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Abstract 
In the wake of the SARS-CoV-2 pandemic, the need for rapid and highly sensitive pathogen testing 

became apparent. The use of lateral flow and PCR-based assays were limited by sensitivity and 

time, respectively. Biosensors with an electronic transduction element provide a way to address 

the needs of rapid detection arising from the pandemic and can be applied to various industries 

and fields of biomedical sciences. In this thesis, I address some of the key limitations in detecting 

SARS-CoV-2 using field effect transistor technology, while exploring key conditions to enhance 

biomolecular detection and build a platform for multiplexed detection of target analytes in a highly 

sensitive fashion. Through collaboration with investigators at the NYU Tandon School of 

Engineering, we designed and fabricated a graphene field effect transistor (GFET) platform for 

broad pathogen detection and demonstrate its ability to detect live SARS-CoV-2 viral particles, as 

well as spike protein. By implementing thermochemical scanning probe lithography, we 

conjugated multiple probe types and tested their performance, including antibodies, aptamers and 

peptides. Through systematic testing, we evaluated the probe length and ionic strength of the 

testing matrix as key determinants of the theoretical sensitivity, as they affect a critical factor: the 

Debye length (detection distance from the surface of the FET). In addition to viral detection, we 

engineered a novel probe for bacterial detection, which exploits the ability of bacteria to cleave 

specific DNA sequences using highly conserved enzymes (restriction endonucleases). For proof 

of concept, we tested our probe using a commonly exploited restriction enzyme, EcoRI, and 

demonstrate viability with a clinically relevant, pathogenic strain of Neisseria gonorrhea. These 

DNA-based probes exhibit regenerative capabilities and are highly customizable to different 

pathogens and detection modalities. Together, this work highlights progress in the effort for 
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increased efficiency in pathogen detection using biosensors; both structurally and through 

designing a new class of molecular probes. 
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Chapter 1: Introduction 

1.1 Biosensors can advance diagnostic testing 

Biosensors are at the forefront of interdisciplinary research and have applications across an 

extensive range of fields (Figure 1-1)1–5. For instance, they can be used to monitor health and 

pathologies, detect the presence of pollutants and toxic substances in various matrices (such as 

food and water), and for biodefense applications6.Within any given field, there is an inherent need 

for devices that can detect a specific target with high sensitivity and specificity7. The 

manufacturing of these devices should be scalable while retaining stability of the biosensors. 

Ideally, they are also user-friendly and reusable, thus economical and environmentally friendly8,9. 

Manipulating the different core components of a biosensor and how they interact with each other 

is key to solving these problems1.  

 

Figure 1 - 1:  Areas of application for biosensors. 
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Biosensor components 

Biosensors can be broken down into three critical components that determine their efficacy: (1) 

the analyte to be measured; (2) the bioreceptor element that recognizes the analyte; and (3) the 

transducing element that transmits the signal from the recognition event to the electronics and 

display (Figure 1-2). Analytes can include ions, small molecules, proteins, nucleic acids, other 

macromolecules, and even whole cells10. These analytes are recognized by bioreceptors (or probes) 

that are commonly antibodies and nucleic acids. Alternatively, some biosensors use small peptides, 

enzymes, polymers, and low-dimensional materials11–13. The transducing element is fundamental 

to signal formation and determine the classification of a given biosensor. These can include 

electrochemical, optical, thermal, piezoelectric, electronic and gravimetric transducers14. 

 

Figure 1 - 2: Schematic of biosensor components.1 

SARS-CoV-2 outbreak and testing 

The SARS-CoV-2 pandemic further stressed the need for quality detection of a specific target 

within the medical field. Over 700 million cases worldwide and 100 million cases within the US 

were confirmed. Furthermore, over 7 million deaths worldwide and 1 million within the US have 
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been counted. (CDC, n.d.) One meta-analysis estimated that ~25% of all of the cases were 

transmitted by asymptomatic carriers15. Rapid tests that were used during the height of spread were 

limited in sensitivity and design, while most PCR-based tests required transport to a central clinical 

laboratory, with results within hours to days from collection and reports of up to 10 days in some 

areas16–18. The flaws in the implementation and characteristics of the testing methods used were 

apparent when considering the total populations affected and the number of asymptomatic carriers 

that went untested and undiagnosed19,20. Altogether, this highlights the need for high quality 

biosensors that would have been able to aid in testing efforts. One solution for this is electronic 

biosensors, which can achieve markedly faster detection, high sensitivity, reusability, and 

tunability for multiplex detection and portability21. 

