reliability and quality of receptor attachment to the sensor 

surface.2 In this method, a preblocking protein orthogonal to the immunological system of 



 xxxix 

interest is used to cover hydrophobic, non-selective sites on the sensor surface while still 

leaving carboxylic acid headgroups available for covalent functionalization. This 

methodology is advantageous when compared to standard blocking, where the receptor 

protein must be attached to the sensor prior to the blocking step. With traditional 

postblocking, non-selective adsorption and degradation of the receptor protein itself can 

occur, and the storage stability of the receptor must be considered since the sensor cannot 

be functionalized after blocking. Additionally, COOH-SAMs oxidize when exposed to 

ambient conditions. The impact of this degradation of sensing, as well as methods to 

prevent degradation, are explored.3  

 Beyond SAM-based sensors, there has been significant interest in biomedical 

applications of 2D materials, including potentiometric sensing. The inert basal plane of 

certain 2D materials, such as graphene, could lead to larger biosensing signals due to a 

decrease in surface pH response. However, there is conflicting literature on to what extent 

interaction from the substrate are transmitted through a 2D monolayer, and the subsequent 

effect on biomolecule interactions are unknown. Therefore, the degree to which the 

substrate influences graphene-protein interactions is explored.4 Finally, a section is 

dedicated to non-surface-layer sources of signal unreliability, including presentation of a 

model for sensor response time.5  

 The work presented in this thesis demonstrates initial steps towards reliable control 

over sensor-solution interfaces. Despite the current challenges facing label-free, portable 

biosensors, the work presented here provides a step towards reliable biosensing.  
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CHAPTER 1.  INTRODUCTION 

Biomarker detection is critical for applications including disease diagnosis, human 

health and performance monitoring, food safety, environmental monitoring, and drug 

development. Early detection of cancer through biomarkers including nucleic acids, 

proteins, and sugars significantly decreases cancer mortality rates.6 Identification and 

removal of food contaminated by pathogenic bacteria such as Escherichia coli or 

Salmonella typhimurium could eliminate transmission of approximately 90% of all food 

borne diseases.7 Many less obvious, but equally interesting, applications of biomarker 

detection also exist. Amino acid detection in soil samples on Mars would provide evidence 

of extraterrestrial life.8 Rapid in vivo detection of the neurotransmitter dopamine can be 

used to better understand, and develop treatments for, addiction.9 A biosensor for any of 

these applications generally consists of at least two functional components. The first is an 

element that gives the device selectivity to the target biomarker, such as an antibody to a 

target protein. The second is an element that converts the bio-recognition of the first 

element into a readable signal (i.e. electrical, optical, mass change). This chapter will focus 

on current efforts to produce state-of-the-art sensors capable of detecting biomarkers across 

the diverse conditions illustrated above.  

1.1 Label-Free Biosensing  

Nearly 60 years after its initial demonstration in 1960,10 our modern healthcare 

system continues to rely on enzyme immunoassays (EIA), typically enzyme-linked 
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immunosorbent assays (ELISA), for trustworthy detection of infectious diseases such as 

human immunodeficiency virus (HIV), Lyme disease, Zika virus, and Rocky Mountain 

Spotted Fever.11 Developed concurrently but independently by Peter Perlmann and Eva 

Engvall at Stockholm University and by Anton Schuurs and Bauke van Weemen in The 

Netherlands, these assays are based on using an enzyme as a reporter label.12 While several 

varieties of EIA/ELISA are used today (Figure 1.1), all methods involve attaching an 

enzyme to the sensing target, and then using the enzyme’s activity to indirectly detect the 

sensing target.13 For example, a sandwich ELISA (Figure 1.1c) is used to detect a pathogen 

in a blood sample by first adding a primary antibody (Ab) to the well of a microtiter plate, 

which sticks to the plastic through hydrophobic interactions. Afterwards, the well is 

washed and blocking protein is added to cover any non-specific binding sites in the well. 

When the sample is added to the well, if antigens (Ag) from the pathogen are present, they 

will selectively bind to the Ab. After the binding occurs, an enzyme conjugated to a second 

Ab that also binds to the target Ag is added to the well. In this way, the enzyme only 

attaches to the well if the target Ag is present. Finally, the substrate of the enzyme is added 

and any enzyme activity is measured. Usually, the enzyme substate is colorless and, in the 

presence of the enzyme, is converted into a colored end product. The degree of color 

change can then be related to the amount of bound target Ag.  
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Figure 1.1 – Schematic presentation of the basic types of ELISA (enzyme-linked 

immunosorbent assay): a) direct, b) indirect, c) sandwich, d) competitive; Ag antigen, 



 

 

 

 

4 

Ab antibody, E enzyme, S substrate. Reprinted unmodified under Springer Nature 

Creative Commons Attribution 4.0 International License from K Boguszewska, M 

Szewczuk, S Urbaniak, and B Karwowski. Review: immunoassays in DNA damage 

and instability detection. Cellular and Molecular Life Sciences. 76, 4689–4704 (2019) 

http://creativecommons.org/licenses/by/4.0/.  

Although this methodology is currently required for diagnosis, the use of enzymes 

and optical adsorption equipment for EIAs require that they are done in a centralized 

laboratory, and results are generally returned on a multiple-day timescale. The ability to 

detect biochemical species rapidly and without complicated sample preparations in a 

centralized laboratory would allow for significant improvements in medical care, disease 

diagnosis, food safety, and environmental monitoring. Moreover, the use of a label can 

decrease the reliability of the assay. Labeling a secondary Ab can block the protein active 

site and alter the binding properties.14 Degradation of the enzymatic label can also be 

caused by changes in pH, temperature, pressure, exposure to UV radiation, detergents, 

organic solvents or certain chemicals, resulting in low enzymatic activity even in the 

present of the target Ag.15  

Label-free biosensing has attracted attention because the absence of indicator 

molecules or conjugated enzymes allows for direct detection of the biomolecule of interest, 

reduces sample complexity and thus preparation time and analytical cost, allows for real-

time detection of binding events, and indicates these systems are amenable to point-of-care 

and field applications (Figure 1.2).14 Label-free biosensing has already been demonstrated 

in a large range of sensing platforms, including evanescent wave sensing,16 fluorescence 

spectroscopy,17 colorimetric sensing,18 Raman spectroscopy,19, 20 photonic micro-
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resonators,21, 22 nanoplasmonics,23 quartz crystal microbalance,24, 25 cantilever resonance,26, 

27 surface plasmon resonance (SPR),28, 29 electrochemical impedance,30, 31 and 

potentiometric sensing.31, 32 Further discussion below into SPR and potentiometric 

biosensing methodologies highlights the benefits and challenges of these label-free 

techniques over EIA methods.  

 

Figure 1.2 – Schematic representation of label-dependent (left) vs. label-free (right) 

biosensors. 

1.1.1 Surface Plasmon Resonance 

SPR biosensing, while still an optical technique like EIAs, offers label-free sensing 

as the result of changes at a metal-dielectric interface.33 Surface plasmons (SPs) were first 

predicted by Ritchie in 1957,34 and can be described as coherent electron oscillations at the 

interface of two materials, given that the real part of the dielectric function changes across 

the interface.35 Harnessing the SP for sensing allows for a surface-sensitive technique, 

since the electron oscillations decay exponentially into the materials on each side of the 

interface and the wavelength of SP resonance is extremely sensitive to any change at the 
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material interface.33 SPR biosensing generally involves a metal-water interface, where the 

SP penetration into the metal and water is on the order of 10s and 100s of nms, 

respectively.36 Conventionally, SPR refers to SPs on planar surfaces (Figure 1.3a) while 

localized SPR (LSPR) is used to describe the same effect in nanoparticles and 

nanostructures (Figure 1.3b).37 

 

Figure 1.3 – Schematic diagrams illustrating (a) a surface plasmon polariton (or 

propagating plasmon) and (b) a localized surface plasmon. Reprinted with permission 

from G Das, M L Coluccio, S Alrasheed, A Giugni, M Allione, B Torre, G Perozziello, 

P Candeloro, and E Di Fabrizi. Plasmonic nanostructures for the ultrasensitive 

detection of biomolecules La Rivista del Nuovo Cimento 2016, 39, 547-586. Copyright 

2016 Springer Nature. 



 

 

 

 

7 

 In practice, the most common setup for SPR is the Kretschmann configuration 

(Figure 1.4).38 A thin film of metal (typically gold) is directly deposited on a prism. The 

SP is excited from photons on the prism side of the metal, while the opposite surface is 

allowed to contact the measurement solution. The angle at which the SP is excited can be 

measured by a decrease in intensity of the of the reflected light. The exact angle of SP 

excitation is strongly dependent on the refractive index of the media in contact with the 

metal surface. Therefore, as biomarkers (i.e. proteins) adsorb to the metal surface, the 

difference between the refractive index of the biomarker and liquid solution results in a 

shift in the SP angle. If the refractive index of both the solution and biomarker are known, 

the shift in SP excitation angle can be converted to mass of adsorbed biomarker. A typical 

SPR system has a detection limit on the order of 10 pg/mL.39  
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Figure 1.4 – The most common geometrical setup (the Kretschmann configuration) 

of SPR. The incoming light is located on the opposite side of the metallic slab than the 

adsorbate. Reprinted with permission from P Pattnaik. Surface Plasmon Resonance: 

Applications in Understanding Receptor–Ligand Interaction Applied Biochemistry 

and Biotechnology, 2005, 126, 79-92. Copyright 2005 Springer Nature. 

SPR data is generally presented in the form of a sensorgram, where the change in 

the SP excitation angle is plotted vs time. Often, instead of directly plotting the angle 

change, response units (RU, also called refractive index units or resonance units), where 

1000 RU corresponds to an angle change of 0.1o, are used for readability.40 Since a typical 

hydrated protein has a refractive index of about n = 1.45, the approximation that 1000 RU 

is equivalent to 1 ng/m2 of protein adsorption can then be used to convert SPR output to 

mass change.41 The typical shape of a sensorgram showing the association and dissociation 

of a target molecule is shown in Figure 1.5.42 As the solution containing the target is 

introduced to the sensor, the signal increases, indicating target adsorption to the surface. 

Eventually, a steady state is reached where the target is adsorbing and desorbing at 

equivalent rates.38 At this point, if the solution containing target is replaced by plain 

running buffer, the target will start to dissociate from the surface, resulting in a signal 

decrease. The association and dissociation curves can be fit to elucidate kinetic parameters 

of the interaction.43 Often, after the sample injection and dissociation, a solution is used to 

remove any remaining target from the surface, regenerating it for the next sample.44  
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Figure 1.5 – Typical shape of an SPR-sensorgram. It can be divided into four phases: 

association phase, steady state or equilibrium phase, dissociation phase, and 

regeneration phase. Reprinted unmodified under Hindawi Journals Creative 

Commons Attribution 3.0 License from M Ritzefield and N Sewald. Real-Time 

Analysis of Specific Protein-DNA Interactions with Surface Plasmon Resonance. 

Journal of Amino Acids 2012, Article ID 816032 doi.org/10.1155/2012/816032 

While SPR is a label-free technique, the necessary optical, vibration stabilization, 

temperature control, and liquid handling components make the system difficult to 

miniaturize.43 However, there are examples of miniaturized Kretschmann SPR systems for 

laboratory and field use in the literature.45-49 One such work miniaturized the system to 

only 480 mm × 150 mm × 180 mm while successfully detecting target DNA at a 
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concentration of 0.01 μmol/mL (Figure 1.6).45 Other SPR configurations are more 

amenable to miniaturization, such as optical fiber-based SPR probes.50-52 However, the 

resolution of such sensors is insufficient compared to prism-based systems, and they suffer 

from increased noise due to the probe stretching and bending.53 Overall, SPR systems are 

extremely useful in laboratory environments due to the assay’s label-free, real-time 

detection of binding activity.36 However, due to the optical component required for the 

detection mechanism, miniaturized, cost-effective, portable SPR units for field use are not 

an obvious direction.  

 

Figure 1.6 – Prototype portable SPR instrument. The overall sensor (main part) is 

480 mm x 150 mm x 180 mm with a weight of 3.09 kg. Reprinted unmodified under 

MDPI Journals Creative Commons Attribution 4.0 International License from Y 

Huang, L Zhang, H Zhang, Y Li, L Liu, Y Chen, X Qiu, and D Yu. Development of a 
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Portable SPR Sensor for Nucleic Acid Detection. Micromachines 2020, 11 (5), 526 

doi.org/10.3390/mi11050526 

1.1.2 Potentiometric  

Unlike biomarker detection based on optical interrogation, electrical label-free 

biosensors can be miniaturized through cost-effective microfabrication. The sensors lend 

themselves to multiplexed, parallel sensing, and are easily integrated with other electronics. 

Due to these characteristics, potentiometric sensors are a promising platform both for 

rapid, in-hospital testing and as transportable sensors for health monitoring. Specifically, 

potentiometric biosensors detect the change of surface potential due to the attachment of 

charged target biomolecules to the probes on the sensing surface and are most commonly 

implemented in the form of ion-sensitive field effect transistors (ISFETs).  

 

Figure 1.7 – Schematic representation of the first ISFET device. Reprinted with 

permission from P Bergveld. Development of an Ion-Sensitive Solid-State Device for 

Neurophysiological Measurements IEEE Transactions on Biomedical Engineering, 

1970, 1, 70-71. © 1970 IEEE 
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The first ISFET sensor was reported by Bergveld as a tool to measure ion activities 

without the use of a reference electrode.54 The device, shown schematically in Figure 1.7, 

was essentially a n-channel metal-oxide-semiconductor (MOS) transitior with the gate 

oxide exposed to solution. In this sensing setup, activity of ions in solution influence the 

double layer at the silicon dioxide-solution interface. This field induces a field at the oxide-

silicon interface, which in turn induces a mobile surface charge at the silicon surface. The 

conductance between the drain and source contacts thus serves as a measure of the double 

layer in solution. Additionally, a potential can still be applied to the ISFET through solution 

via a reference electrode, where the gate threshold voltage shifts in response to ion activity 

changes.  



 

 

 

 

13 

 

Figure 1.8 – Illustration of a biological and chemical FET sensor. Reprinted 

unmodified under Elsevier Creative Commons Attribution-NonCommercial-

NoDerivatives 4.0 International License from M Kaisti. Detection principles of 

protein–antibody interactions. 2D Materials 2015, 2, 044009. Copyright 2015 IOP 

Publishing Ltd. 

While ISFET research initially focuced on the deteciton of the H+ ion, the literature 

has more recently shifted to emphasize gate-modification techniques that allow this sensor 

technology to to detect biomolecular interactions.1 FET-based sensors are now one of the 

most commonly reported classes of electronic sensors for biomolecular detection in the 
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literaure,55 and device design has expanded to include Au-gated SiO2,32, 56, 57 silicon 

nanowires,58 graphene,59, 60 carbon nanotubes,61 and MoS2.
62 However, despite the 

diversity, all FET-based biosensors follow the basic structure illustrated in Figure 1.8, 

where a recognition layer selectively interacts with a biomolecule of interest, a FET 

transduces the signal, and that signal is read out by an electronic system.1, 63  

   

 

Figure 1.9—Impact of Debye screening on streptavidin sensing. (a) Schematic (not to 

scale) showing λD from the device surface. The blue bar represents the active region 

of the device, the yellow regions the leads (S = source, D = drain), the gray hashed 

region the underlying oxide, the purple diamonds are biotin, and the red objects are 

streptavidin. The negative charges surrounding the protein represent its negative 

charge. The green “1×” line (also not to scale) represents the screening length (λD) 

from 1× PBS relative to the protein and the blue and orange lines represent that from 

1:10 and 1:100 dilutions of this buffer, respectively. (b) Biotin-functionalized sensor 

response (|ISD| vs time) to varying buffer ionic concentrations with (red) and without 

(black) streptavidin addition at time = 0. The blue text gives the PBS buffer 

concentration [Tris(2-carboxyethyl)phosphine hydrochloride, TCEP, was added in 

0.01× PBS] and the blue arrows represent the onset of solution exchange. The two 

results derive from different devices. Reprinted with permission from E Stern, R 

Wagner, F J. Sigworth, R Breaker, T M Fahmy, and M A Reed. Importance of the 

Debye Screening Length on Nanowire Field Effect Transistor Sensors. Nano Letters 

2007, 7, 11, 3405-3409. Copyright 2007 American Chemical Society.  
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The detection mechanism of potentiometric sensing is generally modeled as a 

controlled modification of gate potential through the binding of a charged biomolecule.64, 

65  However, since biomolecule (for simplicity, protein) attachment occurs in solution, ionic 

screening can limit the sensitivity of the device.65, 66 The redistribution of ionic charge at 

the sensor interface due to the presence of a charged protein is generally described by 

electric double layer theory.67 In short, the thickness of the diffuse layer of counter ions 

can be described by the Debye length (-1), which is the distance from the surface where 

the electrostatic field has decreased by the multiple 1/e of the initial value. As seen below 

in Equation 1, the Debye length can be described by the permittivity of vacuum (o), the 

dielectric constant (), Boltzmann’s constant (k), temperature (T),  the elementary charge 

(q), and the solution ionic strength (I).64  The Debye length is often considered to be the 

sensing length; charge beyond this distance will not significantly perturb the screening 

layer. Figure 1.9a shows the issue pictorially, where the Debye screening length in 

solutions of physiological strength are often too short (<1 nm) to expect detection of large 

biomolecules.68 For instance, the length of an IgG Ab often used as a receptor in 

potentiometric sensors is on the order of 5-10nm.69 Due to this screening, sensing 

procedures often include measurement in lower ionic strength solution in order to increase 

sensitivity (Figure 1.9) or the device is measured dry.70 There is also evidence that 

modification of the surface, such as the addition of polyethylene glycol (PEG), allows 

detection beyond the expected Debye limit, potentially by increasing the dielectric constant 

near the interface.71 Moreover, the exact mechanism of FET-based sensing is still debated, 
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with many devices showing sensitivity in physiological strength solutions, despite Debye 

screening.32, 57, 66, 72, 73 

 

𝜅−1 = (
𝜖𝑜𝜖𝑘𝑇

2𝑞2𝐼
)

1
2
 Equation 1 

 

 

Figure 1.10 – Schematic of EGFET Sensor. Reprinted with permission from A 

Tarasov, MY Tsai, E M Flynn, C A Joiner, R C Taylor, and E M Vogel. Gold-coated 

graphene field-effect transistors for quantitative analysis of protein–antibody 

interactions. 2D Materials 2015, 2, 044009. Copyright 2015 IOP Publishing Ltd. 

Despite screening challenges, the literature is replete with proof-of-concept 

potentiometric sensing. However, repeatability and stability are crucially lacking, 

preventing potentiometric sensors from gaining commercial success. Despite the broad 

range of FET biosensor designs, it has been shown that the sensitivity of a potentiometric 

biosensor is essentially independent of the choice of the transducer and instead relies on 

the sensing surface.57 Therefore, much of what is learned from one sensor system can be 
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generalized across FET sensing platforms. Additionally, while most ISFET designs require 

a sophisticated encapsulation scheme to protect the semiconductor device from exposure 

to the liquid environment that can hamper reliability and stability, extended-gate FET 

(EGFET) biosensors do not.32 In this scheme, as shown in Figure 1.10, the sensing chip (or 

extended gate) is separated from the readout transducer to provide a simpler and a more 

robust design for liquid phase sensing while simultaneously lowering cost by simplifying 

fabrication. Additionally, EGFET sensing with Au electrodes has been demonstrated both 

in model systems and applied to real-blood detection, as shown in Figure 1.11 for the 

detection of Bovine Respiratory Disease (BRD) in serum.32, 57 The sensor responds to 

changes in surface potential as charged antibody binds to the sensor surface, which 

subsequently alters the channel current inside the FET (Figure 1.11a).32 The EGFET 

sensor, when benchmarked against SPR and standard ELISA technology, shows a 

comparable detection limit and detection range (Figure 1.11b,c).32 These results indicate 

that EGFET sensors could be a more versatile, next-generation counterpart to ELISA.  

 

Figure 1.11 – BRD detection using EGFET, benchmarked to SPR and ELISA. (a) The 

application of increasing concentrations of negatively charged antibody shifts the 
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FET gate voltage. The detection limit and sensitivity of EGFET detection of BRD in 

blood plasma scales with both SPR (b) and standard ELISA (c) analysis. Reprinted 

with permission from A Tarasov, D W Gray, MY Tsai, N Shields, A Montrose, N 

Creedon, P Lovera, A O'Riordan, M H Mooney, and E M Vogel. A potentiometric 

biosensor for rapid on-site disease diagnostics. Biosensors and Bioelectronics 2016, 79, 

669-678. Copyright 2015 Elsevier.  

1.2 Protein-Surface Interactions 

During biomolecular sensing, biomolecules in solution interact with the sensor 

surface. Ideally, protein recognition mechanisms are leveraged to allow only target proteins 

to attach to the surface, imparting signal selectivity. However, unwanted protein 

interactions with sensor surfaces (non-selective adsorption, NSA) cause signal instability 

and increase false-positive rates.74-76 Additionally, unexpected interactions between the 

selective receptor and the sensor can cause denaturation of the receptor protein, causing 

false negative results.77-79  

1.2.1 Protein Structure 

In order to discuss protein adsorption behavior, it is important to understand basic 

protein structure. A protein is a complex copolymer composed of amino acids (AmA), 

which are attached end-to-end through covalent peptide bonds, forming a polypeptide 

chain.80 All AmAs have the general structure H2N-CHR-COOH, in which the R group 

identifies one of 20 different AmAs.81, 82 The identity of the R-group further gives the 

residue specific functional characteristics, such as hydrophilicity, polarity, charge, and 

hydrogen bonding capability. A typical protein is composed of 100s of AmAs, where the 

order of those AmAs determines the protein sequence, which is also called the primary 
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structure (Figure 1.12a).83 The polypeptide chain arranges into three main types of 

secondary structure: -helices, -sheets, and loops that connect the structured sections 

(Figure 1.12b).84 These secondary structures are largely formed through hydrogen bonding. 

The secondary structures then organize into tertiary structure (Figure 1.12c). If there is 

more than one AmA chain in a protein structure, the complex is referred to as quaternary 

structure (Figure 1.12d). The final structure of a folded protein creates bioactive domains 

that allow for biological function and selective interactions with other biomolecules.85, 86 
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Figure 1.12 – Protein structure levels. (a) Primary structure, the amino acid sequence 

(b) secondary structure, -helix and -sheet (c) tertiary structure, and (d) quaternary 

structure. Reprinted with permission from R Gupta, A Dey, A Vijan, and B Gartia, 

In Silico Structure Modeling and Characterization of Hypothetical Protein Y 

004590319.1 Present in Enterobacter aerogens. Journal of Proteomics and 

Bioinformatics 2017, 10, 152-170. Copyright 2017 Longdom Publishing. 
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Proteins fold into a compact form that generally corresponds to the lowest 

conformational energy.87 The lowest energy conformation is determined by AmA 

characteristics through steric hindrance; ionic, hydrogen, and van der Waals (vdW) 

interactions; and the hydrophobic effect.88 The formation of ionic, hydrogen, and vdW 

interactions decrease the confirmational energy through favorable enthalpic interactions. 

However, entropic effects also play a crucial role in the stabilization of protein structure. 

Although the polypeptide chain confirmational entropy decreases upon folding, the entropy 

of the system increases due to the hydrophobic effect.89 Water retains short-range order in 

the liquid state as a result of hydrogen bonding between adjacent water molecules.90 X-ray 

diffraction and thermochemical data indicates that liquid water maintains hydrogen bonds 

with 4 neighboring molecules, but deformations in the tetrahedral structure are common, 

causing loss of long-ranger order.91, 92 When hydrophobic residues are exposed to solution, 

the local ordering of water is interrupted.93 Around small hydrophobic molecules, highly-

ordered cages of water, called clathrates, are formed (Figure 1.13a).94 The energy loss 

associated with clathrate formation is generally explained by a decrease in entropy, due to 

a retardation in the rotational and translational motion of water molecules in the hydration 

shell.92, 95, 96 When a protein folds, hydrophobic AmA residues can be hidden in the interior 

of the structure, resulting in a release of ordered water.97 The cumulative effect of negative 

entropic interactions of ionic, hydrogen, and vdW bonds, as well as the positive enthalpic 

contribution of the hydrophobic effect, leads to a net stabilization for the folded protein 

state (Figure 1.13b).98  
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Figure 1.13 – Importance of the hydrophobic effect. (a) optimized structure of a 

propane clathrate hydrate. Reprinted with permission from G Lanza and M A 

Chiacchio. The water molecule arrangement over the side chain of some aliphatic 

amino acids: A quantum chemical and bottom‐up investigation. International Journal 

of Quantum Chemistry 2020, 120 (9), e26161. Copyright 1969, John Wiley and Sons 

(b) Illustration of the thermodynamics of protein folding, including the contributions 

of various stabilizing and destabilizing interactions. Reprinted with permission from 

A Rani and P Venkatesu. Changing relations between proteins and osmolytes: a 

choice of nature. Physical Chemistry Chemical Physics 2018, 20 (31), 20315-20333. 