1.2 Field effect transistors enable development of multiplexed detection 

devices 

Field effect transistors (FETs) are a type of transistor that uses an electrical field to amplify weak 

signals, and as such, they provide a platform to create devices with the necessary characteristics to 

improve upon the current standard of detection in diagnostics. They are intrinsically capable of 

remarkable sensitivity and speed of detection due to the use of electrical current as a mode of 

transduction. They are label-free, excessively small and can be made into portable or multiplexed 

devices22–24. The basic setup of a field effect transistor includes a source and drain electrode, 

separated by a channel, typically a semiconductor (Figure 1-3)25. A gate electrode affects the 

conductance through the channel. By varying the gate voltage or applying static voltage, the flow 

of electrons from the source to drain will change and this change in current is measurable readout 

of a FET through a device.   
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Figure 1 - 3: Schematic of a field effect transistor and its basic components. 

Graphene field effect transistors (GFETs) provide a host of attributes that are enticing for 

biomolecular detection26–29. Their architecture typically includes a graphene layer as a part of the 

transducing element, where the graphene acts as the semiconductor channel between the source 

and drain electrode. The electron transport characteristics of graphene allow for a highly 

conductive surface with tunable properties for conjugation, sensitivity, and signal 

transduction1.Forming graphene oxide or reduced graphene oxide provides alternate methods of 

bioconjugation for probes that range from single strands of DNA to enzymes and antibodies30. 

Although graphene has been used in literature to fabricate FET biosensors, some specifically to 

target coronavirus, there are no commercial examples to date of multiplexed transistors with 

unique probes for different target analytes on the same device31–34. This technology can serve as a 

platform for pathogen detection, electrophysiology, immunoassays, small molecule monitoring 

and wearable sensors; all with the potential for multiplexed detection with precise integration of 

each device component31,35–44. 

1.2.1 tSPL enables precise bioconjugation of probes 

Thermochemical scanning probe lithography (tSPL) is a method that can be used to selectively 

pattern a device with different probes for multiplexed detection (Figure 1-4)45–49. An atomic force 
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microscope (AFM) is set up with a cantilever that can be resistively heated as the tip scans across 

the sample50. By controlling several parameters including: (1) the space where the tip comes in 

contact with the surface; (2) the time in which the tip contacts and applies heat to the surface; and 

(3) the temperature of the tip, there can be exceptional control of the surface chemistry on the 

device51. This technique utilizes polymers that can undergo thermochemical changes and 

incorporates them as layers of biosensor devices for precise bioconjugation. One example of this 

is polymethacrylate-carbamate-cinnamate copolymer (PMCC), which, when locally heated using 

tSPL, can form primary amines52. The primary amine is formed from deprotection of the carbamate 

group of PMCC after contact from the heated tip (Figure 1-5)45. Primary amines are useful in a 

variety of bioconjugation, most notably through the formation of an amide bond with NHS esters53–

55. Figure 1-6 shows a fluorescent image (b) of PMCC after tSPL deprotection of amine groups at 

different temperatures (a, AFM topography of each patterned square of varying temperatures). The 

amine groups are then incubated with an NHS-ester fluorescent dye, and as seen the patterned 

squares fluoresce from attachment through this bioconjugation method.  

 

Figure 1 - 4: Overview of tSPL. a:Electronics and feedback detector control the scanning of the AFM tip across the sample and the 

heating of the tip. b:The AFM cantilever, seen with the heated tip from an applied voltage. 
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Figure 1 - 5: Using tSPL to expose amines of PMCC. After contact with the heated tip, pristine polymer (a) is patterned with 

exposed amine groups (b). 