Copyright 2018 Owner Societies.  

A specific subgroup of proteins useful in biosensing applications are antibodies 

(Ab). These proteins, also called immunoglobulins (Ig), are part of the body’s immune 

system. The quaternary Ab structure is composed of 4 amino acid chains, 2 heavy and 2 

light chains that form a Y-shape.99, 100 Ends of the Y (the Fragment antigen-binding, Fab) 

are highly variable and give an antibody specificity for one target, or antigen (Ag). The 

stem of the Y (the Fragment crystallizable, Fc) is constant within a class of Ab, and 

determines immune response after the antibody binds to an antigen in the body.101 The 

structure of a Human IgG Antibody is shown in Figure 1.14.102 

 



 

 

 

 

23 

 

Figure 1.14 – Antibody structure. Human antibodies are composed of four 

polypeptide chains: two heavy chains (dark blue) and two light chains (light blue). 

Antigen binding sites are each formed by the variable regions of a light chain and a 

heavy chain (Fab regions). The constant regions of the heavy chains form the tail (Fc 

region). The two Fab regions and Fc region are linked by a flexible hinge region that 

improves the ability of the Ab to bind antigen. Reprinted with permission from N 

Stevens and A Cowin. Overcoming the challenges of topical antibody administration 

for improving healing outcomes: a review of recent laboratory and clinical 

approaches. Wound Practice & Research: Journal of the Australian Wound 

Management Association 2017.Copyright 2017 Cambridge Media. 

1.2.2 Antibody-Antigen Interactions 

Because Abs contain highly selective binding sites for their respective Ags, Ab-Ag 

binding is a useful recognition mechanism for biosensing.103 The “lock-and-key” model, 

originally used to describe enzyme-substrate interactions, is also employed to illustrate the 

selectivity of an Ab for a specific Ag (Figure 1.15).103, 104 Generally, the binding event is 
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driven by enthalpic factors and often involves minor structural changes in the binding 

sites.104  

 

Figure 1.15 – Lock-and-key model of antigen-antibody binding. Reprinted with 

permission from J X Zhang and K Hoshino. Molecular Sensors and Nanodevices: 

Principles, Designs and Applications in Biomedical Engineering. Academic Press: 

2018. Copyright 2019 Elsevier Inc. 

 Kinetic modelling allows for quantification of the Ab-Ag affinity. The simplest 

model considers rate equations for Ab-Ag binding where one active site is present per 

Ab.105, 106 The reversible reaction can be expressed as shown in Equation 2, where AbAg 

is the Ab-Ag complex. The forward and reverse reaction rates are identified by ka 

(association) and kd (dissociation), respectively.  

 𝐴𝑏 + 𝐴𝑔 ⇌ 𝐴𝑏𝐴𝑔 Equation 2 

 In equilibrium, ka=kd. Under these conditions, Ka, the association binding constant, 

can be written as shown in Equation 3, where brackets indicate concentration.107 
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𝐾𝑎 =

𝑘𝑎

𝑘𝑑
=

[𝐴𝑏𝐴𝑔]

[𝐴𝑏][𝐴𝑔]
 Equation 3  

 Ka, with units of M-1, will be large for high-affinity interactions (ka>>kd). However, 

it is often convenient to discuss the dissociation equilibrium constant instead, where units 

are simply M (Equation 4). The dissociation constant corresponds to the concentration at 

which 50% of the Ab in solution is bound to an Ag at equilibrium. A stronger affinity 

interaction corresponds to a smaller Kd.  

 
𝐾𝑑 =

1

𝐾𝑎
=

[𝐴𝑏][𝐴𝑔]

[𝐴𝑏𝐴𝑔]
 Equation 4 

 For a biosensor, Ab-Ag binding occurs on a sensor surface. There is a finite number 

of available binding sites which dictate the saturation signal of the sensor. In this situation, 

the most commonly used attachment model is Langmuir adsorption.108, 109 This model 

assumes adsorption to and desorption from distinct surface sites and ignores 

adsorbate/adsorbate interactions. During adsorption (Equation 5) the amount of adsorbed 

protein (q) is determined by the adsorption (ka) and desorption (kd) reaction rates as well 

as the total number of available surface sites (Q), protein concentration (C) and time (t). 

For desorption only (Equation 6) the expression can be simplified.110  

 𝑞(𝑡) = 𝑄(1 − 𝑒−𝑡(𝑘𝑎𝐶+𝑘𝑑)) Equation 5 

 

 𝑞(𝑡) = 𝑄(𝑒−𝑡𝑘𝑑)  Equation 6 
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 Modifications to Langmuir binding kinetics can improve model performance in 

systems where the Langmuir assumptions do not hold, such as instances of 2:1 binding, 

Ag-Ag interactions, or mass transport limitations.108, 111, 112  

1.2.3 Non-Selective Adsorption  

Protein adsorption to surfaces is a common, and complicated, phenomenon.84, 113 

Specifically for biosensing applications, non-selective adsorption (NSA) to the device 

generally results in degradation of the sensor. Unlike rigid, small molecules, proteins have 

complex structure that may change during adsorption, resulting in phenomena such as 

cooperativity, size exclusion, and changing surface affinities. Properties of the protein, 

surface, and solution all effect the protein-surface interaction.113 For proteins themselves, 

size and structural stability tend to influence adsorption phenomena.114 Smaller, ‘hard’ 

proteins such as lysozyme do not generally undergo any structural alterations upon 

adsorption, while larger ‘soft’ proteins such as albumin undergo complex confirmational 

rearrangement upon interaction with a surface.115-117 

As with protein folding, a major driving force for protein-surface interaction is the 

hydrophobic effect.118 As such, NSA of proteins increases with increasing surface 

hydrophobicity,119 where the hydrophobic effect stabilizes the interaction with an energy 

of approximately 45-60 cal/mol•Å2.120, 121 Often, upon hydrophobic adsorption, proteins 

deform or partially unfold to achieve the most stable interaction.77-79 This unfolding is 

common enough to be known in hydrophobic interaction chromatography as a denatured 

peak,77, 78 and can render the protein inactive and thus useless as a biosensor functional 
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unit. Figure 1.16 shows a protein adsorbing to a hydrophobic surface, where the initial 

interaction and subsequent denaturation is entropically favored due to the release of 

water.122 Although surface energy, polarity, charge, and morphology all influence protein 

adsorption behavior, engineering methods for the development of anti-biofouling materials 

generally focus on hydrophilicity.119, 123, 124  

 

Figure 1.16 – Adsorption and denaturation of a protein on a hydrophobic surface, 

allowing the release of structured water. Reprinted unmodified under MDPI Journals 

Creative Commons Attribution 4.0 International License from F Poncin-Epaillard, T 

Vrlinic, D Debarnot, M Mozetic, A Coudreuse, G Legeay, B El Moualij, and W Zorzi. 

Surface Treatment of Polymeric Materials Controlling the Adhesion of Biomolecules. 

Journal of Functional Biomaterials. 2012, 3, 528-543.  

Temperature, pH, and buffer ionic strength can all influence protein adsorption to 

a given surface.113 Temperature generally has the effect of increasing adsorption by 

accelerating diffusion of protein to the surface.113, 125 pH alters the charge of the protein. 

When the pH of solution is equivalent to the isoelectric point (pI) of the protein, larger 

amounts of adsorption are possible due to a lack electrostatic protein-protein repulsion on 
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the surface. Moreover, if the substate at protein are electrostatically attracted, increased 

adsorption is expected. 126, 127 Ionic strength of the solution can also effect protein 

adsorption, by altering the Debye screening length and therefore the electrostatic 

interactions between charged species in solution.128 As such, in a high ionic strength 

solution, adsorption of proteins to oppositely-charged substrates is diminished while 

adsorption to like-charged substates is enhanced.129 

Different kinetic models have been proposed to describe observed protein 

adsorption behavior. Generally these models are derived from rate equations and build 

from the Langmuir model (Equation 5, Equation 6) with additional terms to describe 

phenomena such as irreversible adsorption and lateral interactions.130-132 A schematic 

overview of some of the most common kinetic models is shown in Figure 1.17.113 Although 

generally insufficient to properly describe free protein adsorption to a surface, the 

Langmuir model remains the most-applied model, mostly due to its simple mathematical 

format.113 
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Figure 1.17 – Overview of kinetic models. A short scheme of each adsorption 

mechanism is presented in the middle column. The most important characteristics of 

the observable adsorption kinetics are depicted in the right column (solid line: 

adsorption curve; dashed line: desorption curve upon buffer rinsing). Reprinted with 

permission from M Rabe, D Verdes, and S Seeger. Understanding protein adsorption 

phenomena at solid surfaces. Advances in Colloid and Interface Science 2011, 162 (1-

2), 87-106. Copyright 2011 Elsevier B.V. 

1.3 Thiol-Based Self-Assembled Monolayers  

1.3.1 SAM History and Uses 

 Monolayer self-assembly was first discovered in the 1940s,133 but the potential of 

the technology was not immediately recognized and SAMs did not become a significant 

research focus until the 1980s.134 However, since then, many self-assembly systems have 

been studied and applied in various fields, with thiol SAMs on Au coming to the 

forefront.134, 135 For example, as summarized in Figure 1.18,136 thiol SAMs have been used 

as anti-stiction coatings in micromechanical devices,137 to study protein adsorption to 

surfaces,119 for soft lithography patterning through microcontact printing,138 as interlayers 

in organic electronics,139 and, of course, for biosensing.140 In previous EGFET sensing, 

self-assembled monolayers (SAMs) of thiols on Au were utilized to link receptor molecules 

to the sensing surface and thus create a selective biosensor.32, 57 
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Figure 1.18 – Some applications of self-assembled monolayers in nanotechnology. 

Reprinted with permission from C Vericat, M E Vela, G Benitez, P Carrob, and R C 

Salvarezza. Self-assembled monolayers of thiols and dithiols on gold: new challenges 

for a well-known system. Chemical Society Reviews 2010, 39 (5), 1805-1834. Copyright 

2010 Royal Society of Chemistry. 

Thiol SAMs spontaneously order on Au from solution, with ethanol being the most 

common solvent.134 First, the S chemisorbs to the Au surface; the sulfur-gold interaction is 

on the order of 45 kcal/mol.141 This strong interaction is about half the strength of a typical 

C-C covalent bond, which is on the order of 100 kcal/mol.142  Secondly, the alkane chains 

interact with one another through vdW forces, driving the thiol molecules to form an 

ordered layer.143 Due to a packing mismatch between the S and Au atoms, the thiol chains 
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tilt approximately 30o from normal to maximize the hydrocarbon chain vdW 

interactions.141, 144 The resulting monolayer is illustrated in Figure 1.19, where the S head 

group is bound to the Au surface, the spacer alkane chains are tilted to maximize 

interaction, and a customizable terminal functional group at the end of the alkane chain is 

exposed to solution. 

 

Figure 1.19 – Schematic diagram of an ideal, single-crystalline SAM of 

alkanethiolates supported on a gold surface with a (111) texture. Reprinted with 

permission from J C Love, L A Estroff, J K Kriebel, R G Nuzzo, and G M Whitesides. 

Self-assembled monolayers of thiolates on metals as a form of nanotechnology. 

Chemical Reviews 2005, 105 (4), 1103-1170. 

1.3.2 COOH-SAMs for Biosensing Applications  

When used for biosensing, protein immobilization is accomplished through amine 

coupling to carboxyl head groups on the SAM, as seen in Figure 1.20.145-147 The carboxylic 

acid (COOH) is activated with a mixture of 1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (EDC) and N-Hydroxysuccinimide (NHS). The EDC reacts first with the 

carboxylic acid to form an unstable o-acylisourea intermediate, which further reacts with 
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NHS to from a semi-stable ester. Displacement of the NHS by a primary amine on the 

target protein affords the stable amide linkage. Generally, ethanolamine (ETA) is used to 

react with remaining NHS esters. Carboxyl-terminated thiol self-assembled monolayers 

(COOH-SAMs) on Au are a common choice for amine coupling, and researchers have 

utilized them for potentiometry,32, 57 electrochemical impedance spectroscopy (EIS),56, 148 

SPR32, 149 amperometry,150-152 voltammetry,153, 154 piezoelectricity,155 and QCM156, 157 

based sensors. These linker molecules are particularly important in potentiometric sensing 

where Debye length considerations restrict the properties of the linker molecule, rendering 

high signal matrices like dextran utilized in modern SPR unusable.32, 68, 158, 159 
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Figure 1.20 – Protein receptor functionalization of the SAM via amine coupling. 

Reprinted with permission from E L Brightbill, B Hitchcock, MY Tsai, A Verga, and 

E M Vogel. Preblocking Procedure to Mitigate Nonselective Protein Adsorption for 

Carboxyl-SAMs Used in Biosensing. The Journal of Physical Chemistry C 2019, 123 

(27), 16778-16786. Copyright 2019 American Chemical Society. 

1.3.3 COOH-SAM Structure and Defects  

While well-defined surface functionalization is crucial for the development of a 

reliable biosensing system, many studies using COOH-SAMs assume a well-ordered 

monolayer.32, 57, 149, 151-153, 155, 156, 160 However, work that has included characterization of 

the COOH-SAM148, 150, 154, 157 indicates far from ideal monolayers are common: EIS and 
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cyclic voltammetry show that the surface is not completely blocked by the SAM,148, 150, 154 

with the percentage of defects and pinholes reported as high as 48.8%.150 

 

Figure 1.21 – COOH-SAM defects on polycrystalline Au, including bilayer formation 

through hydrogen bonding, striped phase, tangled chains and gauche defects, 

vacancies, and SAM grain boundaries. Reprinted with permission from E L 

Brightbill, B Hitchcock, MY Tsai, A Verga, and E M Vogel. Preblocking Procedure 

to Mitigate Nonselective Protein Adsorption for Carboxyl-SAMs Used in Biosensing. 

The Journal of Physical Chemistry C 2019, 123 (27), 16778-16786. Copyright 2019 

American Chemical Society. 

The common assumption of well-formed COOH-SAMs also overlooks literature 

outside of the biosensor realm which discuss SAM defects; a schematic of possible defects 

is illustrated in Figure 1.21.161-164 Defects common in all SAMs include laying-down, 

“striped” phases, gauche defects in alkyl chains interrupting the chain-to-chain vdW 

interactions, and grain boundaries in the SAM structure due to the tilt of chain alignment 

from normal.135, 165 In addition to these defects, the bulky carboxylic acid head-group 

decreases the density of packing and ordering of the SAM.162 Moreover, carboxylic acids 

can cooperatively hydrogen bond into a resonance stabilized dimer.161, 164 This hydrogen 
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bonding occurs dynamically in the SAM incubation solution, increases the likelihood of 

tangled chains (gauche defects), and allows bilayer formation where the functional 

carboxylic acid head groups are buried.166 Additionally, practical applications require the 

COOH-SAM used for biosensing to be grown on polycrystalline gold, where the 

roughness, grain boundaries, and step edges can all further interrupt the structure of the 

SAM.135, 147 Previous studies have investigated process parameters to minimize the 

hydrogen binding, focusing on the addition of acids and lowering of the thiol concentration 

in the incubation solution to minimize COOH-dimer formation.161, 164 

There is a gap in the literature investigating what degree of defects exist in COOH-

SAMs used for biosensing, and how those defects influence protein adsorption and 

denaturation on the surface. Defects in COOH-SAMs are of particular importance in 

biomarker detection since defects expose hydrophobic surfaces to the solution. Previously, 

NSA to a short (COOH(CH2)2SH) and long (COOH(CH2)10SH) chain COOH-SAM was 

investigated as a function of incubation time and surface roughness.167 While this previous 

work revealed large NSA to these surfaces, only short, few-second incubation times were 

tested. The SAM was therefore only allowed to partially order, and large areas of 

hydrophobic striped phase are expected.135, 165 While literature indicates that defects can 

cause significant issues for biosensing, the effect of those defects in fully-formed COOH-

SAMs on biosensing is largely unexplored. 

1.3.4 SAM Stability and Oxidation  
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In addition to initial COOH-SAM structure, changes to the monolayer with time 

also have the potential to detrimentally influence biosensing measurements. Specifically, 

the S-Au bond has been shown to oxidize through reaction with ozone,168 as shown in 

Equation 7 and Equation 8,169 in both ambient conditions and aqueous solutions with and 

without exposure to light.136, 168, 170 Moreover, this oxidation occurs very quickly, with 

oxidation observed in as little as 2 hours in some SAM systems.168 

 RSAu + 2O3 → RSO2Au + 2O2 Equation 7 

 

 2𝑅𝑆𝐴𝑢 + 4𝑂3 → 2𝑅𝑆𝑂3 𝐴𝑢 + 3𝑂2  Equation 8 

 Once oxidation occurs, the thiol molecule is no longer chemisorbed to Au, allowing 

it to desorb from the surface.136, 169 As seen in Figure 1.22, oxidation generally begins at 

thiol grain boundaries and defect sites and leads to disordered regions.169 It is obvious that 

SAM oxidation is injurious to sensing applications. For one, the creation of disordered 

SAM regions due to oxidation creates more areas of high defect density that contribute to 

NSA signals. Moreover, once the SAM begins to desorb, areas of plain Au may be left to 

adsorb protein directly. Additionally, any changes in order will affect the density and 

availability of COOH end groups. If this oxidation occurs before functionalization, less 

protein may be functionalized and a less sensitive sensor therefore formed. If this oxidation 

occurs after functionalization, receptor protein may desorb from the sensor surface with 

the thiol molecule, leading to erroneous signals.  
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Figure 1.22 – Schematic diagram illustrating an oxidation-desorption pathway for the 

initial degradation of SAMs on gold. Critical structural evolution and morphological 

changes are included. Reprinted from G Yang, N A Amro, Z B Starkewolfe, and G 

Liu. Molecular-Level Approach to Inhibit Degradations of Alkanethiol Self-

Assembled Monolayers in Aqueous Media. Langmuir 2004, 20 (10), 3995-4003. 

Copyright 2004 American Chemical Society. 

 Both the rate and effect on biosensing of COOH-SAM oxidation should be studied 

to ensure reliable sensing systems. Previous work has investigated substrate structure 

effects on SAM oxidation and methods to increase SAM lifetime. Specifically, Lee et al. 

showed that the rate of SAM oxidation increased with the decrease in substrate Au grain 

size, which is rationalized by an increase in SAM defects and grain boundaries on Au with 

smaller grains.171 Yang et. al. went on to show that certain surfactant molecules will adsorb 

preferentially to defect sites of the SAM, effectively decreasing the oxidation rate by 

inhibiting the start of the oxidation process.169 However, somewhat in contrast, Vericat et 
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al. showed a decrease in oxidation rate for SAMs with high defect density on 

nanostructured Au compared to a relatively low defect density on planar Au.172 Here, the 

stronger thiol-substrate adsorption at lower coordination sites was credited as a defense 

against oxidation. Together, these results indicate that a combination of adsorption strength 

and overall film quality contribute to the decomposition rate of the SAM. This initial 

research into thiol SAM oxidation indicates the high rates of oxidation generally observed 

will limit the shelf life and commercialization of COOH-SAM based sensors. In order to 

address this, the rates of oxidation in defect-prone COOH-SAMs used for biosensing need 

to be specifically recorded. Moreover, the effect of this oxidation on the biosensing signal, 

and the potential of a preblocking protein to slow sensor degradation by protecting 

oxidation initiation at defects, is yet to be explored.  
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Figure 1.23 – Mechanism of desorption inhibition of alkanethiol SAMs in amphiphile 

and water. (a) Schematic diagram illustrates the adsorption of DMF molecules on 

SAM surfaces, and the preferred attachment to defect sites. (b) Quantitative free 

energy diagram for the initial desorption process of decanethiol under various 

environments. Reprinted from G Yang, N A Amro, Z B Starkewolfe, and G Liu. 

Molecular-Level Approach To Inhibit Degradations of Alkanethiol Self-Assembled 

Monolayers in Aqueous Media. Langmuir 2004, 20 (10), 3995-4003. Copyright 2004 

American Chemical Society. 
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1.4 2D Materials  

The successful exfoliation of graphite into monolayer graphene produced the world’s 

first 2D material: a one-atom thick, zero-gap semiconductor with high surface area, 

mechanical strength, and lateral conductivity.173 The result was a global explosion into 

graphene research, and subsequent interest in alternative 2D materials. Electronic, 

magnetic, optical, and mechanical properties of 2D materials have been investigated for 

applications in catalysis, electronics, optoelectronic and spintronic devices, sensors, high 

performance electrodes, and nanocomposites.174 The library of known 2D materials has 

grown rapidly,175 with new techniques allowing for the systematic discovery of more.176-

178 An overview of the diverse chemical structures of known 2D materials is shown in 

Figure 1.24.179 
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Figure 1.24 – Structure of different 2D materials; Graphene, transition metal 

dichalcogenides, layered double hydroxides, gC3N4, laponite clay, hBN, transition 

metal dichalcogenides and black phosphorous. Reprinted with permission from A 

Jayakumar, A Surendranath, M Pv. 2D materials for next generation healthcare 

applications. International Journal of Pharmaceuticals. 2018, 551 (1-2), 309-321. 

Copyright 2018 Elsevier B.V. 

1.4.1 Use in Biotechnology  

Potential applications of 2D materials in biotechnology have been widely explored. 

Figure 1.25 shows an overview of potential biomedical applications,180, 181 including 

biosensing,60, 62, 182-185 cell growth scaffolds,186 drug delivery,187-189 and bioimaging.189, 190 
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Additionally, proteins and other biomolecules have been investigated for the possible 

directed self-assembly of 2D nanocomposites.191 For most of these applications, 2D 

materials are exposed directly to biological solutions, and thus, understanding the 

interactions between biomolecules and 2D materials is of high importance.182 

 

Figure 1.25 – Biomedical applications of 2D materials. Reprinted with permission 

from D Chimene, D L Alge, and A K Gaharwar. Two‐dimensional nanomaterials for 

biomedical applications: emerging trends and future prospects. Advanced Materials 

2015, 27 (45), 7261-7284. Copyright 2015 John Wiley & Sons.  
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Many of these molecular interactions between 2D materials and biomolecules have 

been studied due to the interest in composite materials.191 Hydrophobic, - electron 

interactions, hydrogen bonding, and charge interactions have been used to self-assemble 

graphene/protein composite materials.191 These solution-based studies give insight into 

what intermolecular interactions dictate adhesion between different material and 

biomolecule classes. A few studies also highlight the importance of understanding these 

interactions for biosensing applications. For instance, theoretical and experimental work 

has shown that proteins can unfold in order to maximize their interaction with graphene, 

thus denaturing and losing biological activity for sensing.120, 192 The adsorption of 

deoxyribonucleic acid (DNA) on graphene has been shown to increase its biostability 

relative to DNA dispersed in solution 193. The DNA-graphene interaction effectively 

prevents enzymatic cleavage of the DNA by DNase I, but is still weak enough to allow 

pairing with a complementary strand 193. 

1.4.2 Graphene-Based Biosensors  

 Graphene has dominated scientific interested in the incorporation of 2D materials 

into electrochemical biosensors.185, 194-196 Carbon is likely the most widely-used material 

in electroanalysis,185, 197, 198 and graphene’s fast electron transport, high thermal 

conductivity, excellent mechanical flexibility, and good biocompatibility make it 

advantageous when compared to other carbon materials such as nanotubes (CNTs).183, 199 

Additionally, Graphene’s surface is chemically inert and does not contain metallic 

impurities detrimental to applications of CNTs.199, 200 
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Figure 1.26 – Schematic of a typical graphene FET. Reprinted with permission from 

K Matsumoto, K Maehashi, Y Ohno, and K Inoue. Recent advances in functional 

graphene biosensors. Journal of Applied Physics D 2014, 47, 094005. Copyright 2014 

IOP Publishing LTD. 

 Graphene has been utilized in electrochemical,201-206 magnetic,207 and optical208 

sensors to detect small molecules,203, 209 proteins,210 DNA,201, 207 viruses,211 and bacteria.212 

A typical graphene FET (gFET) is shown in Figure 1.26.210 In this sensor, graphene 

interacts directly with the biological solution, while a reference electrode is used to 

modulate the gate potential of the gFET. As in other biosensing devices, the graphene is 

functionalized to impart specificity, typically through an enzyme or receptor protein.209, 213 

This receptor may be allowed to adsorb directly to the graphene,205, 207, 213 or may be 

attached through a linker that interacts with the graphene via pi-pi stacking, such as PBASE 

(1-Pyrenebutyric acid N-hydroxysuccinimide ester).201, 202, 212  
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1.4.3 Substrate Influence  

Many of the aforementioned biomedical applications are inherently solution-based 

processes. Biosensing applications, however, generally require the 2D material, most 

commonly graphene,185, 194-196 to be deposited on a support substrate. Since monolayer 

graphene is only a single atom thick, protein-graphene interactions may be influenced by 

the support substrate. A gap in the literature still exists in understanding substrate-

graphene-protein interactions.  

Although not yet extended to protein interactions, there is evidence of substrate 

effects on graphene properties. There is a debate in the literature regarding the “wetting 

transparency” of graphene, or the ability of the substrate’s wetting properties to transmit 

through a graphene monolayer.214-219 As seen in Figure 1.27, Rafiee et al. showed that the 

addition of a single monolayer of graphene did not significantly affect the contact angle of 

water on Si and Au.218 While reports conflict on the degree of wetting transparency, the 

majority of reports indicate that the substrate’s wetting properties at least partially transmit 

through a graphene monolayer.214-219 A substrate’s effect on graphene’s hydrophobicity is 

likely to have a subsequent effect on protein adsorption. It is commonly shown that proteins 

have a stronger affinity for hydrophobic surfaces than hydrophilic ones.79, 119, 220, 221 This 

increased adsorption can be explained by both the favorable entropic loss of structured 

water at the substrate and protein surfaces when attachment occurs, as well as a favorable 

increase in the adsorbing protein’s confirmational entropy if partial unfolding occurs.79, 118, 

222 Modification of graphene’s contact angle by the substrate therefore suggests that the 
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substrate can modify the affinity of graphene-protein interactions. Indeed, one previous 

study shows this to be the case, where agglomerations of avidin molecules are observed on 

graphene when the substrate is modified to be hydrophobic.223 
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Figure 1.27 – Water contact angle measurements for Si and Au substrates with and 

without a monolayer graphene coating. The intermediate graphene layer has no 

significant impact on the baseline wettability of the underlying substrate. Reprinted 

with permission from J Rafiee, X Mi, H Gullapalli, A V Thomas, F Yavari, Y Shi, P 
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M Ajayan, and N A Koratkar. Wetting transparency of graphene. Nature Materials 

2012, 11 (3), 217. Copyright 2012 Nature Publishing Group. 

In addition to substrate hydrophobicity, substrate surface polarity may also be 

important to determine protein adhesion properties to graphene. Kong et al. showed that 

the polarity of the substrate determines whether or not epitaxial growth is successful across 

a graphene intermediating layer (Figure 1.28).224 More specifically, epitaxial growth on 

polar GaN was shown to be successful despite the presence of a graphene layer, while 

epitaxial growth of non-polar Si was not.224 This indicates that the potential fields of non-

polar materials can be screened by a graphene monolayer, while the potential field of an 

ionic-bonded, polar material generally has the ability to penetrate through a graphene layer. 

Similarly, substrate polarity may influence the degree to which substrate-protein 

interactions are able to permeate through the graphene where substrates with larger bond 

polarity have a larger effect on protein adhesion. Overall, the substrate influence of protein 

interactions with graphene, especially as it relates to biosensor development, is an open 

area of exploration.  
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Figure 1.28 – Substrate polarity effect on epitaxial growth through graphene. a,b, 

EBSD of the exfoliated surfaces of GaN (a) and Si (b). c,d, DFT simulations of a 

potential fluctuation (meV) map at the epitaxial surface of 1-ML-graphene/GaN (c) 

and of 1-ML-graphene/Si (d). e,f, DFT simulations of the potential fluctuation at the 

epitaxial surface from GaN and Si through 1 ML graphene (e) and of the potential 

fluctuation decay from the GaN and Si surface (f). Reprinted with permission from 

W Kong, H Li, K Qiao, Y Kim, K Lee, Y Nie, D Lee, T Osadchy, R J Molnar, D K 
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Gaskill, R L Myers-Ward, K M Daniels, Y Zhang, S Sundram, Y Yu, S Bae, S Rajan, 

Y Shao-Horn, K Cho, A Ougazzaden, J C Grossman, and J Kim. Polarity governs 

atomic interaction through two-dimensional materials. Nature Materials 2018, 17 (11), 

999. Copyright 2018 Wei Kong et al, under exclusive license to Springer Nature 

Limited.  
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CHAPTER 2.  ORGANIZATION OF THIS THESIS 

 This work focuses on the fundamental science and engineering of surfaces used for 

label-free biosensing. Specifically, the first portion of this work focuses on carboxylic-

acid-terminated self-assembled monolayers (COOH-SAMs), which are commonly used as 

the functional sensor surface. CHAPTER 3 describes in detail the formation procedure for 

COOH-SAMs, focusing on parameters that improve monolayer quality. X-ray 

photoelectron spectroscopy, contact angle, and protein non-selective adsorption are used 

to probe COOH-SAM surface structure.2 Inert atmosphere and low-concentration thiol 

solution is shown to provide the most reliable COOH-SAM formation. Improvement of 

COOH-SAM quality decreases, but does not eliminate, non-selective protein adsorption.  

 Since non-selective protein adsorption cannot be eliminated through COOH-SAM 

formation procedures alone, CHAPTER 4 presents a preblocking procedure that can be 

used to improve reliability of COOH-SAM-based biosensors.2 Conventional blocking 

techniques occur after functionalization (postblocking) and fail to prevent non-selective 

receptor adsorption to the sensor surface during functionalization, which can cause receptor 

denaturation and allow the receptor to wash off the surface during later sensing. In the 

preblocking procedure, the surface of COOH-SAMs is pre-treated by a blocking agent 

before functionalization. Preblocking can improve baseline stability and prevent receptor 

denaturation. Amine functionalization of receptor is successfully completed after gelatin 

preblocking. Additionally, label-free sensing with a preblocked sensor is shown to perform 
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similarly to conventional postblocking, while demonstrating improved baseline stability 

and receptor activity. Preblocking can also inhibit oxidation of COOH-SAMs, as shown in 

CHAPTER 5.3 With preblocking, no surface degradation is observed via X-ray 

photoelectron spectroscopy nor reductive desorption for 21 days, compared to observable 

degradation in only one day for an unblocked COOH-SAM. These blocked sensors are 

shown to maintain biosensing performance for at least one week. Additionally, the 

blocking technique for degradation prevention is shown to even outperform COOH-SAM 

storage in N2.  

 Due to the challenges associated with COOH-SAMs, CHAPTER 6 is dedicated to 

a different type of sensor surface, namely, graphene. CHAPTER 6 describes how graphene-

protein interactions can be influenced by the substrate used to support the atomically thin 

graphene layer.4 Protein adhesion of model proteins is presented, where monolayer 

graphene is supported by substrates of varying hydrophobicity and surface polarity. The 

results indicate that not only the equilibrium attachment, but also the kinetics of interaction, 

can be affected by the substrate. Overall, a more hydrophobic substrate leads to a larger 

amount of adsorption to graphene. Moreover, the effect is only observed with monolayer 

graphene, where no substrate effect is observed with the addition of a second graphene 

layer.  

 CHAPTER 7 provides a summary of this work as well as recommendations for 

future work. In particular, label-free affinity biosensors are an exciting area of scientific 
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development, but one that will require careful engineering to design robust sensors that 

produce reliable sensing results.  

 Broadening from the sensor surface, APPENDIX A is dedicated to practical 

considerations for potentiometric biosensing, or more generally any developing label-free 

biosensing technology. Sources of unreliability in potentiometric sensing, including drift 

due to reference electrodes, drift due to fluidics, multi-channel interference, and voltmeter 

input impedance is discussed. In APPENDIX B, methods that can independently confirm 

protein attachment to a label-free sensor are presented. In APPENDIX C, a general model 

for mass transport to a sensor surface, allowing estimation of sensor response time, is 

described.5  
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CHAPTER 3.  OPTIMIZATION OF COOH-SAM FORMATIONA 

 CHAPTER 3 describes in detail the formation procedure for COOH-SAMs, 

focusing on parameters that improve monolayer quality. Section 3.1 provides a brief 

overview of literature methods for growing minimally defective COOH-SAMs, and 

highlights how defects in the monolayer may be detrimental to biosensing applications. 

Section 3.2 describes the methods used to compare COOH-SAM quality, namely XPS, DI 

H2O contact angle, and protein NSA. Section 3.3 presents the results, indicating that an 

inert atmosphere and low-concentration thiol solution leads to the most reliable COOH-

SAM formation. Improvement of COOH-SAM quality decreases, but does not eliminate, 

protein NSA. Section 3.4 concludes the best practices for COOH-SAM formation.  

3.1 Introduction 

 While carboxyl-terminated thiol self-assembled monolayers (COOH-SAMs) on Au 

are perhaps the most common route to surface functionalization via amine coupling, 

formation of a well-ordered monolayer is generally assumed. However, it is crucial that the 

structure of COOH-SAMs and subsequent surface functionalization is well-defined for the 

development of reliable biosensing systems. COOH-SAMs are subject to range of possible 

defects, as discussed in section 1.3.3. Previous studies have investigated process 

parameters to minimize the hydrogen binding defects specific to COOH-SAMs, focusing 

A Adapted in part with permission from E L Brightbill, B Hitchcock, MY Tsai, A 

Verga, and E M Vogel. Preblocking Procedure to Mitigate Nonselective Protein 

Adsorption for Carboxyl-SAMs Used in Biosensing. Journal of Physical Chemistry 

C 2019, 123(27), 16778–16786. Copyright 2019 American Chemical Society. 
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on the addition of acids and lowering of the thiol concentration in the incubation solution 

to minimize COOH-dimer formation.161, 164 However, these procedures are not commonly 

used in the biosensing literature and their effectiveness has not been repeated either in the 

experiments presented here nor in the literature.161, 164 

 Defects in COOH-SAMs are of particular importance in biomarker detection since 

they change the characteristics of the surface exposed to solution, and thus effect how 

proteins interact with the surface. Protein adsorption is a complicated process where protein 

properties (size, structural stability, composition) as well as surface properties (surface 

energy, polarity, charge, morphology) all influence the degree to which adsorption 

occurs.113 However, despite the wide variety of factors, the non-selective adsorption (NSA) 

of a variety of proteins has been shown to increase with increasing surface hydrophobicity 

(see 1.3.3).119, 120 Defects in COOH-SAMs expose hydrophobic surfaces to the solution, 

and therefore NSA due to hydrophobic adsorption is expected. Not only can these 

interactions lead to false signals from analyte solutions, but they can lead to the 

denaturation of the receptor protein itself. Often, upon hydrophobic adsorption, proteins 

deform or partially unfold to achieve the most stable interaction.77-79 This unfolding is 

common enough to be known in hydrophobic interaction chromatography as a denatured 

peak,77, 78 and can render the protein inactive and thus useless as a biosensor functional 

unit.  

 This work highlights the importance of understanding SAM quality used in 

biosensing, particularly those containing hydrogen-binding moieties. XPS is presented as 
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a powerful tool to study COOH-SAM quality. Further, SPR is used to analyze the NSA of 

proteins on the unfunctionalized sensor surface. 

3.2 Methods 

3.2.1 Materials 

 16-Mercaptoundecanoic acid [HS(CH2)15COOH] (99.9%), 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), N-Hydroxysuccinimide (NHS), ethanolamine 

(ETA), Phosphate Buffered Saline Pellets (PBS), Acetic Acid (AA), Anhydrous Ethanol, 

Bovine Serum Albumin (BSA), antibody Bovine Serum Albumin (aBSA), Human 

Haptoglobin (Hp), antibody Human Haptoglobin (aHp), Fibrinogen, and Lysozyme, were 

purchased from Sigma-Aldrich (St. Louis, MO). Desorb kit and Gold Substrates (SIA kit 

Au) for SPR were purchased from GE Healthcare Bio-Sciences (Pittsburgh, PA). 100 nm 

thick Gold surfaces for XPS measurements were e-beam evaporated on a substrate 

consisting of 280 nm of SiO2 on silicon.  

3.2.2 COOH-SAM Formation 

 The Au surfaces were cleaned with acetone, methanol, and isopropanol rinses and 

dried with a N2 stream, followed by a two-minute O2/Plasma treatment (200 mTorr, 50 W 

RF, 25 sccm O2). The substrates were then placed in ethanolic solutions of thiol in piranha-

cleaned (3:1 96% H2SO4:H2O2) glass petri dishes. After 24 hours, the SAM-covered 

substrates were sonicated for five minutes in fresh ethanol, followed by drying in a stream 

of N2. All measurements on COOH-SAMs began within 30 minutes of drying and 
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completed within 8 hours. N2 atmosphere was provided by a Labstar Pro glovebox 

(MBRAUN), with H2O and O2 both <1ppm.  

3.2.3 X-Ray Photoelectron Spectroscopy 

 Measurements were conducted using a K-Alpha X-ray Photoelectron Spectrometer 

System (Thermo Scientific, Waltham, MA) with a monochromatic Al Kα source (KE = 

1486.6 eV), a 180o double focusing hemispherical analyzer, and a 128-channel detector. 

Survey spectra were acquired at a pass energy of 200 eV and a spot size of 400 m, and 

Thermo Scientific Advantage software was used to identify the elemental composition of 

survey scans. High-resolution elemental spectra were acquired at a pass energy of 50 eV 

and a spot size of 400 m. Au 4f spectra were fit with 2 peaks (spin-orbit splitting of 3.7 

eV, 3:4 area ratio), with the 4f7/2 peak position used as a reference at 83.95 eV. S 2p spectra 

were fit with 4 peaks, corresponding to 2 binding states (spin-orbit splitting of 1.16eV, 1:2 

area ratio). The full-width-half-maximum (FWHM) of all peaks pertaining to one element 

were constrained to match. A variable Lorenz-Gauss ratio and Shirley-type background 

were used for all spectra. 

3.2.4 Contact Angle  

 A Ramé-hart Model 250 goniometer was used for contact angle measurements. 0.6 

L drops of DI water were placed on the leveled substrate surface, and the resulting static 

contact angles were measured by the drop tangent in the Ramé-hart software. 

3.2.5 Atomic Force Microscopy 
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 Atomic force microscopy (AFM) was performed using a Bruker Icon Scanning 

Probe Microscope (Billerica, MA) with AppNano (Mountain View, CA) SPM Si probes 

having a tip radius of <10 nm.  

3.2.6 Surface Plasmon Resonance 

 A Biacore T200 (GE Healthcare Life Sciences; Chicago, Illinois) was used for all 

SPR measurements. A 30 L/min flow rate and PBS running buffer were used unless 

otherwise stated. Protein solutions were diluted in PBS. 

3.3 Results  

3.3.1 Au Film Quality  

 A continuous, low-roughness Au film is necessary for the growth of COOH-SAMs. 

The 100nm e-beam deposited Au film used for all samples in this thesis is expected to be 

continuous on both oxidized Si wafer and glass substrates.225 XPS survey spectra of the Au 

films show only signals from the Au with small O and C contributions from adventitious 

species (Figure 3.1a). The lack of Si signal across the 400 m spot size indicates, in both 

cases, that the substrate is fully coated with gold. AFM scans of the substrates show 

reasonably smooth surfaces with similar roughness (RMS roughness <1.5 nm in both 

cases), which is significantly smaller than the 100 nm Au thickness (Figure 3.1b).  
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Figure 3.1— Au film characterization. XPS survey spectrum of Au surface with inset 

Si 2p region for (a) SPR Au/Glass Chip and (b) evaporated Au/SiO2 chip. AFM images 

with inset RMS roughness (in white) of (c) SPR Au/Glass Chip and (d) evaporated 

Au/SiO2 chip. 

 In addition to surface roughness, contamination can influence the quality of a 

resulting SAM. To minimize any effects of unknown contamination, Au substrates were 

cleaned with acetone/methanol/isopropanol rinses followed by a O2 plasma treatment 

immediately before incubation in the thiol solution. Additionally, all glassware used for 

COOH-SAM formation was cleaned for 15 min in a piranha bath to eliminate any organic 

residue that could impact COOH-SAM formation.  

3.3.2 Effect of COOH-SAM Preparation Conditions 

 Unbound sulfur present on the Au surface (bilayer formation, tangled chains) is one 

of the major defect modes of SAMs. XPS is, therefore, a powerful tool capable of probing 
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the bonding and degree of defect sites on the Au sensor surface by analyzing the percentage 

of bound S present and the density of that bound S. Due to the variation in the analysis of 

SAM XPS data across the literature, careful detail of our analysis is included here, which 

most closely follows the protocol reported by Shaporenko et al.226 First, the Au 4f7/2 signal 

at each sample spot was used as a reference energy of 83.95 eV. Second, the S spectra was 

fit with 2 chemical states, S-Au and S-H. The 2p3/2 peak corresponding to bound sulfur (S-

Au) is reported across literature in the range of 161.8-162.0 eV.136, 161, 164, 226-233 Therefore, 

the bound peak position was allowed to optimize position in that range. The position of the 

unbound peak (S-H), however, is reported over a much larger range of 163-164.2 eV.136, 

161, 164, 228-233 Therefore, the position of the unbound peak was allowed to freely float. The 

analysis returned extremely large sample-to-sample variation in unbound peak position, 

from 162.7-163.5 eV. In subsequent analysis, the peak at 162.7-163.5 eV is regarded as 

“improperly bound” thiol, regardless of position (Figure 3.2). This designation was made, 

despite part of the range falling outside the previously reported positions, for three main 

reasons. First, the large 1.2 eV range reported in literature indicates that the position is very 

sensitive to thiol type and preparation conditions. Second, contaminants were not the cause 

of the peak position shift. Survey scans showed only the presence of the expected Au, S, 

C, and O. In addition, since the signal-to-noise ratio of the S peak in the survey is only 4:1, 

the NIST XPS database was used to identify any peaks in the correct range involving an 

element with a lower sensitivity factor than S, returning no results.234, 235 Third, the only 

other peak, after S-Au and S-H fit to thiol-SAM XPS data found in literature is a peak at 
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approximately 161 eV, labeled as either atomic S, where the S-C bond has been cleaved, 

or “differently bound” thiol, such as striped phase.136, 226, 231, 232 Since no peaks other than 

unbound thiol have been designated above the S-Au peak, the peak is identified as 

unbound, or “improperly bound”, thiol.  

 

Figure 3.2— XPS S 2p spectra with properly and improperly bound peak fitting. a) 

Relatively far-spaced (1.1 eV) S peaks. b) Relatively close-spaced (0.8 eV) S peaks. 

 XPS is used to analyze the relative quality of COOH-SAMs prepared with different 

thiol solution concentration and/or incubation environment, which is summarized as the 

following four conditions: (1) 5 mM solution in ambient as previously used (Figure 3.3),32, 

57 (2) 5 mM solution in N2 atmosphere (glovebox) to improve reproducibility (Figure 

3.4),135, 236, 237 (3) a lower thiol concentration of 20 M in N2 to decrease bilayer formation 

(Figure 3.5),161 and (4) 20 M in N2 with 10% acetic acid (AA) to further prohibit hydrogen 

bonding (Figure 3.6).164 It should be noted that the low 20 M concentration is still well 

above the minimum 1 M necessary to form a dense SAM.135 
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Figure 3.3— S 2p XPS scans for the 5 mM Air preparation condition. The number 

denotes the sample, while letters denote different spots on the same sample.  

 Figure 3.3 shows the S 2p XPS spectra for COOH-SAMs prepared with 5mM thiol 

in ethanol on the bench, which are standard parameters for a SAM preparation.32, 57 While 

the amount of improperly bound thiol is small on some samples (4, 5), the improperly 

bound peak is larger than the desired S-Au peak on several of the samples (1, 2, 3). The 

large variability between samples is undesireable, since XPS is not sufficently fast to be 

amenable to confirming the quality of every COOH-SAM formed before it is used in a 

biosensor.  
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Figure 3.4— S2p XPS scans for the 5 mM N2 preparation condition. The number 

denotes the sample, while letters denote different spots on the same sample. 

 In order to address sample-to-sample variability, some studies have indicated that 

SAM preparation in an inert atmosphere is beneficial.135, 236, 237 Figure 3.4 shows the S 2p 

XPS spectra for COOH-SAMs prepared with 5mM thiol in ethanol in an N2 atmosphere. 

Although there may be decreased sample-to-sample variability, there is a large amount of 

improperly bound thiol detected on all samples.  
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Figure 3.5— S2p XPS scans for the 20 M N2 preparation condition. The number 

denotes the sample, while letters denote different spots on the same sample.  

 Due to the ability of COOH-terminated thiols to cooperatively hydrogen-bond with 

one another, it is likely that a large amount of the improperly bound thiol observed in the 

5mM incubations is due to bilayer on the surface.166 A previous study has shown that 

decreasing the concentration can decrease the presence of bilayer,161 and the result of 

lowering the thiol concentration to 20 M is shown in Figure 3.5. Unlike the 5mM 

preparation conditions, all S 2p spectra show less improperly bound than properly bound 

thiol.  
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Figure 3.6— S2p XPS scans for the 20 M N2 AA preparation condition. The number 

denotes the sample, while letters denote different spots on the same sample. 

 Since bilayer formation through hydrogen binding is a challenge for COOH-SAMs, 

it is reasonable that an incubation solution additive that can form the same hydrogen bonds 

with the thiol molecules would improve the resulting monolayer quality. Indeed, a previous 

study indicate this was the case, using AA as an additive to interrupt thiol-thiol hydrogen-

bonding and decrease the improperly bound thiol signal as seen via XPS.164 Figure 3.6 

shows the S 2p XPS spectra for COOH-SAMs prepared with 20 M thiol in ethanol in an 

N2 atmosphere with 10% AA added to the incubation solution. Compared to preparation 

without AA, the observe improperly bound thiol peaks are significantly larger, indicating 

a poorer quality COOH-SAM. This result does not replicate the literature and is discussed 

in more detail below.  
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Figure 3.7— XPS summary results of COOH-SAMs. a) Box and whisker plots of total 

S and properly bound S density, normalized by the Au signal area. b) Percentages of 

properly and improperly bound S by area. c) Improperly bound S peak position. 

 The data presented in Figure 3.7 is a summary of the previous XPS results, 

including 15 spots across 5 samples for each sample type, with error bars indicating the 

standard deviation of those 15 data points. The total amount of thiol on the surface under 

each condition can be compared by normalizing the S signal area to the Au 4f7/2 peak area 

(Figure 3.7a). COOH-SAMs formed using a concentration of 20 M thiol without acetic 

acid have a lower, and more consistent, total amount of thiol on the surface when compared 

to all other preparation conditions. However, when comparing only bound thiol, the amount 

of thiol present across all four conditions is comparable. This indicates that the large 
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differences in total thiol amount shown in Figure 3.7a are from unbound thiol, and is likely 

primarily from bilayer formation since the bound amount is not lowered in conditions with 

large unbound amounts. The percentage of bound thiol was found using the areas of the 

properly and improperly bound S peaks (Figure 3.7b). The data indicates that, in agreement 

with previous literature, decreasing the thiol concentration decreases the amount of 

improperly bound thiol, which can be explained by a lower amount of hydrogen-bonded 

thiol dimers. However, unlike a previous study, the addition of 10% AA decreased rather 

than increased the bound thiol percentage.164 Additionally, the data indicates that even in 

the best preparation condition (20 M in N2), at least 18% of the SAM is improperly bound. 