 

Figure 1 - 6: (a) AFM topogrophy of PMCC patterned with tSPL at different temperatures and (b) corresponding fluorescence 

microscopy after incubation with NHS-Alexa 488. 

1.2.2 Debye length determines the sensitivity of a biosensor 

An important parameter to consider when fabricating a device for biomolecular detection is the 

theoretical Debye length. This distance is a function of potential decay where charge screening 

determines the maximum distance that a sensing event can be transduced (Figure 1-7a). Charge 

screening is seen from the electric double layer formed from ions in solution that “attenuate” the 

electronic biosensor’s signal56,57. Under normal biological conditions, the Debye length is shorter 

than 1 nm due to the ionic strength of the solution (Figure 1-7b). This poses a challenge for 
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developing effective sensors because typical probes are multiple nanometers in length at a 

minimum (aptamers) or over 10 nm if an antibody is used58. Using larger probes increases the 

distance from the surface to the binding event making it difficult to overcome the charge screening 

effect of the matrix, thus limiting signal transduction. Some methods that can circumvent this 

problem include: (1) using media with lower ionic strength; (2) choosing small molecular probes; 

(3) and optimizing the three-dimensional architecture of the device57,59. 

 

Figure 1 - 7: (a) Schematic depicting the Debye length and (b) its relationship with ionic strength.57,60 

1.3 Studying different probe types 

Antibodies provide remarkable sensitivity to their target and can detect antigens at attomolar (10-

15 M) ranges with high specificity. The primary drawback to antibody-based biosensing is that 

whole antibodies are at least 10nm in length and a significant distance from the sensor surface (a 

comparison of common probes can be seen in Figure 1-8). Additionally, the orientation of 

conjugation can pose a challenge depending on the method used; primary amines exist in all 

directions on the surface and are the site of conjugation themselves or the site where biotin is 

commonly conjugated to as an intermediate61–64. Aptamers and short peptide chains provide a 
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possible solution to overcome the size limitation of antibodies, even if not sub-nanometer in length 

themselves. Aptamers are single-stranded oligonucleotides that fold into higher order 

conformations and can bind to target molecules with high affinity and specificity65,66. These single 

strands are typically in the 20-60 nucleotide range and can extend into the low hundreds of 

nucleotides. The size and stability of aptamers make them ideal as probes for biosensing67,68. Not 

only are aptamers shorter in height from the surface, which helps overcome a Debye length 

limitation, they are also smaller than antibodies in the other two dimensions which allows for a 

more highly dense array across a sensing platform69. A host of aptamers, derived from SELEX 

using SARS-CoV-2 spike protein, have been reported with affinities to the spike protein in the 

nanomolar range70. Peptide chains can also be used as a biosensing probe in trying to improve 

upon the size of an antibody71–74. A recent example from literature shows a peptide chain, which 

is part of the human ACE2 receptor, that can bind to the SARS-CoV-2 spike protein75. This 23 

amino acid sequence can be modified with linkers and spacers in order to conjugate it to a sensing 

platform. A potential advantage of this type of peptide probe is the continued detection of new 

strains that result from antigenic drift, as seen during the recent COVID-19 pandemic76. Given that 

SARS-CoV-2 requires binding to the ACE2 receptor on the epithelium of human tissue to gain 

entry and infect its host, the specificity of the biosensor would be maintained for the detection of 

infectious virus irrespective of the emergence of new variants. 
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Figure 1 - 8: Relative probe size of common biosensor probes: antibodies, antibody fragments, peptides, and aptamers. 

 

1.3.1 Surface plasmon resonance spectroscopy (SPR) 

Surface plasmon resonance spectroscopy (SPR) is a highly sensitive technique that probes a unique 

optoelectronic property of metals. For these studies, it was crucial for validating probe binding. 