Figure 3.7c shows that the position of the improperly bound peak also varies across sample 

type. Specifically, the addition of AA appears to shift the improperly bound peak to lower 

BE. This shift decreases the properly and improperly bound peak separation, and may 

explain the discrepancies in this work showing an increase in improperly bound thiol with 

the addition of AA and the previous work arguing that AA eliminates the unbound thiol.164 

With the improperly bound peak in some cases only 0.6 eV away from the bound peak, the 

two chemical states are difficult to resolve and may have been previously identified as a 

single peak. Additionally, the data presented here shows significant variability across not 

only samples made in the same laboratory, but on different spots of the same sample; the 

standard deviation in properly bound thiol percent from the 20 M AA samples was 13%. 

Since only a single XPS spectra for each condition is presented in the previous work, a 

particularly well-formed spot may have been selected by chance.  
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Figure 3.8—DI water contact angle on COOH-SAMs 

 DI H2O contact angle can also be used as a measure of COOH-SAM quality, as a 

perfectly formed COOH-SAM would only have hydrophilic COOH-groups on the surface, 

resulting in a hydrophilic surface. Any defects in the COOH-SAM, including pinholes, 

striped phase, and bilayer, exposes hydrophobic Au or hydrocarbon chain to solution, 

decreasing the surface hydrophilicity. DI H2O contact angles for COOH-SAMs prepared 

under the four conditions described above is shown in Figure 3.8. The contact angle 

hydrophobicity matches with the XPS results, where samples with a larger degree of 

unbound thiol have a larger (more hydrophobic) contact angle. This data also further 

supports our designation of unusually low (BE <163 eV) S peaks as improperly bound, as 

the 20 M AA samples have both a low BE of the secondary peak and a more hydrophobic 

contact angle.  

3.3.3 Protein Adsorption to COOH-SAMS 
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 Defects present in the COOH-SAM surface are detrimental to biosensing 

applications because the proteins in the solution tend to adhere to the exposed hydrophobic 

surfaces nonspecifically.119, 120 Previously, NSA to a short (COOH(CH2)2SH) and long 

(COOH(CH2)10SH) chain COOH-SAM was investigated as a function of incubation time 

and surface roughness.167 While this previous work revealed large NSA to these surfaces, 

only short, few-second incubation times were tested. The SAM was therefore only allowed 

to partially order, and large areas of hydrophobic striped phase are expected.135, 165 Here, 

we instead investigate NSA on fully formed (24 hour incubation) COOH-SAM layers, 

comparing the 20 M N2 and 5 mM air preparation conditions due to their consistent 

differences in bound thiol percentage as measured by XPS (Figure 3.7b). Since XPS results 

indicate that more improperly bound thiol is present in the 5 mM SAM, more NSA is 

expected on this surface. To measure NSA, model small (Lysozyme, 14.4 kDA), medium 

(BSA, 66.4 kDa), and large (Fibrinogen, 340 kDa) proteins were introduced to the sensor 

surface in SPR for two 600 s injections with an intermediate 300s PBS wash. The refractive 

index shift at the end of the second injection is taken as a measure of NSA.  

 The NSA measurement was completed in triplicate for each model protein, and the 

results are summarized in Figure 3.9. While this data does not conclusively show that the 

protein is adsorbing only to defective areas in the SAM, the least defective (20 M) SAM 

adsorbs less of all three proteins, showing that defects do increase NSA. Additionally, a 

large (>1000 RU) degree of adsorption is still observed in the 20 M sample. Because 

protein solutions interact strongly and non-specifically with the as-formed COOH-SAMs, 
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this interaction will negatively impact both protein functionalization and sensing. The 

results indicate that COOH-SAMs alone, even those formed under previously-published 

optimized conditions, are insufficient for reliable biosensing applications.161, 164 The 

development of a robust bocking procedure will be necessary to ensure accurate sensing 

results.  

 

Figure 3.9— NSA of a model small, medium, and large protein on 5 mM Air and 20 

M N2 COOH-SAMs. 

3.4 Conclusions  

 COOH-SAMs, while commonly used in biosensing literature without 

characterization, show large NSA of proteins across a wide size range. This work proposes 

that the NSA is largely the result of defects in the COOH-SAM that expose hydrophobic 

surfaces to solution, which are exacerbated by the use of polycrystalline Au and the 

cooperative hydrogen bonding of the carboxylic acid head groups. Best practices for 

COOH-SAM formation include careful cleaning of the Au surface and incubation 
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glassware, as well as incubation in a low concentration (20 M) ethanolic solution of thiol 

in inert atmosphere for 24 hours.  
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CHAPTER 4.  PREBLOCKING METHOD FOR COOH-SAM-BASED 

BIOSENSINGA  

 CHAPTER 4 discusses a preblocking procedure that can be used to improve 

reliability of COOH-SAM-based biosensors. Due to the large NSA to COOH-SAMs 

discussed in CHAPTER 3, blocking is necessary for sensor reliability. Section 4.1 provides 

a brief overview of literature blocking techniques. However, conventional blocking 

techniques occur after functionalization (postblocking) and fail to prevent receptor NSA to 

the sensor surface during functionalization, which can cause receptor denaturation and 

allow the receptor to wash off the surface during later sensing. Section 4.2 details the 

experimental methods. Section 4.3 presents the preblocking procedure, where the surface 

of COOH-SAMs is pre-treated by blocking agents before functionalization. Preblocking 

can improve baseline stability and prevent receptor denaturation. In this method, a 

preblocking protein orthogonal to the immunological system of interest is used to cover 

hydrophobic, non-selective sites on the sensor surface while still leaving carboxylic acid 

headgroups available for covalent functionalization. Amine functionalization of BSA, 

antibody BSA, and antibody Haptoglobin (aHp) is successfully completed after gelatin 

preblocking. Haptoglobin detection via SPR with a preblocked aHp sensor is shown to 

A Adapted with permission from E L Brightbill, B Hitchcock, MY Tsai, A Verga, 

and E M Vogel. Preblocking Procedure to Mitigate Nonselective Protein 

Adsorption for Carboxyl-SAMs Used in Biosensing. Journal of Physical Chemistry 

C 2019, 123(27), 16778–16786. Copyright 2019 American Chemical Society. 
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perform similarly to conventional postblocking, while demonstrating improved baseline 

stability and percentage of active receptors. Section 4.4 closes with discussion on how the 

preblocking procedures offers a route to reliable label-free biosensing on COOH-SAMs by 

covering NSA sites. 

4.1 Introduction 

 In order to address NSA to COOH-SAMs, we present a new preblocking method. 

In biosensing studies, a blocking step is sometimes included to decrease NSA to the sensor 

surface, and thus mitigate false positive signals from the attachment of analytes to the 

sensor surface via hydrophobic interaction.39-41 This commonly used method, referred to 

here as postblocking, involves the addition of some agent to the sensor surface after 

receptor functionalization and before the introduction of analyte. Common post-blocking 

agents include BSA,39-40, 42-44 Casein,39, 42, 44 Gelatin,45 serum,44 poly-ethylene glycol,42 and 

other polymers and proteins orthogonal to the sensing system. While post-blocking is 

repeatably shown to reduce false positive and background signals, it only addresses NSA 

from the analyte solution. Therefore, NSA of the receptor protein is not considered, with 

receptor attachment instead assumed to be only covalent. However, if COOH-SAM 

surfaces are highly defective, hydrophobic adsorption of the receptor molecule itself will 

take place, which may cause the receptor to denature to maximize hydrophobic interactions 

or wash off the surface during sensing. A blocking protein applied before functionalization, 

a preblocker, could prevent adsorption of the receptor to defective sites. Additionally, while 

a postblocker can interfere with the antigen-antibody interaction by covering receptor 
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active sites, leading to false negative signals,46 a preblocker cannot block receptor active 

sites since the functionalization step occurs after blocking. For these reasons, preblocking, 

where the hydrophobic sites are covered prior to receptor functionalization, is explored 

here.  

 A preblocking method is presented, where NSA sites are covered before amine 

coupling by a protein orthogonal to the biological system of interest. Preblocking resolves 

NSA before any active biological agent is applied to the sensor, minimizes wasted receptor 

protein, and allows blocker drift to be characterized before functionalization. 

4.2 Methods 

4.2.1 Materials 

 16-Mercaptoundecanoic acid [HS(CH2)15COOH] (99.9%), 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), N-Hydroxysuccinimide (NHS), ethanolamine 

(ETA), Phosphate Buffered Saline Pellets (PBS), Acetic Acid (AA), Anhydrous Ethanol, 

Bovine Serum Albumin (BSA), antibody Bovine Serum Albumin (aBSA), Human 

Haptoglobin (Hp), antibody Human Haptoglobin (aHp), Fibrinogen, Lysozyme, Casein, 

and Gelatin were purchased from Sigma-Aldrich (St. Louis, MO). Desorb kit, Gold 

Substrates (SIA kit Au) and CM5 chip for SPR were purchased from GE Healthcare Bio-

Sciences (Pittsburgh, PA). Blocker Casein in PBS was purchased from Thermo Fisher 

Scientific (Waltham, MA). 100 nm thick Gold surfaces for XPS measurements were e-

beam evaporated on a substrate consisting of 280 nm of SiO2 on silicon. The deposited Au 
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film is continuous,51 and both the Au/SiO2 substrates and SPR Au substrates have an RMS 

roughness <1.5 nm, as shown in Figure 3.1. 

4.2.2 COOH-SAM Formation 

 The gold surfaces were cleaned with acetone, methanol, and isopropanol rinses and 

dried with a N2 stream, followed by a two-minute O2/Plasma treatment (200 mTorr, 50 W 

RF, 25 sccm O2). The substrates were then placed in ethanolic solutions of 20 M thiol in 

piranha-cleaned (3:1 96% H2SO4:H2O2) glass petri dishes in an N2 atmosphere. After 24 

hours, the SAM-covered substrates were sonicated for five minutes in fresh ethanol, 

followed by drying in a stream of N2. All measurements on COOH-SAMs began within 30 

minutes of drying and completed within 8 hours. N2 atmosphere was provided by a Labstar 

Pro glovebox (MBRAUN), with H2O and O2 both <1ppm.  

4.2.3 Surface Plasmon Resonance  

 A Biacore T200 (GE Healthcare Life Sciences; Chicago, Illinois) was used for all 

SPR measurements. A 30 L/min flow rate and PBS running buffer were used unless 

otherwise stated. Protein solutions were diluted in PBS. 0.1 M EDC, 0.1 M NHS, and 1 M 

ETA solutions were prepared with deionized water. 

4.3 Results 

4.3.1 Preblocker Selection 

 In order to create a reliable sensor with COOH-SAMs, NSA must be controlled and 

minimized during functionalization. While blocking the sensor surface after 

functionalization to prevent NSA from sample solutions is common in literature, it does 
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not address the issue of the receptor molecule adsorbing to the surface. The large degree of 

NSA on the COOH-SAM surface (cf. Figure 3.9) indicates that a large amount of extra 

protein is necessary to saturate both NHS/EDC activated carboxylic acid sites for covalent 

protein attachment and hydrophobic sites during functionalization. In many systems, 

realizing a large concentration of receptor is extremely difficult, expensive, or both. Even 

in cases where the receptor concentration is sufficient to cover the NSA sites, the stability 

of such adsorption may be poor, allowing the receptor to be washed off the surface during 

sensing. Additionally, many proteins partially unfold upon hydrophobic adsorption, which 

can alter the activity of the protein rendering it insensitive to the target antigen.77-79 As a 

result, the amount of functionalized protein will be much larger than the amount of active 

protein, resulting in variable and unpredictable device sensitivity.  

 

Figure 4.1 – Schematic of functionalized surface with preblocker. 

 This report proposes a preblocking technique to block the hydrophobic sites on the 

COOH-SAM with a protein orthogonal to the biological system of interest in order to 

mitigate the negative effects of NSA before functionalization and sensing, shown 

schematically in Figure 4.1. Preblocking with a protein will prevent NSA during 
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functionalization and sensing since multiple layers of protein attachment is not observed.119 

After preblocking, the properly oriented, hydrophilic carboxylic acid heads of thiol 

molecules are still accessible for later covalent functionalization, since any NSA to these 

hydrophilic end-groups is expected to be much weaker and thus can be removed during the 

washing step. This method allows a high concentration of an inexpensive protein to cover 

NSA sites, the preblocker’s adsorption stability to be determined before functionalization, 

and a more expensive, functional protein receptor to be conserved. 

  

Figure 4.2 – Example SPR sensorgram of preblocker screening procedure, with 

amount bound and stability parameters indicated. 

 Three commonly used postblocking agents are investigated for preblocking: BSA, 

Gelatin, and Casein; each of which is known to adsorb well to hydrophobic surfaces. In 

order to compare these three agents, two 600 s injections of 1% blocker solution are washed 

over the sensor surface using a Biacore SPR system. Two PBS wash steps (300 s, 900 s) 

are incorporated to assess the stability of preblocker attachment following the first and 

second injections, respectively (Figure 4.2). The injections are completed at the 30 L/min 

flow rate used in the rest of this study, but the washing steps are completed at 50 L/min. 
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The high wash flow rate serves two purposes. First, the aggressive washing should remove 

any weak NSA to hydrophilic areas of the sensor, such as COOH end groups. Indeed, there 

is an initial decrease in the preblocker attachment before stabilization as seen in Figure 4.2. 

Second, since the wash is more aggressive than a typical sensing protocol, it is a strong 

indicator of stability. As summarized in Table 4.1, the result shows a similar degree of 

preblocker adsorption in terms of RU across all three agents. However, the Gelatin 

preblocker shows superior adsorption stability compared to BSA and Casein. Due to its 

superior stability under washing, Gelatin was selected for further investigation. 

Table 4.1 – Preblocking attachment and stability results. 

 

4.3.2 Preblocked Functionalization and Sensing  

 As the preblocker should only adsorb strongly to hydrophobic sites, the hydrophilic 

carboxylic acid groups will still be available for amine functionalization. To show this, 

functionalization of a 20 M COOH-SAM with three different receptors with and without 

preblocking is demonstrated. Figure 4.3a shows an example SPR sensorgram of 

preblocking functionalization, where the preblocker is first introduced to the sensor in two 

600 s injections, followed by a 900 s wash with PBS. After, standard amine 

functionalization is completed (Figure 1.20), and ETA is used to block leftover activated 

carboxylic acid groups. Figure 4.3b and Figure 4.3c show the normal receptor protein 

BSA Gelatin Casein

Preblocker 
Stability (RU/s)
Receptor Wash 

Time (s)

Preblocker
Preblocker 

Attachment (RU) 2452

-3.81

228

2636

-0.02

263

2461

-0.14

229
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immobilization and preblocking assisted receptor protein immobilization, respectively. 

With all three proteins, the functionalization was successful regardless of the use of gelatin 

preblocker, showing that preblocking does not prevent amine functionalization by covering 

COOH endgroups (Figure 4.3b,c). Additionally, the amount of bound receptor decreases 

with the Gelatin preblocker in all three cases as expected (Figure 4.3b,c). This observation 

supports the hypothesis that the receptor can only bind to carboxylic acid functional groups 

while the preblocker proteins occupy hydrophobic NSA sites, and this decreased 

functionalization does not experimentally affect the accuracy of the biosensor (Figure 

4.4a). Additionally, to show that the receptors are not interacting with the preblocker itself, 

preblocked aHp functionalization is compared to aHp interactions with gelatin adsorbed 

directly onto gold (Figure 4.3d). While functionalization on the gelatin-blocked COOH-

SAM is successful as shown by an increase in SPR response, aHp does not attach to gelatin, 

gelatin that has been treated with NHS/EDC to activate any COOH-groups on the gelatin 

surface, or gelatin that has been treated with NHS/EDC followed by ETA to block any 

COOH-groups on the gelatin surface. If unwanted NHS/EDC activated attachment to the 

preblocker does occur in other systems, the preblocker could be treated before it is applied 

to the surface. 
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Figure 4.3 – a) Example functionalization SPR sensorgram with preblocking steps 

(vertical step changes are due to solution refractive index). b) Degree of 

functionalization without preblocking. c) Degree of functionalization after 

preblocking. d) SPR aHp attachment curve for gelatin preblocked COOH-SAM 

compared to gelatin adsorbed directly to Au with no treatment, with NHS/EDC 

activation and ETA blocking treatment, and with NHS/EDC activation only 

(refractive index change removed for clarity). 

 In addition to preventing receptor NSA during functionalization, preblocking 

improves the accuracy of subsequent biosensing on par with conventional postblocking 

methodology. Figure 6 shows SPR analysis of Hp detection with an aHp functionalized 

surface. Results from a 20 M COOH-SAM with gelatin preblocking, gelatin postblocking, 

and no blocking are compared to a commercial CM5 (dextran matrix) SPR chip (Figure 

4.4a). The results clearly show that blocking is necessary to achieve accurate results: while 

the pre and postblocked sensors agree with the CM5 data, the no blocking case 

overestimates the binding affinity, likely due to NSA of the Hp. Additionally, while the pre 
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and postblocking sensors give similar results, the postblocked sensor has improved 

baseline drift (Figure 4.4b). The difference in stability is most likely due to some NSA sites 

being occupied by the aHP receptor which is releasing from the surface, as the preblocked 

sensor surface saw the addition of 2636 RU Gelatin to the surface, while the postblocked 

surface saw only 791 RU. Please note that, due to the variable structure and chain length 

of gelatin prepared from collagen no assumptions about percent surface coverage, only 

relative surface coverage, of preblocker is made here. Furthermore, a higher percentage of 

the aHp on the Gelatin preblocked surface is active compared to the no blocking and 

postblocking cases (Figure 4.4c). The RU response of the sensor after a 300 s injection of 

25 ug/mL Hp is normalized to the functionalization RU response as a measure of receptor 

activity. Although it is not a direct percentage, the larger these proportions, the larger 

percentage of receptor molecules are responsive to Hp. The preblocked sensor shows over 

double the amount of active receptor comparted to the postblocked and control sensors, 

since the preblocking gelatin covered the NSA sites and prevented denaturation of the aHp 

upon adsorption, while these sites were available to the aHP during the preblocking 

procedure. Control of denaturation may be of particular importance in some kinetic studies, 

where it is necessary to carefully control the density of active receptor on the surface.65 

Overall, the pre-blocking technique outperforms the as-grown COOH-SAM and matches 

the accuracy of postblocking methods employed in previous literature, while potentially 

offering the important benefits of decreased baseline drift and control over receptor 

denaturation in certain biosensing platforms.  
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Figure 4.4 – Hp sensing result with kinetic fitting for commercial CM5 sensor 

compared to COOH-SAM sensors without blocking, with gelatin preblocking, and 

with gelatin postblocking . b) Amount of attached blocker and blocker stability for 

preblocked and postblocked sensors c) receptor activity comparison, given by sensor 

response to 25 g/mL Hp solution, normalized by the degree of aHp functionalization.  

4.4 Conclusions 

 Blocking procedures offer a route to reliable COOH-SAM biosensing by covering 

NSA sites. While postblocking the sensor surface does increase the specificity of the 

sensor, the postblocker can interfere with the activity of the receptor protein, and does not 
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prevent against NSA of the receptor protein itself. This work shows that preblocking offers 

a simple and easily implemented method of stabilizing the chip before covalent 

functionalization while preserving the activity of the sensing surface and the protein 

receptors. A protein orthogonal to the system of interest can be used to cover the 

hydrophobic NSA sites prior to amine functionalization, preventing NSA of the receptor 

and conserving its activity. Experimentally, the preblocked channel showed increased 

receptor activity and decreased baseline drift when compared to the postblocked sensor. 

This methodology is particularly important in certain sensing platforms such as 

potentiometric sensing, where Debye length considerations limit possible linker molecules 

for sensor design. More work is necessary to optimize COOH-SAM quality and thus 

decrease NSA. However, a preblocking protein can mitigate many of the concerns with 

COOH-SAMs.  
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CHAPTER 5.  INHIBITION OF COOH-SAM OXIDAITON VIA 

PROTEIN BLOCKINGB 

CHAPTER 5 describes the use of a simple protein blocking procedure prior to 

receptor functionalization to inhibit the oxidation of carboxylic-acid-terminated thiolate 

self-assembled monolayers (COOH-SAMs) in ambient conditions. Section 5.1 provides a 

quick overview of how COOH-SAMs degrade via oxidation, and how this degradation 

inhibits biosensing. Section 5.2 describes the methods used to both track and prevent 

oxidation of the COOH-SAMs. Section 5.3 presents data showing that, with gelatin 

blocking, no surface degradation is observed via XPS nor reductive desorption for 21 days, 

compared to observable degradation in only one day for an unblocked COOH-SAM. 

Additionally, unlike a traditional postblocking method that requires the sensor to first be 

functionalized with active receptor, this blocking procedure occurs directly after COOH-

SAM formation and does not prevent the subsequent functionalization of the biosensor. 

These blocked sensors are shown to maintain surface-plasmon-resonance-based sensing 

performance for at least one week. Additionally, the blocking technique for degradation 

prevention is shown to even outperform COOH-SAM storage in N2. Section 5.4 

B Adapted with permission from E L Brightbill, H F Gexahagne, D S Jin, B Brown 

and E M Vogel. Protein blocking inhibits ambient degradation of self-assembled 

monolayers for affinity biosensing. Applied Surface Science 2021, 557, 149843. 

Copyright 2021 Elsevier B.V. 
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summarizes the findings and implications for the engineering and design of point-of-care 

and field affinity biosensors.  

5.1 Introduction 

 Due to the use of label-free biosensors for point-of-care and field sensing, sensor 

stability and shelf life are crucial considerations for a final device.238 Despite the popularity 

of COOH-SAMs in the affinity biosensor literature, few studies have considered their long-

term stability. SAMs are known to degrade via oxidation; specifically, the S-Au bond has 

been shown to oxidize through reaction with ozone into sulfate and sulfite species,168, 169 

in both ambient conditions and aqueous solutions with and without exposure to light.136, 

168, 170, 239, 240 This reaction can proceed quickly, with oxidation observed in as little as 2 

hours in some SAM systems (see 1.3.4).168  

 It is obvious that COOH-SAM oxidation is injurious to sensing applications. 

Firstly, the creation of disordered, defective COOH-SAM regions due to oxidation results 

in increased non-selective adsorption (NSA) of proteins due to the hydrophobic effect.2 

Moreover, once the SAM begins to desorb, areas of plain Au may be left to non-selectively 

adsorb protein directly.241 Secondly, any changes in COOH-SAM structure will affect the 

density and availability of COOH end groups for receptor functionalization. If oxidation 

occurs before functionalization, less protein may be functionalized, resulting in a less-

sensitive device. If oxidation occurs after functionalization, receptor protein may desorb 

from the sensor surface with the thiol molecule, leading to lower sensitivity, a drifting 

baseline, or false-negative signals. One previous study has demonstrated the negative 
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effects of COOH-SAM oxidation on sensing.242 COOH-SAMs were allowed to oxidize in 

various storage conditions, while x-ray photoelectron spectroscopy (XPS) and SPR were 

used to track oxidation and protein adsorption, respectively. As XPS indicated COOH-

SAM oxidation increased, SPR indicated that unwanted NSA to the sensor surface 

increased.242 Also, as the COOH-SAM degraded, the amount of receptor protein attached 

to the surface during amine functionalization decreased, reducing sensitivity.242  

 However, as discussed in CHAPTER 4, preblocking COOH-SAMs with a protein 

before receptor functionalization improves sensing outcomes.2 Preblocking is possible due 

to the higher adsorption affinity on defective, hydrophobic areas of the COOH-SAM as 

compared to the hydrophilic COOH end-groups, which remained accessible for sensor 

functionalization.2 Therefore, since SAM oxidation begins at defect sites and grain 

boundaries, the preblocker should also slow sensor degradation by serving as a physical 

barrier. Indeed, a previous study measuring SAM oxidation in liquid media shows this 

mechanism is likely. It was demonstrated that, when an amphiphilic surfactant is added to 

solution, that surfactant will adsorb to the SAM’s defect sites and inhibit the onset of 

oxidation.169 While it is reasonable to hypothesize that postblocking will inhibit oxidation 

via the same mechanism, postblocking requires functionalization of the sensor surface with 

a receptor protein first, causing two distinct disadvantages as compared to preblocking. 

First, if the selective receptor is attached to the sensor surface before storage, stability of 

that receptor must also be considered. While possible degradation of a blocker can be 

studied and then applied to a wide range of sensing targets, degradation of a receptor would 
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have to be independently determined for each and every sensing target. Moreover, 

degradation of the blocker is most likely not of concern, since the blocker, unlike a receptor, 

does not contain any specific active sites that are necessary for the selectivity and function 

of the affinity biosensor. Second, if the sensor is functionalized before storage, the sensing 

target must be predetermined. With preblocking, when it is time for the sensor to be used, 

it can still be functionalized with any receptor. Due to these advantages, here it is 

investigated if preblocking, a technique already useful in the development of COOH-SAM-

based sensors, also inhibits sensor degradation via oxidation.  

 This chapter demonstrates the use of a gelatin blocker to prevent COOH-SAM 

degradation via oxidation in ambient storage conditions. Although SAM oxidation is well 

established in the literature, very few studies consider the implications of this degradation 

for point-of-care and field applications of biomarker detection. Specifically, in the case of 

COOH-SAMs, although oxidation is known to decrease biosensing reliability, appropriate 

sensor storage conditions have not been established. In this study, the degradation of a 

COOH-SAM functional surface in ambient storage conditions with and without gelatin 

blocking is tracked via XPS and reductive desorption. The blocking technique still allows 

subsequent receptor functionalization for selective biosensing, as demonstrated by the SPR 

detection of human Haptoglobin. Additionally, the degradation of biosensing response due 

to oxidation and the limits of harder-to-implement inert atmosphere storage are presented.  

5.2 Experimental Methods 

5.2.1 Materials and Storage Conditions 
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 16-Mercaptohexadecanoic acid [HS(CH2)15COOH] (99.9%), 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC), N-hydroxysuccinimide (NHS), ethanolamine 

(ETA), phosphate-buffered saline (PBS) pellets, potassium hydroxide (KOH), anhydrous 

ethanol, human haptoglobin (Hp), and gelatin were purchased from Sigma-Aldrich (St. 

Louis, MO). Antibody human haptoglobin (aHp) was purchased from Abcam 

(Cambridge, UK). Desorb kit and gold substrates (SIA kit Au) for SPR were purchased 

from Cytiva Life Sciences (Marlborough, MA). Gold surfaces (100 nm thick) for XPS 

and CV measurements were e-beam evaporated onto glass substrates. AFM 

measurements indicate a root-mean-square surface roughness of 1.17nm (Figure 5.6), 

consistent with the roughness of other e-beam evaporated Au surfaces in literature.243 

COOH-SAMs were formed as previously described.2 In short, the gold surfaces were 

cleaned with acetone, methanol, and isopropanol rinses followed by an O2 plasma 

treatment. The cleaned substrates were incubated in 20 M ethanolic solutions of 16-

mercaptohexadecanoic acid in a N2 atmosphere for 24 h, sonicated for 5 min in fresh 

ethanol, and dried via N2 stream. N2 atmosphere was provided by a Labstar Pro glovebox 

(MBRAUN, Germany), with H2O and O2 both <1 ppm. For blocked COOH-SAMS, 

immediately following drying with N2, the samples were immersed in a solution of 1% 

gelatin in PBS for 1 hr. When removed from the gelatin solution, the samples were 

briefly rinsed with DI H2O and dried via N2 stream. To limit sample-to-sample 

variability, COOH-SAMs were batch prepared and stored together. 
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Samples kept in ambient conditions were placed in a petri dish on the bench, exposed 

to light.  A temperature and humidity monitor (Fisher Scientific) used to monitor the lab 

space for 2 weeks indicated a temperature range of 21-22oC and a humidity range of 17-

58%. Samples kept in N2 were placed in the Labstar Pro glovebox with O2 and H2O both 

<1ppm, and sealed into a clear plastic box with electrical tape. 

5.2.2 X-ray Photoelectron Spectroscopy 

 XPS was used to track COOH-SAM degradation via oxidation of the S-Au bond to 

sulfate and sulfite specifies. XPS measurements were collected with a Thermo Scientific 

K-Alpha X-ray photoelectron spectrometer system (Waltham, MA) with a monochromatic 

Al Kα source (KE = 1486.6 eV), a 180° double focusing hemispherical analyzer, and a 

128-channel detector. High-resolution Au 4f and S 2p spectra were acquired at a pass 

energy of 50 eV and a spot size of 400 μm. Because sulfate/sulfite species peaks are 

difficult to resolve, oxidation was quantified by total peak area above 166 eV, normalized 

to the substrate Au signal.136 Au 4f spectra were fit with 2 peaks (spin-orbit splitting of 3.7 

eV, 3:4 area ratio). To aid quantification of S oxidation and avoid fitting noise, S spectra 

were processed with quadratic Savitzky-Golay smoothing.244 A 10-point window (1 eV), 

smaller than the peak FWHM, was utilized resulting in <2 % peak height/width 

distortion.245 An example S 2p spectra before and after smoothing, visually showing 

limited distortion in peak shape, is shown in Figure 5.1. Shirley-type background was used 

for all spectra.246 In all summary plots, a total of 5 points were analyzed for each sample 

type.  
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Figure 5.1 – Example S 2p spectrum before and after Savitzky-Golay smoothing. 

 In many cases, specifically after short storage times, the S oxidation peaks as 

detected via S 2p XPS are of similar magnitude to the background noise. As such, a 

standardized method was developed to prevent bias in the determination of peak presence. 

In this method, after smoothing (Figure 5.1), a Shirley-type background was added to the 

range corresponding to oxidized S species (166-164 eV), and an unconstrained peak was 

allowed to optimize in that range. In cases where an obvious peak is present, the results are 

as expected (Figure 5.2a). However, when the spectra appear essentially flat, the peak may 

fit to data that appears to be noise (Figure 5.2b). These peak areas are still reported to 

ensure consistency in the processing of all samples, and thus unoxidized, fresh COOH-

SAMs have oxidation signals slightly greater than zero. 
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Figure 5.2 – Example S 2p XPS fitting for oxidized signal. a) Peak fitting on a clearly 

present peak b) non-zero peak fitting on a spectrum that appears flat 

5.2.3 Cyclic Voltammetry  

 Reductive desorption (RD) via cyclic voltammetry (CV) was used to diagnose the 

state of COOH-SAMs and track changes with time. A Gamry Interface 1000 potentiostat 

(Warminster, PA) was used for CV measurements. The Gamry was connected to an 

electrochemical cell (Ametek K0235 Flat Cell) consisting of a Pt-coated mesh counter 

electrode, dip-in Ag/AgCl reference electrode, and a 1 cm2 working electrode area. CV 

measurements were taken at a scan rate of 20 mV/s from 0 V to -1.3 V vs Ag/AgCl in a 

0.5 M aqueous KOH solution.  

5.2.4 Surface Plasmon Resonance 

 SPR was used to demonstrate label-free affinity biosensing on COOH-SAMs over 

time. A Biacore T200 (Cytiva Life Sciences; Marlborough, MA) was used for SPR data 
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collection. PBS running buffer and a 30 μL/min flow rate was used unless otherwise stated. 

Protein solutions were diluted in PBS. 0.1 M EDC, 0.1 M NHS, and 1 M ETA solutions 

were prepared with deionized water. Preblocked amine functionalization of aHP is used to 

modify the COOH-SAMs for selective Hp sensing.2 In this method, a 1% solution of 

gelatin was first introduced to the COOH-SAMs in two 600s-injections, followed by a long 

900s rinse to remove any poorly-adsorbed gelatin blocker. Subsequently, a standard amine 

functionalization method was used, where COOH-groups on the surface were activated 

with NHS/EDC. After activation, a 600s injection of 1% aHp was introduced to the surface, 

allowing amide groups on the receptor protein to form amine bonds with the activated 

COOH-groups. Finally, ETA was used to block any remaining activated COOH-groups. 

Aged COOH-SAMs were inserted into the SPR without any preceding surface cleaning, 

and the surfaces were primed with a buffer rinse immediately followed by the 

functionalization procedure.  
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Figure 5.3 – Analysis of C 1s XPS signal. Survey spectra with software-identified 

peaks for unblocked (a) and blocked (b) COOH-SAMs.  Survey C 1s peak area 

normalized to Au 4f peak area for unblocked (c) and blocked (d) COOH-SAMs 

during 1 week of storage in ambient conditions.  

 To check for accumulation of surface contamination during storage, the C 1s 

signals from survey spectra were analyzed.  Survey spectra were acquired at a pass 

energy of 200 eV and a spot size of 400 μm, and the Thermo Scientific Avantage 

software was used to identify the elemental composition of survey scans. Figure 5.3a and 

b show example surveys for unblocked and blocked COOH-SAM samples, respectively.  

All of the identified elements can be explained by substrate, SAM layer, and blocking 

protein (N).  Figure 5.3c,d show the normalized C Area from the survey spectra for each 

of the same data points included in Figure 5.5. There is not significant increase in surface 
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contamination during storage as indicated by C signal for either the blocked nor 

unblocked sample. 

5.3 Results 

5.3.1 Degradation of COOH-SAMS in Ambient Conditions 

 Oxidation of a SAM can be tracked from S 2p XPS, where sulfate and sulfite 

species (the products of oxidation) are well-resolved from lower binding energy (BE), 

unoxidized species.136 Specifically, oxidized species can be recognized by peaks with BE 

greater than 166 eV.136, 168 To determine whether blocking the COOH-SAM with gelatin 

inhibits oxidation, XPS was used to monitor oxidation on COOH-SAMs with and without 

blocking stored in ambient conditions for up to 3 weeks. To limit sample-to-sample 

variation, all COOH-SAMs were batch prepared in the same solution and stored together 

on the bench. Additionally, each sample was discarded after XPS measurement, to prevent 

any influence of ultra-high vacuum or x-ray exposure on oxidation rate. Ambient 

conditions were chosen due to the ease of implementation of these conditions for point-of-

care sensors, as compared to cold storage or inert atmosphere. Figure 5.4a schematically 

shows the two sample types, where the unblocked COOH-SAM undergoes degradation 

over time, while the adsorbed gelatin protects the blocked COOH-SAM from the same 

degradation by physically covering defective areas. Example traces of S 2p spectra over 

the course of 3 weeks clearly show that, while a visible oxidation peak appears in the S 2p 

spectra for the unblocked COOH-SAM after only one day, no significant peak is visible 

after a full 21 days for the blocked COOH-SAM (Figure 5.4b,c).  
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Figure 5.4 – Inhibition of oxidation by gelatin blocking. a) Schematic of COOH-SAM 

with common defects before and after oxidation in ambient conditions. Gelatin blocks 

defective regions and prevents oxidation. b) Example S 2p spectra of unblocked 

COOH-SAM stored in ambient conditions. Orange peak fitting indicates oxidized S 

species. c) Example S 2p spectra of blocked COOH-SAM stored in ambient 

conditions. Blue peak fitting illustrates lack of oxidized S species.  

 The degree of oxidation can further be quantified by finding the oxidation peak 

area, as shown by the orange and blue peak fitting in Figure 5.4b,c. This area can be 

normalized to the Au substrate signal and compared across data points; the average and 

standard deviation of these values for 5 data points of each sample type is presented in 

Figure 5.5 (3 samples, 1-2 data points each). This quantification confirms what was 

visually observed in Figure 5.4b,c: while the oxidation of the unblocked COOH-SAM 

shows a significant amount of oxidation after 1 day and continues to oxidize with time, the 
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measured oxidation on the blocked COOH-SAM remains unchanged within error after 3 

full weeks.  

 

Figure 5.5—Summary of XPS fitting for unblocked COOH-SAM (orange, square) 

and blocked COOH-SAM (blue, circle) oxidized S peaks. 

AFM images of blocked and unblocked COOH-SAMs before and after storage are 

included in Figure 5.6.  Atomic force microscopy (AFM) was performed using a Bruker 

Icon Scanning Probe Microscope (Billerica, MA) with AppNano (Mountain View, CA) 

SPM Si probes having a tip radius of <10 nm. AFM images indicate surface roughness is 

dominated by the polycrystalline Au substrate (Figure 5.6a). The increasing RMS 

roughness for unblocked COOH-SAM with increasing storage time indicates degradation 

of surface (Figure 5.6b,c,d).  The addition of blocker appears to “smooth out” the surface 

roughness (Figure 5.6e). The observed roughness of the blocked COOH-SAMs does not 

increase with storage time (Figure 5.6e,f,g).  
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Figure 5.6 – AFM images of functional surfaces on 100 nm Au/SiO2 chips with inset 

root-mean-square roughness (in white). a) Plain Au b) unblocked COOH-SAM, 

freshly prepared c) unblocked COOH-SAM, 1 week storage d) unblocked COOH-

SAM, 3 months storage e) blocked COOH-SAM, freshly prepared f) blocked COOH-

SAM, 1 week storage g) blocked COOH-SAM, 3 months storage. 

 Reductive desorption is also a powerful method for diagnosing the state of SAM 

monolayers via reduction of the S-Au bond.247-250 This 1-electron process is shown 

chemically and schematically in Figure 5.7a, and results in a peak generally reported 

between -0.7 and -1.1 V vs Ag/AgCl.247, 251 The peak position depends on factors 

including thiol chain length, thiol solubility, and scan rate.247 In these measurements, 

chain length, solution, scan rate, and preparation conditions are all held constant. Please 

note, due to interference from charging currents, the RD peak cannot be used to quantify 

surface coverage, and thus peak integrations are not presented here.247, 252 To confirm that 

the observed peaks are due to the COOH-SAM, a reference scan on plain Au is shown in 

Figure 5.7b. There are no significant peaks in the bare Au voltammogram, and the 
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substrate signal is notably flat around -0.9 eV where the COOH-SAM reduction peaks are 

observed. CV curves for unblocked and blocked COOH-SAMs before and after one week 

of storage in ambient conditions are shown in Figure 5.7c,d. Voltammograms of each 

condition were taken in duplicate on separate sensors to illustrate measurement 

consistency. For a freshly prepared COOH-SAM, the reductive desorption peak is shifted 

to the left for the blocked COOH-SAM relative to the unblocked COOH-SAM (Figure 

5.7c,d). This result is expected, as peak position at a more positive potential (i.e. lower 

negative voltage) indicates ease of penetration of counterions into the SAM.249 With 

gelatin present on the surface, penetration of counterions to the sensor surface through 

less dense, defective regions is encumbered by the blocking protein. This result further 

indicates that blocking is an effective inhibitor of oxidation; blocking makes the S-Au 

bond more difficult to oxidize because it is more difficult to access. After a week of 

storage, the CV curves were measured again and compared to the fresh samples to 

indicate any changes in the COOH-SAM structure. It is obvious that the unblocked 

COOH-SAM underwent major chemical and structural changes; the main reductive 

desorption peak at -0.9V is severely diminished, while several higher potential peaks are 

now present (Figure 5.7c). These lower-energy interactions have been attributed to 

physiosorbed sulfur (rather than chemisorbed sulfur),253, 254 and are most likely due to 

thiol of various oxidation states interacting weakly with the surface. In contrast, with the 

blocked COOH-SAM, the CV curves are nearly identical after 1 week of storage, 

indicating little chemical or structural change has taken place (Figure 5.7d).  
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Figure 5.7 – CV curves showing reductive desorption of COOH-SAMs a) chemical 

reaction and schematic of reductive desorption b) Example CV for bare Au substrate, 

unblocked COOH-SAM, and blocked COOH-SAM c) CV of unblocked COOH-SAM 

before and after 1 week storage in ambient conditions d) CV of blocked COOH-SAM 

before and after 1 week storage in ambient conditions. 

5.3.2 Affinity Biosensing after Ambient Storage  

 While it has previously been shown that oxidation decreases the sensing reliability 

of a COOH-SAM,242 this result is confirmed through attempted detection of Hp with SPR. 

Additionally, we compare the sensing results of the oxidized, unblocked COOH-SAM to 
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both a blocked and fresh COOH-SAM. To compare SPR biosensing on aged COOH-SAMs 

to a fresh COOH-SAM, preblocking functionalization was used. An example sensorgram 

of this process is seen in Figure 5.8a, where the preblocker (gelatin, 1% in PBS) is first 

introduced to the sensor in two 600 s injections, followed by a 900 s wash with PBS. After, 

the standard amine functionalization is completed, and ETA is used to block leftover 

activated carboxylic acid groups. Bound receptor is determined by the RU change after 

flowing aHp, and is summarized in Figure 5.8b. There is a significant reduction in receptor 

attachment for the unblocked COOH-SAM, indicating degradation of the sensing surface. 

Post-functionalization drift was also determined by the baseline drift over a 5-min period 

in PBS after the functionalization procedure was completed (Figure 5.8c). Here, the 

unblocked SAM shows significantly higher drift than the other 2 sensor types. Since 

oxidized COOH-SAM is no longer chemisorbed to the sensor, this drift is likely caused by 

the washing of improperly attached COOH-SAM, receptor, or blocker from the surface. 
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Figure 5.8 – Functionalization parameters for COOH-SAM samples. a) Example 

functionalization SPR sensorgram with preblocking steps (vertical step changes are 

due to solution refractive index). b) degree of functionalization on each sample type 

c) post-functionalization drift of each sample type. 

 The functionalized fresh, blocked, and unblocked COOH-SAM sensor surfaces are 

shown schematically in Figure 5.9a. To test Hp sensing, the aHp-functionalized surfaces 

were introduced to a series of six Hp concentrations (including 0 g/mL) and binding was 

observed via SPR. The saturated sensor response of each Hp concentration, measured in 

PBS to exclude solution refractive index effects,255 is shown in Figure 5.9b. For fresh 
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COOH-SAM, the sensor response follows a Langmuir isotherm, as expected. Langmuir 

fitting results in a dissociation constant (KD) value of 10.30.98 g/mL (approximately 

6.9x10-8 M), which is within the expected affinity range for a commercial IgG antibody.256 

The blocked COOH-SAM showed a similar response, with the measured KD of 11.01.0 

g/mL, equivalent within error to the fresh COOH-SAM. This result aligns with the lack 

of oxidation observed for blocked COOH-SAM via XPS and reductive desorption, and 

confirms that one week of storage in ambient conditions does not negatively affect the 

sensing outcomes of this sample. However, as expected, the unblocked COOH-SAM, after 

1 week storage in ambient conditions, showed completely different binding behavior. The 

Hp concentration response was approximately linear with respect to target concentration, 

with a fit KD value of 311111 g/mL. This large dissociation constant, indicating 

extremely low affinity of the Hp with the sensor surface, is inconsistent with an antibody-

antigen interaction.257 The apparent linear concentration response is much more likely the 

result of non-selective interactions of the Hp with the sensor.258 This lack of Hp sensitivity, 

as well as the functionalization level, post-functionalization drift (Figure 5.8b,c) and 

unnormalized target response (Figure 5.9b, inset) highlight the lack of stability and 

sensitivity of the aged device. Together, these results indicate that an unblocked COOH-

SAM kept as little as a week in ambient conditions loses all functionality as a biosensing 

surface.  
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a)

Blocked COOH-SAM, 1 Week Storage

Fresh COOH-SAM 

b)

Unblocked COOH-SAM,1 Week Storage
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Figure 5.9 – Label-free detection of Hp via SPR with COOH-SAM aHp functionalized 

sensor. a) schematic representation of functionalized surfaces b) SPR response for 

each sensor type with Langmuir isotherm fitting. Inset: unnormalized response. 

5.3.3 Comparison to Inert Atmosphere Storage  

 Although storage in ambient conditions does not require any special processing or 

packaging, other methods can be utilized to minimize degradation due to oxidation. An 

obvious choice would be the storage of COOH-SAMs in inert gas such as N2. To compare 

blocking to N2 storage, unblocked COOH-SAMs were transferred into a glovebox with O2 

and H2O both <1ppm, sealed into a clear plastic box with electrical tape, and left inside the 

glovebox for 2 months. Simultaneously, unblocked and blocked COOH-SAMs were left 

on the bench in ambient conditions. Figure 5.10a shows CV curves for each sample type 

after 2 months. As expected, the unblocked COOH-SAM shows significant chemical and 

structural degradation while the blocked and N2 COOH-SAMs remain relatively 

unchanged. It is worth highlighting that, even over the course of 2 months, a blocked 

COOH-SAM in ambient conditions appears unchanged as measured by RD. Inhibition of 

oxidation by protein blocking performed as well as an inert atmosphere. Similarly, S 

oxidation measured by XPS shows significant oxidation of the unblocked COOH-SAM, 

but only slight increases are observed for both the blocked and N2 COOH-SAMs when 

compared to a fresh COOH-SAM (Figure 5.10b). As in Figure 5.5, the average and 

standard deviation is presented for 5 data points of each sample type (3 samples, 1-2 data 

points each). It is worth noting the large standard deviation for the N2 sample; essentially, 

the N2-stored COOH-SAM shows oxidation on some, but not all, of the spots surveyed. 
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Figure 5.10c,d highlights the S 2p traces that correspond to the highest and lowest oxidation 

values for each sample type, respectively. While both the N2 and blocked samples had no 

apparent oxidation on some spots surveyed, the maximum amount of observed oxidation 

was much higher for the N2 sample. Since oxidation occurs quickly at highly defective 

sites, even in a mostly inert atmosphere, defective areas will degrade given a long enough 

time. In this way, a gelatin blocked COOH-SAM stored in ambient conditions can 

outperform harder-to-implement storage procedures such as packaging in <1ppm O2 and 

H2O.  

 

Figure 5.10 – Comparison of COOH-SAM degradation after 2 months storage in 

ambient and inert (N2) conditions. a) CV curves for COOH-SAMs b) oxidized S XPS 

signal for COOH-SAMs. c) XPS S 2p scans with smallest oxidized S signal for each 

sample type d) XPS S 2p scans with largest oxidized S signal for each sample type. 
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5.4 Conclusions 

 Sensor shelf life is a critical consideration for the realization of portable, point-of-

care affinity biosensors. While COOH-SAMs have been utilized for the development of 

label-free sensors across many sensing modalities, little attention has been paid to their 

shelf life, and therefore their amenability to practical storage conditions. A 16-C COOH-

SAM stored in ambient conditions shows significant oxidation in as little as 1 day, and is 

unusable as a biosensor after 1 week. However, since oxidation begins at defect sites, 

physical protein blocking serves as an oxidation inhibitor. Unlike an unblocked COOH-

SAM, a gelatin-blocked COOH-SAM does not show measurable oxidation via XPS nor 

RD after 21 days. The blocked COOH-SAM is still a reliable sensor after 1 week, and even 

outperforms storage in an inert N2 environment. Moreover, due to the amphiphilic 

properties of a COOH-SAM, a blocking protein will adsorb selectively to hydrophobic 

defect sites, leaving hydrophilic COOH-functional groups uncovered. As compared to 

traditional postblocking, blocking before receptor functionalization protects the COOH-

SAM during storage in ambient conditions, but does not limit the flexibility and specificity 

of the functional layer when used for sensing at a later date. This simple method of protein 

preblocking allows these sensors to be viable point-of-care devices.  
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CHAPTER 6.  SUBSTRATE MODIFICAITON OF GRAPHENE-

PROTEIN INTERACITONSC 

CHAPTER 6 describes how graphene-protein interactions can be influenced by the 

substrate used to support the atomically thin graphene layer. A brief overview of what is 

known about graphene-protein interactions, as well as gaps in the existing literature, is 

described in section 6.1. Section 6.2 details the methods used to investigate protein 

adhesion to graphene, where the interactions between model small (Lysozyme), medium 

(Bovine Serum Albumin), and large (Fibrinogen) proteins with monolayer graphene on 

support substrates of varying hydrophobicity and surface polarity are studied. Ex situ 

adsorption is measured via ellipsometry. For Au and Si support substrates, in situ adhesion 

of Lysozyme is measured via quartz crystal microbalance. The results, discussed in section 

6.3 indicate that not only the equilibrium attachment, but also the kinetics of interaction, 

can be affected by the substrate. Overall, a more hydrophobic substrate leads to a larger 

amount of adsorption to graphene. Moreover, the effect is only observed with monolayer 

graphene, where no substrate effect is observed with the addition of a second graphene 

layer. This work indicates that the substrate of a graphene-based biosensor is an important 

but currently overlooked parameter when understanding and optimizing the performance 

C Adapted with permission from E L Brightbill, K T Young, H F Gezahagne, D S 

Jin, and E M Vogel. Protein interactions with chemical vapor deposited graphene 

modified by substrate. 2D Materials 2021, 8(2), 025015. Copyright 2021 IOP 

Publishing Ltd. 
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of the device. As summarized in section 6.4, the level of non-selective protein adsorption 

on graphene can be independently engineered through modifying the support substrate 

without directly modifying the graphene itself. 