SPR can be used as a tool for analyzing biomolecular interactions, eliciting information about the 

binding affinities or kinetics77–82. This technology also can act as a component of a biosensor itself 

and has been shown as a way of detecting SARS-CoV-283–85. Gold and other metals can generate 

plasmonic waves upon particular stimulation conditions. Incident light on a metal surface causes 

an oscillation of electrons in the conducting band and at a specific angle the resonance of these 

waves causes a drop in the reflected light as seen by a detector (Figure 1-9a). If there are any 

changes to the refractive index of the interface between the gold surface and liquid medium, an 

example being an analyte binding to a surface ligand, then the SPR angle shifts. This angle shift is 

represented as refractive index units86–89. Sensorgrams show refractive index units (RIU) as a 

function of time and an example can be seen in Figure 1-9b. Typically, multiple concentrations of 
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an analyte are flowed through the instrument to assess the binding with the conjugated ligand. 

From the sensorgram a binding affinity (KD) can be obtained from the association and dissociation 

rates (ka and kd respectively)90–93.  
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1.4 Utilizing biosensors to detect bacterial species 

Beyond viral disease-causing vectors, the risk of bacterial diseases has seen a rise in recent times, 

warranting investigations into fast and accurate bacterial pathogen detection. This entails the need 

Figure 1 - 9: (a) Schematic of Surface Plasmon Resonance Spectroscopy (SPR) and (b) Schematic of a sensorgram, the 

data output SPR. 

a 

b 
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for the identification of biomarkers specific to bacterial strains94–96. A crucial factor in developing 

diagnostic tools is portability. Cost, stability, and reusability each contribute to this; in particular 

for low-resource settings. In locations where laboratory infrastructure is scarce, point-of-care 

methods become critical to reducing morbidity and mortality97–99. Biosensor regeneration can 

lower the cost of testing, increase usage or reusability in low-resource areas, and aid in the push 

for sustainable diagnostics. Common methods of regeneration include chemical, optical, thermal, 

electromagnetic, and re-functionalization100–102. 

E. coli and N. gonorrhoeae 

Two bacteria of interest in designing a new biosensor probe are Escherichia coli and Neisseria 

gonorrhoeae; strains of each can cause severe disease states in humans and are public health 

concerns. E. coli can cause food and waterborne illnesses in humans103,104. The O157:H7 strain 

produces Shiga-toxin, hospitalizes 47% of those infected in the US, and accounts for 20% of 

worldwide foodborne illnesses105. E. coli infections burden the healthcare system of the United 

States on the scale of billions of dollars and subsets of septic patients alone are a subset of over 

one hundred million dollars annually106,107. For N. gonorrhoeae, a study of 15-39 year olds in the 

United States during 2018 suggests a prevalence of 209,000 and an incidence of 1.47 million 

infections 108. Bacteremia and pelvic inflammatory disease (which can lead to infertility) are two 

severe manifestations of a gonococcal infection, both seeing a rise in recent years as antibiotic-

resistant strains have become more prevalent109. Gonorrheal infections also burden the United 

States healthcare billions of dollars annually and a CDC study of common sexually transmitted 

infections showed a healthcare system cost of $16 billion total110–112. 
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Restriction enzymes as biomarkers 

Restriction enzymes that organisms possess to defend against foreign genetic materials are a 

unique biomarker that could be exploited113. There are four types of restriction enzymes, each with 

their own subtypes, that are classified based on cleavage site, sequence specificity, composition 

and requirement of cofactors114–116. Type II restriction enzymes are some of the most used in 

molecular biology, in part due to their ability to digest DNA without the need for ATP. Type II 

restriction enzymes additionally exhibit cleavage characteristics that are more advantageous than 

the other three types; they cleave DNA within the restriction site or the surrounding base pairs117. 

E. coli and N. gonorrhoeae both express a type II restriction enzyme. E. coli expresses EcoRI with 

the restriction sequence (5’ G’AATTC 3’) and N. gonorrhoeae expresses NgoMIV with the 

restriction sequence (5’ G’CCGGC 3’)118–120. 

The current state of E. coli testing includes colorimetric analysis, PCR, electrochemical detection, 

immunoassays, optical and optoelectronic methods121–126. Restriction enzymes have shown utility 

in biosensing in conjunction with aptamers and as a way of determining the sensitivity of novel 

biosensing platforms127–130. Reports of restriction enzyme activities have been described in 

conjunction with biosensors; however, they’ve not been reported as a diagnostic tool for pathogen 

detection.  