6.1 Introduction 

 Due to the range of potential biomedical applications for graphene,60, 62, 182-190, 259 

understanding the interactions between biomolecules and 2D materials is of high 

importance.182 As such, a variety of previous studies offer insight into how biomolecules 

interact with and adhere to 2D materials. The adsorption of deoxyribonucleic acid (DNA) 

on graphene has been shown to increase its biostability relative to DNA dispersed in 

solution.193 The DNA-graphene interaction effectively prevents enzymatic cleavage of the 

DNA by DNase I, but is still weak enough to allow pairing with a complementary strand.193 

Theoretical and experimental work has shown that proteins can unfold in order to maximize 

their interaction with graphene, thus denaturing and losing biological activity for 

sensing.120, 192 Hydrophobic, - electron interactions, hydrogen bonding, and charge 

interactions have been used to self-assemble graphene/protein composite materials.191 

While studies such as these provide valuable insight into how biomolecules interact with 

2D materials, they focus on isolated protein-2D material interactions, generally with both 

components dispersed in a solvent. Biosensing applications, however, usually require the 

2D material, most commonly graphene,185, 194-196 to be deposited on a support substrate. 

Since monolayer graphene is only a single atom thick, protein-graphene interactions may 

be influenced by the support substrate.  
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 Indeed, it has been shown that the substrate underneath a graphene monolayer can 

affect the water contact angle of the graphene.218 While reports conflict on the degree of 

wetting transparency, the majority of reports indicate that the substrate’s wetting properties 

at least partially transmit through a graphene monolayer.214-219 A substrate’s effect on 

graphene’s hydrophobicity is likely to have a subsequent effect on protein adsorption. It is 

commonly shown that proteins have a stronger affinity for hydrophobic surfaces than 

hydrophilic ones.79, 119, 220, 221 This increased adsorption can be explained by both the 

favorable entropic loss of structured water at the substrate and protein surfaces when 

attachment occurs, as well as a favorable increase in the adsorbing protein’s confirmational 

entropy if partial unfolding occurs.79, 118, 222 Modification of graphene’s contact angle by 

the substrate therefore suggests that the substrate can modify the affinity of graphene-

protein interactions. Indeed, one previous study shows this to be the case, where 

agglomerations of avidin molecules are observed on graphene when the substrate is 

modified to be hydrophobic.223 This previous study focused on only one biomolecule 

(avidin) and used small exfoliated graphene flakes. However, for practical sensor 

applications, large-area chemical vapor deposited (CVD) graphene is required for device 

fabrication.183 It is important to determine whether this finding can be generalized to a 

wider range of biomolecules and to CVD graphene, where material processing and defects 

differ. Specifically, CVD graphene is generally transferred from the Cu growth substrate 

for device fabrication via a poly(methyl methacrylate) (PMMA) scaffold. However, the 
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PMMA scaffold leaves behind trace residue on the graphene surface, which may impact 

protein adhesion.260-262 

 In addition to substrate hydrophobicity, substrate surface polarity may also be 

important to determine protein adhesion properties to graphene. Kong et al. showed that 

the polarity of the substrate determines whether or not epitaxial growth is successful across 

a graphene intermediating layer.263 More specifically, epitaxial growth on polar GaN was 

shown to be successful despite the presence of a graphene layer, while epitaxial growth of 

non-polar Si was not.263 This indicates that the potential fields of non-polar materials can 

be screened by a graphene monolayer, while the potential field of an ionic-bonded, polar 

material generally has the ability to penetrate through a graphene layer. Similarly, substrate 

polarity may influence the degree to which substrate-protein interactions are able to 

permeate through the graphene where substrates with larger bond polarity have a larger 

effect on protein adhesion.  

 This collection of literature indicates that, while it is generally accepted that 

substrates can affect properties of a graphene surface, substrate-graphene-solution 

interactions are largely overlooked. Understanding the impact of substrate contact angle 

and polarity on graphene-protein interactions is crucial for engineering graphene-based 

biosensors.  

6.2 Experimental Methods  

6.2.1 Chemicals and Substrate Cleaning  
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Phosphate Buffered Saline pellets (PBS), Bovine Serum Albumin (BSA), 

Fibrinogen, and Lysozyme were purchased from Sigma-Aldrich (St. Louis, MO). Au and 

Si QCM-D sensors (QSensors) were purchased from Biolin Scientific (Gothenburg, 

Sweden). Si substrates (wafer) were cleaned immediately before use with a 1-min dip in 

buffered oxide etch to remove native oxide followed by DI rinse. SiO2 substrates were 

formed by thermal growth of 280 nm oxide on Si and cleaned immediately before use with 

an acetone/methanol/isopropyl rinse, dried with N2, followed by a two-minute O2/Plasma 

treatment (200 mTorr, 50 W RF, 25 sccm O2). 100 nm thick Au surfaces were e-beam 

evaporated on a substrate consisting of 280 nm of SiO2 on silicon with a 10 nm W adhesion 

layer and cleaned as SiO2. Approximately 280 nm TaN was deposited on Silicon via RF 

Sputtering of a Ta target (30 min, 5mTorr, 10 sccm Ar, 10 sccm N2). XPS revealed 

approximately 10% O content in the TaN film that could not be decreased with deposition 

parameter optimization. Protein attachment for ellipsometry and XPS measurements was 

completed by incubating the substrate in a solution of 1% protein in PBS for 1 hour.  

6.2.2 X-ray Photoelectron Spectroscopy 

Measurements were conducted using a K-Alpha X-ray Photoelectron Spectrometer 

System (Thermo Scientific, Waltham, MA) with a monochromatic Al Kα source (KE = 

1486.6 eV), a 180o double focusing hemispherical analyzer, and a 128-channel detector. 

Spectra were acquired at a pass energy of 50 eV and a spot size of 400 m. Au 4f spectra 

were fit with 2 peaks (spin-orbit splitting of 3.7 eV, 3:4 area ratio). Si 2p spectra were fit 

with 2 peaks (spin-orbit splitting of 0.63 eV, 1:2 area ratio). Ta 4f spectra were fit with 2 
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peaks (spin-orbit splitting of 1.92 eV, 3:4 area ratio). N 1s spectra were fit with one peak. 

C 1s spectra were fit with 5 peaks corresponding graphene and PMMA.264, 265 The full-

width-half-maximum (FWHM) of all peaks pertaining to one element were constrained to 

match; a variable Lorenz-Gauss ratio and Shirley-type background were used for all 

spectra.  

6.2.3 Graphene Synthesis and Transfer  

Fully coalesced graphene was synthesized via Chemical Vapor Deposition (CVD) 

on polycrystalline Cu foil for 30 min at 1000°C and 250 mTorr, with CH4 and H2 flow rates 

of 50:15 sccm, respectively. The Cu foil was heavily oxidized before synthesis and 

enclosed in a physical “pocket” during synthesis resulting in high-quality graphene as 

previously described.266 Graphene was transferred onto various substrates using a wet 

transfer process and PMMA scaffold.267 After the removal of PMMA with acetone, the 

sample was further annealed at 400oC for 1 hour at 2 Torr with N2 circulating through the 

furnace to remove any remaining PMMA residue. Raman spectroscopy was performed on 

samples transferred to SiO2 using a Renishaw Qontor Dispersive Raman Spectrometer at a 

wavelength of 488 nm. 

6.2.4 Ellipsometry 

A Woollam M2000 Ellipsometer was used for all measurements, and 

CompleateEASE software (J.A. Woollam, Lincoln, NE) was used for all spectra fitting. 

Software point selection was used to measure the same points on the sample before and 

after protein solution incubation. CompleteEASE materials database provided Si, TaN, Au, 
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and Graphite substrate starting properties. Separate layers for native and thermal SiO2 were 

added to applicable samples. Graphene was approximated with a B-Spline layer with a 

thickness of 3.4 Å (6.8 Å for bilayer samples).268 Cauchy layers with a refractive index of 

1.45 were used to approximate protein thickness.119 6 points on each of 3 samples for each 

sample type were measured, with the exception of graphite, where 12 points on one sample 

were measured.  

6.2.5 Contact Angle  

A Ramé-hart Model 250 goniometer was used for contact angle measurements. 0.6 

L drops of DI water were placed on the leveled substrate surface, and the resulting static 

contact angles were measured by the drop tangent in the Ramé-hart software. Reported 

values are the average of 3 measurements.  

6.2.6 Quartz Crystal Microbalance with Dissipation  

A Q-Sense E4 Quartz Crystal Microbalance with Dissipation (Biolin Scientific, 

Gothenburg, Sweden) at 22o C was used for QCM-D measurements. Si and Au QSensor 

cleaning methods were the same as those for ellipsometry. A constant flow rate of 75 

L/min was used for all experiments. Frequency and dissipation were measured for each 

sensor at overtones 1-13. Mass adsorbed to the surface decreases the resonant frequency of 

the sensor, and the Sauerbrey equation (Equation 9) allows the frequency change (∆𝑓) to 

be directly converted to mass change (∆𝑚). This relationship is generally accurate when 

the adsorbed mass is rigid.269, 270 C is a constant that depends on the resonant frequency of 
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the fundamental mode, the piezoelectrically active crystal area, quartz density, and quartz 

shear modulus; n is the measured overtone.  

 
∆𝑚 = −

𝐶∆𝑓

𝑛
 Equation 9  

The dissipation, or energy loss in the protein layer, can indicate whether or not 

using the Sauerbrey approximation is accurate, as well as indicate structural changes in the 

adsorbed protein layer. Dissipation (D, Equation 10) is described by the ratio of lost (Elost) 

and stored (Estored) energy. Due to low dissipation, the Sauerbrey approximation is used for 

all presented QCM-D analysis, allowing the frequency change to be used as a directly 

proportional analogue for mass change.  

 
𝐷 =

𝐸𝑙𝑜𝑠𝑡

2𝜋𝐸𝑠𝑡𝑜𝑟𝑒𝑑
 Equation 10  

6.3 Results  

6.3.1 Graphene Transfer and Model System Properties  

PMMA scaffolding currently remains the most reliable and commonly used method 

of graphene transfer, and thus results using this transfer process have the most applicability 

to current graphene biosensor work. As such, graphene was transferred onto each of the 

selected substrates via the PMMA process. However, it is well known that this process 

leaves behind PMMA residue, and since protein interaction with graphene may be 

impacted by this residue, it is crucial to remove it to the extent possible. Residue removal 

can be observed via XPS. In Figure 6.2a, peaks corresponding to PMMA can be seen in 

the C1s spectra even after attempted removal with acetone. However, in Figure 6.2b, those 
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PMMA peaks are eliminated after anneal, with area comparison indicating that 

contamination is reduced by 95% compared to pre-anneal graphene. This can also be seen 

in in Figure 6.2c: after the vacuum anneal process, XPS scans show nearly complete 

elimination of any non-graphene C 1s signal, with the disappearance of the higher BE peaks 

as compared to the transferred sample and only a small increase in peak width as compared 

to as-grown graphene or graphite. This broadening corresponds to an approximately 7% 

peak area increase, and indicates a trace amount of carbonaceous material (much less than 

one monolayer) remaining on the surface. This result parallels previous studies that show 

it is extremely difficult to completely remove all PMMA residue (or, more specifically, 

carbonaceous residue left from the breakdown of PMMA during annealing). With current 

methods used in graphene biosensor literature, residue has been eliminated to the extent 

possible without damaging the graphene.60, 259, 260 Thus, our results can be applied directly 

to graphene biosensors fabricated in this manner. Moreover, the conclusion drawn from 

the ex situ attachment results (Figure 6.5, Figure 6.6, Figure 6.7) is unchanged even if there 

happens to be a trace amount of residue remaining on the graphene: protein attachment is 

driven primarily by the properties of the underlying substrate.  
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Figure 6.1 – C1s XPS spectra. PMMA fitting before (a) and after (b) post-transfer 

anneal. c) comparison of C 1s scans of freshly cleaved graphite, as-grown graphene, 

transferred graphene, and graphene after the transfer and cleaning process. 

Raman maps were used to show the graphene layer was continuous with minimum 

defects across 300 m x 400 m scan areas. A representative Raman spectrum of the 

transferred graphene before and after anneal is shown in Figure 6.2. The Raman spectra 

after transfer and after anneal both show the representative graphene peaks. The D peak, 

which indicates defects in the graphene sheet, does not show any significant change after 

anneal.271 

 

Figure 6.2 – Example Raman of transferred CVD graphene before (a) and after (b) 

post-transfer anneal. 
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 In order to understand the effect of substrate polarity and hydrophobicity on 

protein attachment to graphene, substrate materials must be carefully considered. Ideal 

substrates are those that exhibit differences in both hydrophobicity and polarity214, 217, 218, 

263 and are amenable to the annealing processes typically used to clean the graphene 

following transfer. Materials selected based on these criteria are outlined in Table 6.1. 

SiO2 and TaN have similar bond polarity, but different water contact angles. Similarly, Si 

and Au both have zero bond polarity, but different water contact angles. To help ensure 

applicability of these results to a wide range of proteins, non-specific adsorption (NSA) 

was measured with three model proteins of very different size, structure and stability: 

Lysozyme, Bovine Serum Albumin (BSA), and Fibrinogen. Lysozyme (14.4 kDa) is a 

small protein that is considered to have a high internal stability, indicating that it does not 

generally denature upon surface adsorption.272 BSA (66.4 kDa) is a moderately sized 

protein that has a low internal stability, often partially denaturing to maximize 

interactions with a surface.272 In fact, BSA is commonly known as a “sticky” protein that 

adsorbs to most surfaces.119 Finally, Fibrinogen (340 kDa) is a large, flexible 

glycoprotein complex with a variety of hydrophobic and hydrophilic surface areas.273 

 

Table 6.1 – Parameters of selected graphene substrates. 

Substrate Material Bond Polaritya Hydrogen Bonding DI H2O Contact Angleb 

SIO2 1.54 Yes 21o-60o 
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Si 0 No 32o-80o 

Au 0 No 60o-90o 

TaN 1.54 Yes 90o-120 o 

aBond polarity calculated from element electronegativity 274 
bContact angle range from literature 214, 218, 275-278 

 

 Since there is a large degree of variability in contact angle reported in the literature, 

as well as disagreement over the degree of graphene wetting transparency,214, 217, 218 the 

experimental contact angles for each substrate with and without a transferred graphene 

layer are shown in Figure 6.3. The clean substrate values correspond to measurements 

taken quickly after the cleaning methods described, while the graphene measurements were 

completed after the PMMA removal anneal. All substrate contact angles fall within values 

reported in literature.275, 276, 279 For the substrates selected here, wetting transparency is 

observed, where the contact angle measured on graphene is strongly influenced by the 

contact angle of the underlying substrate.214, 218 Since the contact angle of the graphene 

layer changes with substrate, it is expected that protein adhesion will be impacted as well.  
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Figure 6.3— DI H2O contact angles on the prepared substrates with and without a 

transferred graphene monolayer. 

6.3.2 Ex Situ Protein Adsorption  

In order to assess protein adsorption, unmodified and graphene-coated substrates 

were analyzed via ellipsometry before and after a 1-hour incubation in a 1% solution of 

each protein in PBS. During protein attachment, potentials applied to the substrate can alter 

protein adhesion. However, it is common procedure for a graphene biosensor to be left 

floating during protein attachment. In order to ascertain if sample electrostatic charge has 

a measurable effect on protein adsorption, BSA attachment was measured on both Au and 

Au/Graphene while grounded to a reference electrode and compared to floating samples 

(Figure 6.4). There was not an observed difference between BSA attachment to Au and 

Au/Graphene when the substrate was ungrounded in solution vs grounded to a reference 

electrode (Figure 6.4c). Thus, samples in all following experiments were left ungrounded 

during incubation.  
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Figure 6.4 – Comparison of BSA attachment on Au and Au with graphene with and 

without grounding of the substrate during protein adhesion. a) schematic of floating 

BSA adsorption b) schematic of reference-grounded BSA adsorption c) thickness of 

BSA layer attachment as measured by ellipsometry.  

 The measured protein attachment on graphene supported by each selected substrate 

is summarized in Figure 6.5. Control samples were measured before and after a 1-hour 

incubation in PBS with no added protein. All control samples showed less than 0.6 nm of 

signal both before and after incubation, indicating that the measured levels of protein 

attachment are well above background noise. Additionally, in almost all cases, the level of 

attachment of a certain protein on a certain substrate is the same regardless of the presence 

of graphene. This result indicates that the substrate has a profound effect on protein 

attachment to graphene, to the extent that the properties of graphene itself are largely 

negligible. Moreover, these results indicate that, similarly to DI wetting behavior on 

supported graphene, any trace residue from the graphene transfer process does not have a 

significant effect on protein adsorption, since the graphene adhesion data so closely follows 

that of the bare substrates.218 
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 Protein selection also impacts the degree of observed adsorption. The largest model 

protein, Fibrinogen, shows a similar level of attachment across all 4 substrates with and 

without the presence of graphene (Figure 6.5a). Fibrinogen has a wide variety of surface 

groups 280 and can interact with surfaces of varying hydrophilicity.281 It has previously been 

shown that changes in surface charge and hydrophilicity of polyelectrolyte complex 

surfaces had little effect on equilibrium levels of Fibrinogen adsorption, and minimal 

differences in Fibrinogen affinity was observed between model hydrophilic (OH) and 

Hydrophobic (CH3) self-assembled monolayer surfaces.79, 282 Similarly, here, it appears 

that the studied variation of substrate hydrophilicity and polarity has little effect on 

adsorption. For Fibrinogen, control of substrate does not have a significant effect of protein 

adsorption in the range of materials studied. 

 Lysozyme, the smallest model protein at only 14.4 kDa, shows a difference in 

adsorption when a graphene monolayer is added to some substrates (Figure 6.5b). More 

specifically, while the degree of Lysozyme adsorption is approximately the same on the 

two polar substrates (SiO2, TaN) regardless of the presence of graphene, the same is not 

true for the nonpolar substrates (Si, Au). In the latter case, the more hydrophilic substrate 

appears to show a slight increase in Lysozyme adsorption while the more hydrophobic 

substrate shows a significant decrease with the presence of graphene. Lysozyme is a small, 

“hard” protein with high internal stability 283. Since Lysozyme has been shown to largely 

maintain its native structure even upon adsorption to hydrophobic surfaces,117, 284, 285 it is 

possible that the specific interactions between Lysozyme surface groups and the substrate 
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surface, rather than the hydrophobic effect, has a significant effect on the degree of 

adsorption. Therefore, changing the surface atoms through the addition of a graphene layer 

could have a significant effect. While more work is necessary to determine precisely how 

this protein adsorption proceeds, Lysozyme shows evidence that the adsorption is not 

solely determined by the substrate in all systems. 
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Figure 6.5 – Summary of protein surface layer thickness by ex situ ellipsometry. 

Fibrinogen (a), Lysozyme (b), and BSA (c), attachment to SiO2, Si, Au, and TaN 

substrates with and without a transferred graphene monolayer. 

 The adsorption of BSA, the intermediate size protein, does not change significantly 

with the addition of a graphene layer (Figure 6.5c). However, the amount of adsorbed BSA 

does change with contact angle. As observed in Figure 6.6, there is a general positive trend 

between measured contact angle and amount of BSA attached. It has previously been 

shown that the degree of BSA surface adsorption is related to surface hydrophobicity due 

to entropic stabilization from the hydrophobic effect, and these results indicate that the 

addition of a graphene monolayer minimally effects this interaction.220 As a result, the 

amount of albumin protein adsorption to graphene-based sensors can maximized or 

minimized by choosing a support substrate with the proper hydrophilicity. 

 

Figure 6.6 – BSA attachment vs measured substrate contact angle. A general positive 

correlation is seen regardless of the presence of graphene 
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 Since proteins are composed of approximately 16% N, the XPS N 1s signal on N-

free substrates can be used to estimate levels of protein adsorption. In the case of TaN, 

since a large N background was present, the smaller S 2p protein signal was used. As 

summarized in Figure 6.8, the XPS results provide an independent validation of the 

ellipsometry data (Figure 6.5) that indicate the degree of protein adsorption to a specific 

substrate is approximately the same regardless of the presence of graphene. It is important 

to note that, unlike ellipsometry, results for different proteins and substrates cannot be 

directly compared to one another since each spectrum is normalized to the substrate 

background, there is no common reference, and each protein has a different atomic 

percentage of N and S. 
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Figure 6.7 – XPS using normalized N 1s or S 2p signal as an indication of protein 

adsorption levels. Lysozyme, BSA, and Fibrinogen attachment to SiO2 (a), Si (b), Au 

(c) and TaN (d) substrates with and without a transferred graphene monolayer. 

 Since the substrate is expected to influence protein adsorption on graphene due to 

the atomically thin nature of graphene, a reasonable assumption is that the effect will 

disappear as additional graphene layers are added to the substrate. Indeed, in Figure 6.8, 

this is shown to be the case. Although a single layer of graphene on Au results in BSA 

attachment nearly identical to the Au substrate alone, the addition of a second graphene 

layer decreases the observed BSA adsorption to the level observed on graphite. This result 

parallels previous work on substrate influence on graphene’s contact angle, where the 

addition of a second layer of graphene reduced the wetting transparency.218 This result also 

agrees with previous work on the epitaxial growth of materials through graphene, which 

indicated that potential field fluctuations from non-polar substates penetrate through a 

maximum of 1 layer of graphene.263 Additionally, since each graphene layer was 

transferred independently, there may be compounding effects that minimize the substrate 

influence. First, the misalignment of the graphene layers will affect the graphene’s 

electronic properties, and may therefore effect the ability of the substrate to influence 

graphene.286 Secondly, although the samples were annealed after each transfer, the 

compounded effect of carbonaceous contamination from the transfer process may quicken 

the loss of substrate influence.260 
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Figure 6.8 – Comparison of BSA attachment on Au/Graphene to Graphite 

6.3.3 In Situ Protein Adsorption 

 While ellipsometry can measure ex situ protein adsorption, information on protein 

adsorption kinetics and adsorption reversibility are also valuable in sensor design. To give 

a more detailed, in situ picture of adsorption, quartz crystal microbalance with dissipation 

(QCM-D) can be used.287 Figure 6.9 shows frequency and dissipation curves for the 5th 

overtone of the QCM-D measurement for the attachment of Lysozyme to both Au and Si 

with and without graphene. These samples were selected because, as observed in Figure 

6.5, Lysozyme attachment on these surfaces measured by ellipsometry differed when 

graphene was present. The small changes in dissipation upon protein adsorption (Figure 

6.9b,d) indicate that it is reasonable to use the Sauerbrey equation in this context.269, 270 

However, since steady state is not achieved in all cases, kinetic modelling is necessary to 

compare equilibrium protein attachment levels. 
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Figure 6.9 – Frequency and Dissipation QCM curves a) frequency overtone 5 and b) 

dissipation overtone 5 for Lysozyme attachment to Au and Au/graphene sensors. c) 

frequency overtone 5 and d) dissipation overtone 5 for Lysozyme attachment to Si 

and Si/graphene 

 The simplest and most commonly used attachment model is Langmuir 

adsorption.288 This model assumes adsorption to and desorption from distinct surface sites 

and ignores adsorbate/adsorbate interactions. For adsorption (Equation 11) the amount of 

adsorbed protein (q) is determined by the adsorption (ka) and desorption (kd) reaction rates 

as well as the total number of available surface sites (Q), protein concentration (C) and 

time (t). For desorption only (Equation 12) the expression can be simplified.  
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 𝑞(𝑡) = 𝑄(1 − 𝑒−𝑡(𝑘𝑎𝐶+𝑘𝑑)) Equation 11  

 

 𝑞(𝑡) = 𝑄(𝑒−𝑡𝑘𝑑) Equation 12  

 While Langmuir curves fit the Au and Au/graphene adsorption data with reasonable 

accuracy, it fails to explain the Si and Si/graphene adsorption curve shapes (Figure 6.10). 

In this case, it is necessary to employ the more complicated, but still analytically solvable, 

2-state model.289 In this model, in addition to the reversible Langmuir adsorption, adsorbed 

protein can undergo a surface-induced conformational change and attach irreversibly to the 

surface at some rate st. The system of rate equations can be solved (Equation 13) to give 

adsorption amount (q) over time (t) based on two negative roots (r1, r2) and three constants 

(a1, a2, a3), where a3 is the saturation coverage of the sensor. r1 (Equation 14) and r2 

(Equation 15) are functions of all 3 rates (ka, kd, st) and protein concentration (C). Since 

these equations contain 3 unknown rates but only 2 fitted roots, the rate values remain 

unknown when using this analysis.  

 𝑞(𝑡) = 𝑎1𝑒𝑟1𝑡 + 𝑎2𝑒𝑟2𝑡 + 𝑎3 Equation 13  

 
𝑟1 = −

1

2
(𝑘𝑎𝐶 + 𝑘𝑑 + 𝑠𝑡) +

1

2
((𝑘𝑎𝐶 + 𝑘𝑑 + 𝑠𝑡)2 − 4𝑠𝑡𝑘1𝐶)

1
2  

Equation 14  

 
𝑟2 = −

1

2
(𝑘𝑎𝐶 + 𝑘𝑑 + 𝑠𝑡) −

1

2
((𝑘𝑎𝐶 + 𝑘𝑑 + 𝑠𝑡)2 − 4𝑠𝑡𝑘1𝐶)

1
2 

Equation 15  
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Figure 6.10 – Kinetic fitting of QCM frequency protein attachment curves. Langmuir 

fitting of Lysozyme adsorption to Au (a) and Au/graphene (b) sensors. Two-state 

fitting of Lysozyme adsorption to Si (c) and Si/graphene (d) sensors. 

 Figure 6.10 shows Langmuir and two-state fits on the Au and Si QCM-D frequency 

curves, respectively. Although the amount of protein adsorption varies in these cases with 

the presence of graphene, the required protein adsorption model does not change. Using 

the Sauerbrey equation (Equation 9), the saturation values from the adsorption curves can 

be converted to attached protein mass density. It is important to note that a lower 

concentration is used in the QCM-D experiment than the ellipsometry to prevent the initial 
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protein adsorption from occurring too quickly to fit (0.1 mg/mL and 10 mg/mL, 

respectively), and thus direct levels of protein attachment should not be compared. 

However, ellipsometry indicates a decrease in Lysozyme adsorption on Au and an increase 

on Si with the addition of graphene and the same trend was observed in the QCM-D-

measured adsorption. While more work is needed to fully understand the kinetic 

interactions of Lysozyme, and other proteins, with graphene/substrate materials, this initial 

QCM-D data indicates that the appropriate kinetic model may be determined by the 

substrate even in cases where differences in absolute adsorption are observed, further 

indicating that support substrates have a significant effect on protein adsorption behavior 

to graphene. 

6.4 Conclusions 

 Together, these protein attachment results reveal a gap in understanding of substrate 

effects on protein-graphene interactions. The ex situ ellipsometry and XPS analysis of 

protein attachment indicate that the substrate can have a profound impact on protein-

graphene interactions, to the extent that twice the BSA attachment to graphene is observed 

when graphene is supported by TaN rather than Si (Figure 6.5). This stark difference 

appears to be caused by the significantly different DI H2O contact angles for the TaN and 

Si that result in different levels of hydrophobic BSA attachment, and that difference is still 

apparent after a monolayer of graphene is transferred onto each surface.  

 While it appears that substrate contact angle is a predictor of graphene-protein 

equilibrium attachment levels, further studies are needed to fully understand what substrate 
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properties effect interactions with which classes of proteins. Additionally, the in situ QCM-

D measurements of Lysozyme attachment to graphene supported by Si and Au shows that 

the substrate can not only have an effect on equilibrium attachment, but also attachment 

kinetics (Figure 6.10). Lysozyme appears to interact with graphene differently on Au than 

Si, where the first case can be fit by a simple Langmuir curve, while the second adsorption 

curve indicates a two-state adsorption mechanism is likely. This indicates that careful 

substrate selection could dictate the difference between biosensing receptors attaching 

reversibly vs irreversibly to a graphene-based sensor. 

 Although graphene is finding application in a wide range of biosensor devices, little 

attention has been given to the substrate used to support the graphene sensor. These results 

indicate, similarly to previous work on substrate modulation of water contact angle and 

epitaxial growth, the support substrate influences protein adsorption to graphene. 

Generally, there is little change between equilibrium protein adsorption to the underlying 

substrate once a monolayer of transferred graphene is added. As a result, hydrophobic 

support substrates tend to lead to increased protein adsorption, and thus hydrophilic 

substrates can decrease biofouling of sensors. Additionally, QCM-D results of Lysozyme 

attachment indicate that the graphene support substrate can affect the kinetics of how the 

protein attaches to the surface. Thus, in sensors that attach a bioreceptor to graphene 

through adsorption, functionalization stability may be increased on certain substrates. 

Although currently overlooked, the graphene support substrate is an important parameter 

in sensor design that has a direct effect on the sensor-protein interaction.  



 

 

 

 

137 

CHAPTER 7.  SUMMARY AND FUTURE WORK 

7.1 Summary 

 Disease diagnosis, human health and performance monitoring, food safety, 

environmental monitoring, and drug development all require reliable biomarker sensing. 

Since the 1960s EIAs have dominated this space, but these assays generally require 

centralized laboratories and several-day timescales to complete. In contrast, label-free 

biosensing allows for faster and more flexible biomarker detection, due to the simpler 

direct detection of the biomolecule of interest. Additionally, label-free electrochemical 

sensors may be cost-effectively microfabricated and designed as portable point-of-care and 

field devices. Potentiometric sensors lend themselves to multiplexed, parallel sensing, and 

are easily integrated with other electronics. However, despite the promise of potentiometric 

sensors, and label-free sensing in general, device reliability is lacking and precludes 

successful commercialization. 

 One large source of potential variability in an affinity biosensor is the surface 

functional layer that interfaces the sensor with a biological sample. COOH-SAMs, a 

common method of surface functionalization, are generally adopted in biosensing literature 

without characterization. These surface layers, however, showed large NSA of proteins 

across a wide size range. The observed NSA is largely the result of defects in the COOH-

SAM that expose hydrophobic surfaces to solution. Best practices to minimize defects 

during COOH-SAM formation include careful cleaning of the Au surface and incubation 
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glassware, as well as incubation in a low concentration (20 M) ethanolic solution of thiol 

in inert atmosphere for 24 hours.  

 To further address the use of COOH-SAMs in biosensors, a preblocking procedure 

was developed. In general, blocking procedures improve the reliability of affinity 

biosensing by covering sites where the analytical solution may adsorb non-selectively to 

the sensor, diminishing the selectivity and accuracy of the device. Typically, blocking is 

completed after receptor functionalization (postblocking). While postblocking the sensor 

surface does increase the specificity of the sensor, the postblocker can interfere with the 

activity of the receptor protein, and additionally does not prevent against NSA of the 

receptor protein itself. Instead, preblocking offers a simple and easily implemented method 

of stabilizing the chip before covalent functionalization while preserving the activity of the 

sensing surface and the protein receptors. A protein orthogonal to the system of interest 

can be used to cover the hydrophobic NSA sites prior to amine functionalization, 

preventing NSA of the receptor and conserving its activity. Experimentally, the preblocked 

sensor showed increased receptor activity and decreased baseline drift when compared to 

the postblocked sensor. In addition to sensor accuracy, preblocking was also shown to 

improve sensor shelf life. A COOH-SAM stored in ambient conditions showed significant 

oxidation in as little as 1 day, and was unusable as a biosensor after 1 week. However, 

since oxidation begins at defect sites, preblocking served as a physical barrier for oxidation. 

Unlike an unblocked COOH-SAM, a gelatin-blocked COOH-SAM did not show 

measurable oxidation via XPS nor RD for 21 days. The blocked COOH-SAM was still a 
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reliable sensor after 1 week, and preblocking even outperformed storage in an inert N2 

environment. Together, the signal stabilization and oxidation protection provided by 

preblocking allows COOH-SAM-based sensors to be viable point-of-care devices.  

 In addition to COOH-SAM biosensors, graphene has attracted attention by the 

scientific community as a potential surface for affinity biosensors. Although a wide range 

of biosensor devices using graphene have been demonstrated, little attention has been given 

to the substrate used to support the graphene sensor. This work showed that the support 

substrate influences protein adsorption to graphene. Generally, there is little change 

between equilibrium protein adsorption to the underlying substrate once a monolayer of 

transferred graphene is added. As a result, hydrophobic support substrates tend to lead to 

increased protein adsorption, and thus hydrophilic substrates can decrease biofouling of 

sensors. Additionally, QCM-D results of Lysozyme attachment indicated that the graphene 

support substrate can affect the kinetics of how the protein attaches to the surface. Thus, in 

sensors that attach a bioreceptor to graphene through adsorption, functionalization stability 

may be increased on certain substrates. Although currently overlooked, the graphene 

support substrate is an important parameter in sensor design that has a direct effect on the 

sensor-protein interaction. 

 Regardless of the type of sensor surface utilized, some sources of drift and signal 

instability are universal to all potentiometric biosensors. In the appendices, sensor drift as 

the result of an unstable reference electrode or reused fluidics was presented. These results 

highlighted the importance of the entire sensing setup, not just the sensor itself, in the 
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development of a reliable sensor. Secondly, three methods used to confirm protein binding 

to a sensor surface were presented. Due to the lack of step-edges on an affinity biosensor, 

AFM is not easily implemented to confirm target binding. However, ellipsometry and XPS 

can be used to show attachment of both receptor and target to the sensor. Thirdly, a general 

model for biomolecule binding to planar and nanowire sensors under the effects of both 

diffusion and convection was developed. The model approximated experimental binding 

data under a wide variety of conditions with good accuracy. The model was used to draw 

comparisons between mass transport under planar and radial diffusion with flow and 

indicated that the increased mass transport to nanowires due to radial diffusion is negligible 

given enough flow. Under flow conditions in typical experiments, radial diffusion 

associated with nanowire sensors is inessential for fast mass transport.  

 Overall, the work presented in this thesis demonstrated important considerations 

for reliable control over sensor-solution interfaces used in affinity biosensors. This work 

provides a step towards the development of stable, accurate, and precise potentiometric 

biosensors.  

7.2 Future Work 

 While this work makes strides in understanding and controlling the protein-surface 

interactions necessary for affinity biosensing, there are still gaps in understanding. First of 

all, while protein interactions were studied with both COOH-SAMs and graphene, there 

are other sensor-relevant materials that should also be considered. These surfaces include 

SAMs with different terminal end groups, such as NTA for the selective binding of 
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Histidine tags,290-293 as well as mixed SAMs.147 Specifically, some reports indicate that the 

incorporation of PEG-SAM with COOH-SAM decreases NSA.71, 294 In addition to SAMs, 

electrodeposited layers such as o-aminobenzoic acid are used commonly in EIS sensors.31, 

295 For each of these surfaces, it should be determined if preblocking can further improve 

sensing reliability by decreasing NSA and stabilizing drift, as was shown for COOH-

SAMs.  

 For graphene, the support substrate was shown to affect protein interactions with 

the sensor surface. An obvious expansion of this work would include other 2D materials, 

particularly those, such as MoS2, that have been utilized in demonstrated biosensors.296 In 

addition to semiconducting 2D materials, it is fundamentally interesting to expand research 

into substrate effects to insulating materials, like hBN. For graphene specifically, the 

importance of the support substrate should be studied in devices that more closely resemble 

a final affinity biosensor. While many graphene-based sensors rely on the direct adsorption 

of the receptor to the graphene surface, others utilize defects in the graphene layer or a 

linker molecule for a more controlled functionalization procedure.201, 202, 205, 207, 212, 213 For 

instance, if PBASE is utilized to attach an antibody receptor to graphene via pi-stacking 

interactions, does the substrate still have an effect on the interaction?  

 Preblocking was demonstrated to improve the outlook of COOH-SAM-based 

sensors, both by improving signal reliability and protecting against oxidation. However, 

sensing utilizing preblocking was only demonstrated with SPR. It is useful to directly 
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demonstrate the applicability of the preblocking technique to other label-free sensing 

methods, such as potentiometric and EIS.  

 More generally, while the number of label-free affinity sensors showcased in 

literature increases daily, few truly portable devices have been demonstrated. The 

development and field testing of a portable label-free potentiometric sensor is needed to 

fully realize the potential of this sensing technology.  
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APPENDIX A.   CONSIDERATIONS FOR POTENTIOMETRIC 

BIOSENSING 

 APPENDIX A is dedicated to practical considerations for potentiometric 

biosensing, or more generally any developing label-free biosensing technology. Drift and 

noise in sensing output directly impact the precision and sensitivity of the platform.297, 298 

It is therefore critical in sensor design to maximize the signal-to-noise ratio by identifying 

sources of signal drift and unreliability. This appendix discusses drift due to reference 

electrodes, drift due to fluidics, multi-channel interference, and voltmeter input impedance. 

A.1 Methods  

 16-Mercaptoundecanoic acid [HS(CH2)15COOH] (99.9%), 1-Ethyl-3-(3-

dimethylaminopropyl) carbodiimide (EDC), N-Hydroxysuccinimide (NHS), ethanolamine 

(ETA), Phosphate Buffered Saline Pellets (PBS), Acetic Acid (AA), Anhydrous Ethanol, 

and Bovine Serum Albumin (BSA) were purchased from Sigma-Aldrich (St. Louis, MO). 

100 nm thick Gold surfaces were e-beam evaporated on a substrate consisting of 280 nm 

of SiO2 on silicon, and patterned via shadow mask. The gold surfaces were cleaned with 

acetone, methanol, and isopropanol rinses and dried with a N2 stream, followed by a two-

minute O2/Plasma treatment (200 mTorr, 50 W RF, 25 sccm O2). The substrates were then 

placed in 5 mM ethanolic solutions of thiol for 24 hours, sonicated for five minutes in fresh 

ethanol, and dried in a stream of N2.  
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 Potentiometric sensing setup is described in Figure A.1.32 Gold strips were 

individually functionalized and the surface potential was measured with respect to a flow-

through reference electrode (Ag/AgCl; Microelectrodes Inc.). The electrical measurements 

were performed using a semiconductor parameter analyzer (Keithley 4200-SCS and HP 

4145A). 

 

 
Figure A.1 – EGFET sensor layout and characterization. (a) Schematic of the 

potentiometric sensing device, consisting of two parts: a sensor for signal generation 

and a transducer for signal amplification and readout. (b) A typical transistor 

transfer curve showing that the drain current Id can be modulated by sweeping the 

voltage at the reference electrode Vref. The same curve is shown on linear scale (left 

axis) and semi-log scale (right axis). (c) Image of a disposable sensing chip. (d) 

sensor chip in contact with solution via PDMS wells and connected using a test clip 
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shown in to the gate of the transducer. Adapted with permission from A Tarasov, D 

W Gray, MY Tsai, N Shields, A Montrose, N Creedon, P Lovera, A O'Riordan, M H 

Mooney, and E M Vogel. A potentiometric biosensor for rapid on-site disease 

diagnostics Biosensors and Bioelectronics 2016, 79, 669-678. Copyright 2016 

Elsevier.  

A.2 Reference Electrode and Fluidic Tubing 

 Time-resolved measurements are useful in biosensing devices to detect the real-

time attachment kinetics of biomolecules to the sensor surface.63 In time-resolved 

potentiometric sensing, the gate voltage applied to the reference electrode is held constant 

while the drain current is monitored over time.299, 300 Control of baseline drift during this 

measurement is crucial to ensuring reliable and sensitive attachment results. Here, the 

reference electrode and fluidic tubing used for biosensing measurements are identified as 

significant contributors to baseline drift observed in PBS after amine functionalization of 

a COOH-SAM-based sensor with BSA (Figure A.2). Specifically, a reference electrode 

that is not allowed to acclimate to solution for one hour prior to sensing results in an 

increase in the observed drift. Additionally, re-use of fluidic tubing results in increased 

drift over time. The fluidic tubing drift is most likely due to biomolecules that have adhered 

to the interior tubing surfaces over time.301  



 

 

 

 

146 

 

Figure A.2 – Comparison of post-functionalization drift in PBS 

A.3 Multi-Channel Detection  

 Simultaneous detection of a sensor array is advantageous in many applications, 

where multiple sensors can provide a real-time reference,302 improve sensitivity by 

reporting an averaged response,303 or allow simultaneous detection of multiple targets.304 

Two important pitfalls of a multiplexed sensor scheme are discussed below.  

0.0E+00

5.0E-08

1.0E-07

1.5E-07

2.0E-07

2.5E-07

3.0E-07

0 500 1000 1500

C
u

rr
e

n
t 

(A
)

Time (s)

Old Dry/Old Fluidics

Old Soaked/Old Fluidics

Old Soaked/New Fluidics

New Dry/New Fluidics



 

 

 

 

147 

 

Figure A.3 – Multi-channel sensing interference a) schematic of 2-channel, 1-well 

sensing b) Measured voltage on CH1 with applied voltages on the reference and CH2 

 A 2-channel sensor is shown schematically in Figure A.3a. As shown in Figure 

A.3b, complex coupling occurs when channels share a liquid well, even when the voltage 

is only being measured on one sensor. When varying voltages are applied to the reference 

electrode and CH2, the observed voltage on CH1 is affected. Importantly, the effect is not 

as simple as a translation: the biases can change the shape of the voltage response. This 

result indicates that care to prevent coupling is required to measure multiple sensors 

connected by the same electrolyte solution, even if the sensors are measured serially.  

 

a) b)
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Figure A.4 – Multi-channel coupling from cables a) Schematic of multi-channel 

sensing b) Coupled response c) Schematic of coaxial and triaxial cables 

 Incorrect wiring can lead to signal coupling across sensors even when separate 

solution wells and reference electrodes are utilized. An example sensing setup is shown in 

Figure A.4a. When all three channels are measured simultaneously, there is coupling 

between all three sensors, despite the isolation of CH3 in a separate liquid well with a 
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separate reference electrode (Figure A.4b). In this case, triaxial to coaxial adaptors were to 

blame, where common adapters short the inner and outer shielding triaxial shielding 

(Figure A.4c). Completely isolated sensors, both in solution and via wiring, are necessary 

for simultaneous sensing.  

A.4 Direct Voltage Measurements 

 In most potentiometric sensing configurations, changes in the drain current or gate 

potential of a FET are monitored and reported as the sensing signal.305 Changes in the FET 

output are in response to surface potential changes due to a pH change or the binding of 

charged biomolecules.55 Therefore, the same sensing can be accomplished by directly 

monitoring the voltage of a sensor surface, without an intermediary FET. However, in 

practice, extremely high impedance is required. When a Keithley 4200 (input impedance 

>1013 ) is used for measurement, the expected pH-dependent non-zero voltage difference 

is observed between the reference electrode and sensor surface (Figure A.5a). However, 

when surface potential is measured with an HP 4145 or handheld voltmeter (input 

impedance > 106 ), no voltage difference between the reference electrode and sensor 

surface is detected (Figure A.5b). The charge transfer resistance of the sensor is large (~106 

),56 and therefore an even larger impedance is required to maintain a voltage for 

measurement. Since the input impedance of a commercial FET is very large (in our sensor 

setup, >1x1013 ), measurements through the FET are a cost-effective way to monitor the 

sensor potential (Table A.1).  
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Figure A.5 – Sensor surface voltage changes due to pH measured with high (a, Keithly 

4200) and low (b, HP 4245) input impedance instruments. Spikes in (b) due to pump 

noise.  

Table A.1 – Input impedance for selected transducers  

  

A.5 Conclusions 

 This appendix highlighted important sources of drift and sensor signal coupling for 

potentiometric biosensing. Sensor drift as the result of an unstable reference electrode or 

reused fluidics was presented. These results highlight the importance of the entire sensing 

setup, not just the sensor itself, in the development of a reliable sensor. Potential pitfalls 
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associated with multiplexed sensing and direct voltage measurements were also 

emphasized.  
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APPENDIX B.   METHODS TO CONFIRM SURFACE-PROTEIN 

ATTACHMENT 

 APPENDIX B is dedicated to methods that can independently confirm protein 

attachment to a label-free sensor. In the development of new label-free biosensing 

techniques, it is often helpful to confirm observed signal changes are due to the expected 

antigen binding. In this section, the benefits of three methods of independently confirming 

antigen binding on a sensor chip, AFM, Ellipsometry, and XPS, are discussed.  

 For all experiments, 100 nm thick Gold surfaces were e-beam evaporated on a 

substrate consisting of 280 nm of SiO2 on silicon. The gold surfaces were cleaned with 

acetone, methanol, and isopropanol rinses and dried with a N2 stream, followed by a two-

minute O2/Plasma treatment (200 mTorr, 50 W RF, 25 sccm O2). The substrates were then 

placed in ethanolic solutions of thiol in piranha-cleaned (3:1 96% H2SO4:H2O2) glass petri 

dishes. After 24 hours, the SAM-covered substrates were sonicated for five minutes in 

fresh ethanol, followed by drying in a stream of N2. N2 atmosphere was provided by a 

Labstar Pro glovebox (MBRAUN), with H2O and O2 both <1ppm.  

B.1 Atomic Force Microscopy 

 Atomic force microscopy (AFM) was performed using a Bruker Icon Scanning 

Probe Microscope (Billerica, MA) with AppNano (Mountain View, CA) SPM Si probes 

having a tip radius of <10 nm. COOH-SAMs were formed from 20 M ethanolic solutions. 
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 AFM images show slight changes in RMS roughness after COOH-SAM formation, 

preblocking, receptor functionalization, and antigen capture (Figure B.1). The increase in 

the RMS roughness after COOH-SAM formation compared to bare Au indicates an 

imperfect SAM surface due to defects reported in the literature.135, 153, 161, 162, 164, 165 The 

addition of pre-blocker appears to “smooth out” the surface roughness. However, other 

than minor changes in the observed roughness, there is not a clear distinction between the 

different samples. Most importantly, it would not be accurate to say that the AFM clearly 

indicates aBSA attachment to the surface between Figure B.1a and b. Since there is no 

clear step edge to differentiate the different protein layers, it is difficult to use AFM to 

confirm protein attachment to a sensor. 

 

Figure B.1 – AFM images of functional surfaces on 100 nm Au/SiO2 chips with inset 

RMS roughness (in white). a) 20 M COOH-SAM b) 20 M COOH-SAM/Gelatin 

Preblocking c) 20 m COOH-SAM/Gelatin Preblocking/aHp Functionalization d) 20 

M COOH-SAM/Gelatin Preblocking/aHp Functionalization/50 g/mL Hp 

B.2 Ellipsometry 

 A Woollam M2000 Ellipsometer was used for all measurements, and 

CompleateEASE software (J.A. Woollam, Lincoln, NE) was used for all spectra fitting. 

Software point selection was used to measure the same points on the sample before and 
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after protein solution incubation. CompleteEASE materials database provided Au substrate 

starting properties. Cauchy layers with a refractive index of 1.45 were used to approximate 

protein thickness.119, 306 COOH-SAMs were formed from 20 M ethanolic solutions. 

Figure B.2 shows protein layer thickness as measured by ellipsometry. Au surface 

with COOH-SAM was used as the baseline reference. After amine functionalization of 

BSA, a new surface layer with a thickness of approximately 2.9 nm was observed on the 

sensor. Subsequently, after a 1 hour incubation in 100 g/mL aBSA, the observed thickness 

increased to 4.7 nm. In this way, the binding of aBSA to the sensor can be confirmed.  

 

Figure B.2 – Protein layer thickness as measured by ellipsometry.  

B.3 X-Ray Photoelectron Spectroscopy 

 Measurements were conducted using a K-Alpha X-ray Photoelectron Spectrometer 

System (Thermo Scientific, Waltham, MA) with a monochromatic Al Kα source (KE = 

1486.6 eV), a 180o double focusing hemispherical analyzer, and a 128-channel detector. 

Spectra were acquired at a pass energy of 50 eV and a spot size of 400 m. Au 4f spectra 
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were fit with 2 peaks (spin-orbit splitting of 3.7 eV, 3:4 area ratio). N 1s spectra were fit 

with one peak. His-tag functionalization was utilized for HSA capture, with 1% HSA in 

PBS.290-293 NTA-SAMs were formed from 1 mM ethanolic solutions of 9:1 PEG-

thiol:NTA-Thiol. HS-C11EG3-NTA (NTA-thiol) and HS-C11-EG3OH (PEG-Thiol) were 

purchased from Prochimia Surfaces (Gdansk area, Poland). Human Serum Albumin (HSA) 

and antibody HSA (aHSA) were purchased from abcam (Cambridge, United Kingdom).  

 Since proteins are composed of approximately 16% N, the XPS N 1s signal can be 

used to estimate levels of protein adsorption. Step-wise detection of HSA and aHSA 

binding to the sensor surface via XPS is shown in Figure B.3. Initially, there is a small N 

1s signal observed for the NTA-SAM only, due to N in the NTA endgroup. After His-tag 

functionalization of the HSA, a significant increase in the N 1s signal is observed, 

corresponding to HSA protein on the sensor surface. Additionally, after 1 hour incubation 

of the HSA-functionalized sensor in 100 g/mL aHSA, an additional N signal increase is 

seen. Via the N signal increase, binding on the aHSA to the sensor chip can be confirmed.  
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Figure B.3 – N 1S peak intensity of NTA-SAM only, after HSA functionalization, and 

after aHSA attachment.  

B.4 Conclusions 

 This appendix discussed three methods used to confirm protein binding to a sensor 

surface. Due to the lack of step-edges on an affinity biosensor, AFM is not easily 

implemented to confirm target binding. However, both Ellipsometry and XPS can be used 

to show attachment of both receptor and target to the sensor. Ellipsometry, due to its speed 

and operation at atmospheric pressure, may be preferred over XPS.  
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APPENDIX C.   MASS TRANSPORT AND SENSOR GEOMETRYD 

 APPENDIX C presents a general model for mass transport to a sensor surface, 

allowing estimation of sensor response time. This work was completed in close 

collaboration with Decarle Jin, and my contribution to the work focused mainly on 

diffusion-limited mass transport and experimental validation of the model.  

 Mass transport to the sensor surface is a critical step in biosensing, often being the 

factor determining the limit of detection. Modelling transport of the analyte to a surface 

under convection and diffusion is a challenging task often requiring complex simulation. 

Herein, we provide a general model for mass transport to planar and nanowire biosensors 

under flow that is applicable over a wide range of variables. The model is then used to 

examine the importance of radial diffusion compared with planar diffusion under flow. 

Only under diffusive transport nanowires are found to have greatly reduced settling times 

compared with planar sensors due to radial diffusion. However, the presence of flow 

restricts the growth of the depletion region, resulting in comparable settling times between 

nanowires and planar sensors of the same size. Under flow conditions in typical 

experiments, radial diffusion associated with nanowire sensors is inessential for fast mass 

transport. Instead, the sensor length in the flow direction is the critical parameter as it limits 

D Adapted with permission from D Jin, E L Brightbill, and E M Vogel. General 

model for mass transport to planar and nanowire biosensor surfaces. Journal of 

Applied Physics 2019, 125, 114502. Copyright 2019 AIP Publishing. 
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the concentration drop that can occur as the analyte flows past the sensor. Decreasing the 

sensor length along the flow direction is found to greatly reduce settling times for both 

cases of planar and radial diffusion, even approaching the reaction limited case. Similarly, 

decreasing the channel height decreases the settling time due to restriction of the depletion 

region, but not as significantly as decreasing the sensor length.  

C.1 Theory 

C.1.1 Reaction 

 Reaction between analyte and receptors is modeled as a 1:1 binding interaction. 

The rate of conjugation between analyte and receptor is given by 

 𝑑𝑁

𝑑𝑡
= 𝑘𝑎(𝑁0 − 𝑁)𝜌𝑠 − 𝑘𝑑𝑁  Equation 16  

where N is the density of conjugated receptors, N0 is the density of receptors on the sensor 

surface, s
 is the surface concentration of analyte, and ka and kd are the association and 

dissociation rate constant of the analyte respectively. s is determined by the balance of 

mass transport toward the sensor surface and the rate of binding of the analyte to the sensor. 

The faster mass transport can occur, the higher s is and the faster the analyte can bind. If 

mass transport can deliver analyte much more quickly than binding can occur, then the 

binding rate is determined only by the association and dissociation constants of the analyte 

and the number of receptors available on the sensor surface. This is the reaction-limited 

case and represents the upper “speed limit” for how quickly binding can occur. Independent 
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of the rate of mass transport, the equilibrium density of bound receptors is given by 𝑁𝑒𝑞 =

𝑁0/(1 + 𝑘𝑎/𝑘𝑑𝜌0) where 0 is the bulk concentration of analyte. 

C.1.2 Diffusion 

 As analyte concentration adsorbs to the sensor surface, it depletes the concentration 

of analyte near the surface forming a depletion zone of length 𝛿𝑑 = √2𝑛𝐷𝑡, where n is the 

dimensionality of the sensor (n=1 for planar; n=2 for nanowire). This concentration 

gradient drives the diffusion of analyte towards the sensor surface. s is thus the result of 

competition between binding depleting the concentration of analyte and diffusion 

replenishing it. The rate of change of s can be described by Fick’s law of diffusion 

 dρ

dt
= 𝐷∇2𝜌  Equation 17  

where D is the diffusion coefficient of analyte in solution. Regardless of the shape or size 

of the sensor, the solution to Equation 17 at steady state is given by307 

 I = JAD = 𝐶𝐷(𝜌0 − 𝜌𝑠) Equation 18  

where I is the integrated flux, J is the incident flux, AD is the dimension dependent area of 

the sensor surface, 0 is the bulk concentration and CD is the diffusion equivalent 

capacitance. This solution assumes the sensor to be a perfect sink for analyte, i.e. kd = 0. 

Although no sensor is a perfect sink, this is a good approximation so long as ka ≫ 𝑘𝑑 , as 

is commonly true. The incident flux is balanced by the rate of conjugation of analyte to the 

sensor surface, giving J = dN/dt. Equation 16 and Equation 18 can then be solved 

simultaneously to give 
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 dN

dt
= −

𝑘𝑎𝜌0(𝑁0 − 𝑁) − 𝑘𝑑𝑁

1 +
𝑘𝑎(𝑁0 − 𝑁)

𝐶𝐷(𝑡)
𝐴𝐷

  
Equation 19  

where CD(t)/AD depends on the geometry of the sensor (Table C.1). In arriving at this result, 

we assumed quasi-steady state conditions as described by Alam and Nair.307 A similar 

assumption is made by Squires et al.308 and in the two-compartment model used in SPR.110 

In this assumption, the depletion zone evolves quasi-steadily as analyte is continuously 

captured. Therefore, the time-dependent response of the biosensor can be considered to be 

a perturbation of the steady-state solution given by Equation 18. This assumption is valid 

as long as the time scale for the binding flux to change appreciably is much greater than 

the time scale for the depletion zone to form,308 i.e. the depletion zone must form well 

before the sensor surface is saturated. Figure C.1a shows the comparison of our model to 

previously published numerical solutions307 of the purely diffusive case. The model fits 

very well in both the nanowire and planar case. 

Table C.1 – Dimension dependent parameters used in Equation 19 

 AD CD(t) 

Planar 1 𝐷

√2𝐷𝑡
 

Radial 2𝜋𝐿 2𝜋𝐷

log [
√4𝐷𝑡 + 𝐿

𝐿 ]
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Figure C.1 – (a) Comparison of the model (line) with numerical solutions from the 

literature (symbols) of the purely diffusive case.307 The inset shows example sensors 

with planar and radial geometry. (b) Channel geometry. (c) Comparison of the model 

(blue symbols) to COMSOL simulation data (lines) for the diffusion-convection case. 
308 The red triangles mark the conditions associated with the model validation 

provided in Figure C.2. 

C.1.3 Convection 

 In the purely diffusive case, as analyte is continuously adsorbed to the sensor 

surface, the depletion region will continuously grow while diffusive flux will likewise 

decrease. The effect of flow is to replenish the depleting analyte, effectively limiting the 

growth of the depletion region. The effect of convection on the binding rate is included by 

accounting for its effect on the growth of the depletion region. First, the influence of 

convection on the depletion region will be established. 

 In deriving the effects of convection, the fluid is modeled as flowing through a 

channel with dimensions given in Figure C.1b. Typically, the width of the channel Wc is 

much greater than its height H, thus the concentration can be assumed to be uniform across 

the channel (in the H direction) and the system can be treated as two-dimensional. Fluid 

flows through the channel with velocity 
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u =

6Q

Wc𝐻3
𝑧(𝐻 − 𝑧)  Equation 20  

which is assumed to be parabolic Poiseuille flow with rate Q. As can be seen, the effect of 

flow depends on many different dimensional parameters that may vary from system to 

system. In order to make meaningful comparisons, these systems are often described using 

dimensionless parameters. First, the Peclet number, PeH = 𝑄/𝐷𝑊𝑐, describes the 

competition between diffusion and convection. When PeH ≫ 1 convection dominates and 

molecules are swept past the sensor before they can diffuse very far towards the sensor. As 

a result, only analyte near the sensor surface can be collected, and the flow can be treated 

as a linear shear flow 𝑢 = 𝛾̇𝑧 at a height z above the sensor. The depletion width in this 

case is limited to 𝛿𝑓, the distance at which the time for molecules to diffuse towards the 

sensor (𝛿𝑓
2/𝐷) equals the amount of time it takes for them to be swept past the sensor 

(𝐿/𝛾̇𝛿𝑓) The depletion width is thus 

 
𝛿𝑓 =

𝐿

𝑃𝑒𝑠

1
3

 Equation 21  

where 𝑃𝑒𝑠 = 6 (
𝐿2

𝐻2) 𝑃𝑒𝐻 is the shear Peclet number. The incident flux through this 

depletion width can be estimated as 𝐽𝐷~
𝐷𝜌0

𝛿𝑓
𝑊𝑠𝐿. A dimensionless flux ℱ~𝐽𝐷/𝐷𝜌0𝑊𝑠 can 

also be defined. From this it is clear 

 
𝛿𝑓 =

𝐿

ℱ
 Equation 22  

The dimensionless flux ℱ has been determined empirically for high Pes
309

 and low Pes
310

.  
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ℱ(𝑃𝑒𝑠 ≫ 1) ≈ 0.81𝑃𝑒𝑠

1
3 + 0.71𝑃𝑒𝑠

−
1
6 − 0.2𝑃𝑒𝑠

−
1
3 … 

 

Equation 23  

 
ℱ(𝑃𝑒𝑠 ≪ 1) ≈ 𝜋 (ln (4/Pes

1
2) + 1.06)

−1

 Equation 24  

Turning to the case where PeH ≪ 1, convection does not dominate. Flow is no longer 

enough to limit the growth of the depletion region due to diffusion. Instead, the depletion 

region continues to grow and begins to extend laterally into the channel. In this low flow 

limit, all molecules that flow towards the sensor are collected such that the diffusive flux, 

JD = 0HWc/, equals the convective flux, Jc=Q0. The dimensionless flux ℱ in this case 

equals PeH and the depletion width can be defined as 

 
𝛿𝑐ℎ =

𝐿

𝑃𝑒𝐻
 Equation 25  

This factor describes the depletion width at the very low flow rates. An effective depletion 

width due to diffusion and convection can now be established 

 
𝛿𝑒𝑓𝑓 = (𝛿𝑑

−1 + (𝛿𝑓 + 𝛿𝑐ℎ)
−1

)
−1

 Equation 26  

where d is the depletion width of the purely diffusive case. In the first moments of binding, 

eff is determined by d until it approaches f at which point it plateaus. The addition of ch 

ensures ℱ approaches PeH at very low flow rates. 

 Figure C.1c shows the comparison of our model to COMSOL simulation data in 

the literature for a planar model in the diffusion-convection case.8 The model fits almost 

exactly with some deviation present at larger  values,  being the dimensionless parameter 
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equal to L/H. Although this comparison only considers the planar geometry, the concepts 

utilized to account for convection are also applicable to nanowire sensors, and the 

differences in mass transport to planar and nanowire sensors are assumed to be related to 

only the differences in diffusive transport.  

C.1.4 Model Evaluation 

 We confirm the validity of the model using simulations and experimental data from 

literature. Figure C.2a shows our model compared to literature data of reaction limited 

binding of myoglobin in SPR.311 In a reaction-limited regime, diffusion and convection are 

negligible and the binding curve should closely match a simple 1:1 Langmuir binding 

model. Under conditions without mass transport limitations, our model imitates a 1:1 

Langmuir binding model exactly. The model replicates the data very well at all 

concentrations with some minor deviation at early times. This deviation is due to 

divergence of the experimental data from ideal 1:1 binding at the initial stages of the 

experiment Figure C.2b shows a comparison of our model to simulations of binding in a 

transport limited regime.110 The model replicates the response exactly at low 

concentrations, but slightly overestimates the response at increasing concentrations. Figure 

C.2c and d show a comparison to a simulation of binding at different flow rates with two 

different binding site densities.312 Increasing the number of available binding sites 

increases the transport limitations present. In the case of low number of binding sites, the 

model replicates the response almost exactly. With a higher number of binding sites, the 

binding becomes more mass transport limited, and the model overestimates the binding 
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response slightly. However, the effect of changing flow rates is reproduced quite well. 

Figure C.2e shows a comparison of the model to experimental data examining the effect of 

flow rate on binding. In this case, the diffusivity of the GST-Lcyt-YF protein is unknown. 

D0=5.59x10-7 cm2/s was chosen as a good fit to the data. With this diffusivity, the model 

replicates the data very well. Using the procedure reported by Young et al.313 to estimate 

diffusivity from molecular weight, an estimate of 7.2x10-7 cm2/s is obtained. Given the 

±20% error reported by Young when compared to experimental data, our fit diffusivity is 

reasonable.  

 

Figure C.2 – Comparison of model to data from literature. (a) SPR data of binding of 

myoglobin.311 (b) Data from simulations of binding of a model protein in a transport 

limited regime.110 (c-d)Data from simulations of binding of a model at different flow 

rates with N0 = 8.6x1010 cm-2 and N0 = 8.6x1011 cm-2. 312 (e) Experimental SPR data of 

binding of fusion protein GST-Lcyt-YF at different flow rates.312 

C.2 Model Results and Discussion 
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 The model developed here enables simple simulation of a realistic binding response 

to planar and nanowire sensors over a wide range of flow rates and channel geometries. 

From modeled binding curves (Figure C.3a), relevant benchmarking metrics can be 

calculated, such as settling time at different concentrations. To demonstrate the usefulness 

of this model, settling time is used as a metric to compare the effects of radial diffusion 

with and without flow. To isolate this effect, all dimensions of the sensors and channels 

will be kept identical. The nanowire diameter will be the same as the length of the planar 

sensor. Settling time is defined here as the time required to bind a certain threshold number 

of molecules [N(τs) = Neq(1-e−1)]. The advantage of defining settling time in this manner is 

that it allows us to make consistent, meaningful comparisons over many concentration 

ranges. If, instead, a static threshold value was chosen, the results may change depending 

on where along the binding curve this threshold value appears. τs defined in this situation 

plateaus to a constant value at low concentration which is determined solely by kd, as seen 

in Figure C.3b. This constant value of τs will be the metric for comparison of radial vs 

planar diffusion. The reaction limited case will also be presented as a “speed limit” to mark 

when mass transport has no further effect. 
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Figure C.3 – Modeling (a) a transient binding curve and (b) settling time at different 

concentrations to a microplanar and nanowire sensor. L = 50 um (planar), 50 nm 

(radial), Q = 10 ul/min, N0 = 2*1012 cm-3, ka = 106 M-1s-1, kd=10-3 s-1, c= 10 fM, D=10-7 

cm2/s, H = 100 um, Wc = 200 um 

C.2.1 Effect of sensor length (radius) on settling time 

 Figure C.4a and b show the effect of changing sensor length on the settling time at 

moderate (PeH = 1) and high (PeH = 100) flows. Considering first the purely diffusive case, 

the radial diffusion model has a greatly reduced settling time which decreases with the 

sensor length in comparison with the planar diffusion model similar to the results by Nair 

and Alam.307 It should be noted that the planar diffusion model is valid until the depletion 

region becomes comparable to the length of the sensor. This begins to occur at time L2/D 
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in the purely diffusive case,308 after which the depletion region begins to grow radially. At 

the flow rates investigated here, the depletion region does not grow significantly enough 

to display radial diffusion, so the effects of radial diffusion do not need to be considered. 

In the purely diffusive case, the depletion region can grow significantly to the point where 

radial diffusion becomes significant. The planar diffusion model used here does not 

account for radial diffusion and most likely overestimates the settling time. However, the 

focus here is comparing the effects of radial diffusion under flow. 

 
Figure C.4 – (a) and (b) Effect of the sensor length (radius) on the settling time at two 

different flow rates. (c) and (d) Effect of the flow rate on the settling time at two 

different sensor sizes. (e) and (f) Effect of the channel height on the settling time at 

two different flow rates. 

 When moderate flow rates are included, the settling time of the planar diffusion 

model drops dramatically, becoming comparable to the radial diffusion model. In contrast, 
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the radial diffusion model does not see as much enhancement from flow and the relative 

enhancement decreases with decreasing sensor size in agreement with the theoretical 

calculations by Sheehan and Whitman314 for nanobiosensors. Increasing the flow rate even 

further decreases the settling times in both cases, and the planar diffusion model replicates 

the radial diffusion model, demonstrating that the enhancement of radial diffusion is 

negligible under enough flow. 

 The decrease in the settling time due to radial diffusion can be understood by 

considering the growth of the depletion region due to an increase in depletion width of a 

planar versus a nanowire sensor. The depletion region can be thought of as the region from 

which analyte can be captured. Increasing the size of this region increases the effective 

capture area of the sensor. However, increasing the size of the depletion region also 

increases how far the nearest capturable analyte must travel to reach the sensor. This is the 

reason diffusion slowdown is observed. For sensors with radial diffusion, the increase in 

depletion region with depletion width is greater than that for planar sensors. In other words, 

the relative area from which a nanowire sensor can capture the analyte is greater than a 

planar sensor at the same depletion widths. The sensor response for cylindrical sensors 

scales with ∼t, while planar sensors scale with ∼t1/2.315 The effect of flow is to compress 

the depletion region due to a constant influx of the analyte towards the sensor. Flow has a 

greater effect on the planar diffusion model because it depletes the solution more rapidly 

in one dimension, i.e., CD/AD decreases with time more rapidly. Conversely, the radial 
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diffusion model does not deplete the solution as rapidly so the constant influx of the analyte 

that flow provides has less of an effect. 

 In both models, the settling time decreases with the sensor size, eventually 

approaching the reaction limited regime. As the analyte flows past a sensor, it is more likely 

to first adsorb on the part of the sensor closest to the source. Subsequently, the parts of the 

sensor further downstream see a lower effective concentration of the analyte. Decreasing 

the sensor length (along the flow direction) limits the length that this concentration drop 

can occur and therefore decreases the settling time. These results suggest that, under flow, 

nanowires will have much lower settling times than purely due to their smaller dimensions. 

However, this is on a per area basis. Although a smaller sensor reaches a certain #/area of 

bound molecules more rapidly, a larger sensor has a larger area to capture the analyte. 

C.2.2 Effect of flow rate on settling time 

 Figure C.4c,d shows the effect of the changing flow rate on settling time at two 

different sensor lengths. In contrast to Figure C.4a,b where the sensor size was varied at 

two different, static flow rates, the effect of radial diffusion does not change within each 

individual plot. Similar to changing the sensor radius, increasing the flow rate decreases 

the settling time for both the planar diffusion and the radial diffusion models, with the 

planar model benefitting much more from flow. Under moderate flow rates, both models 

become identical regardless of the sensor size. For the 10 μm sensor, moderate flow rates 

are needed to see a significant decrease in the settling time for the radial diffusion model, 

while the planar diffusion model benefits greatly from even minute amounts of flow. As 
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previously mentioned, the planar diffusion model most likely overestimates the settling 

time at very low flow rates (below ∼0.3 PeH in these conditions). Neither model approaches 

the reaction limited regime with even very large flow rates. In contrast, with a 10 nm 

sensor, the radial diffusion model approaches the reaction limited regime without flow, and 

the planar diffusion model needs minimal flow to reach the reaction limited regime, further 

demonstrating the significance of sensor size. These results further demonstrate that 

enhancement of radial diffusion becomes negligible under flow. This suggests that 

nanoribbon sensors should possess comparable performance to nanowire sensors under 

flow, from a mass transport perspective. However, nanoribbon sensors can provide 

advantages in terms of ease of fabrication. 

C.2.3 Effect of changing channel height on settling time 

 Figure C.4d,e shows the effects of changing the channel height on the settling time 

at two different flow rates, while holding sensor dimensions constant. Changing the 

channel height at a constant sensor length and flow lets us examine the effect of changing 

Pes at a constant PeH. In other words, changing the channel height under these conditions 

limits the growth of the depletion region, while the characteristics of the flow with respect 

to the channel do not change. The effect of channel height in the purely diffusive case is 

not being considered here. At moderate flows, decreasing the channel height has a limited 

effect on the settling time, reducing the settling time by less than an order of magnitude 

over four orders of magnitude of change in height. The effect is much more pronounced at 

high flow rates, with the settling time approaching the reaction limited limit at low heights. 
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At both flow rates considered here, the planar diffusion model is comparable to the radial 

diffusion model. 

 In the case where Pes<<1, the depletion width is larger than the sensor and δf scales 

with Pes
-1/2. As the height is lowered, the depletion width becomes increasingly smaller, 

and the flow that the sensor response becomes less parabolic and more linear. For the case 

where Pes>>1, the depletion width becomes comparable with the sensor size and δf scales 

with Pes
-1/3. When this transition point is reached, the effect of the channel height on the 

settling time increases noticeably. The overall effect is more pronounced at higher flows 

because the effect of height on PeS is larger at higher flows. From these results, it seems 

that the reaction limited regime can be reached by simply reducing the channel height 

regardless of whether radial or planar diffusion is considered. However, decreasing the 

height to the micrometer scale causes the pressure developed within the channel, at the 

flow rates used here, to reach extreme values beyond realistic working conditions. 

C.3 Conclusions   

 In this appendix, a general model for binding to planar and nanowire sensors under 

the effects of both diffusion and convection was developed. The model approximated 

experimental binding data under a wide variety of conditions quite well. The model was 

used to draw comparisons between mass transport under planar and radial diffusion with 

flow and it was found that the increased mass transport to nanowires due to radial diffusion 

is negligible given enough flow. Moderate flow rates greatly reduced the settling time of 

planar sensors, whereas nanowire sensors, already possessing rapid mass transport from 
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radial diffusion, did not benefit as significantly. However, decreasing the sensor size under 

flow was found to greatly reduce settling times. 10 nm sensors were able to reach the 

reaction limited regime regardless of the type of diffusion, whereas 10 μm sensors could 

not under the flow rates used here. Under flow conditions in typical experiments, radial 

diffusion associated with nanowire sensors is inessential for fast mass transport. Instead, 

the small sensor length in the flow direction limits the concentration drop that can occur as 

the analyte flows past the sensor. Similarly, decreasing the channel height decreases the 

settling time, but to a lesser extent. Although both planar and radial diffusion models were 

shown to be able to reach the reaction limited regime, this regime may still require 

incubation time on the order of hours to detect an appreciable response depending on the 

required number of molecules for detection and diffusion coefficient of the analyte. To 

further improve the limit of detection of biosensors, it is critical to reduce the number of 

molecules required for detection or investigate strategies involving increasing ka, e.g., 

through electrostatic attraction.316 The former may be where nanobiosensors prove to be 

beneficial.317, 318  
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