1.5  Specific Aims 

 

1. Develop a graphene field effect transistor biosensor for viral detection 

a. Assess probe affinities using surface plasmon resonance spectroscopy 

b. Improve the transistor sensitivity by overcoming the Debye length limitation  
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c. Explore tSPL bioconjugation for selected probes to a GFET biosensor and detect 

SARS-CoV-2  

2. Design and validate molecular probes for the detection of bacteria using biosensors 

a. Design dsDNA probes for bacterial detection 

b. Validate the sensitivity and specificity of each probe 

i. Duplexed REProbe 

ii. Hairpin REProbe 

c. Apply the technology and explore clinical functionality 
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Chapter 2: Identification and optimization of bioreceptors 

for spatially selective conjugation to develop multiplexed 

field effect transistor biosensors 

2.1 Introduction 

There is a significant gap in diagnostic medicine that can be addressed with advanced biosensors 

that incorporate FETs where sensitivity and rapid readout can be achieved. Within recent years, 

graphene functionalized FETs have become increasingly utilized in medical research. These 

devices provide robust sensitivity and low detection limit27,132–135. A major challenge for the 

application of these sensors is the lack of site-specific conjugation of bioreceptors, which impedes 

the miniaturization and multiplexed architecture39–42. To address this, we propose using tSPL 

patterning on GFETs for bioconjugation of selected probes, allowing for nanoscale bioconjugation 

in a selective manner with the capability to multiplex. 

A critical factor for FET biosensor performance is the Debye length. For a given system, the 

maximum detection distance from the sensor surface to the target plane is an inverse function of 

the ionic strength of the analyte solution. Modifying the buffer system with a lower ionic strength 

has been shown to increase the detection sensitivity and Debye length135–137. Additionally, reducing 

the probe size from a full antibody (over 10nm) to an aptamer, peptide, or fragmented antibody 

(typically 1-6nm range) can increase the sensitivity of the device139–143. One device showed a 

difference in sensitivity of 12fM and 12aM when switching from a 10nm antibody to a 4nm 

aptamer for the same target protein139. To circumvent the charge screening effects that limit the 

Debye length, we focused on two strategies: (1) decreasing probe length either using smaller 

probes or modifying the conjugation method to have fewer intermediary linkers, (2) lowering the 

ionic strength of the buffer used for detection without sacrificing probe-target binding.  
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This chapter describes a survey, analysis, and modification of probes and their subsequent use on 

a GFET biosensor for SARS-CoV-2. A series of antibodies, aptamers, and peptides were screened 

against the SARS-CoV-2 spike protein in various media. SPR was used to study the binding 

affinity of each probe in different environments. Using tSPL these probes were conjugated to 

PMCC coated Si, replicating attachment to the proposed GFET. Lastly, we show successful 

detection of inactive SARS-CoV-2 particles on a fully fabricated device. The culmination of this 

collaborative work is published in Nanoscale and inserted as Appendix B 144.. 

2.2 Results and Discussion 

2.2.1 Antibodies and aptamers enable specific detection of SARS-CoV-2 

To determine the ideal probe for GFET devices, we tested several unique probes that varied in 

length, binding affinity, and structure. Literature search revealed four antibodies and three 

aptamers that demonstrated high specificity and sensitivity to the SARS-CoV-2 spike protein 

receptor binding domain (RBD) (Table 1). We obtained purified, recombinant, full-length spike 

protein and RBD protein to screen the different probes to be used for a GFET biosensor. To confirm 

their binding affinities, we measured each probe using SPR (Table 2). We tested the different 

probes using the purified spike proteins dissolved in PBS, followed by cell media (Each 

sensorgram shown is representative of 2-4 separate experiments and anywhere from 3-6 different 

analyte concentrations). We then tested antigens from other species against the antibody of interest 

to confirm specificity. Lastly, we tested inactive and live SARS-CoV-2 (SC2) particles on each of 

the probes. Together, these experiments confirmed the binding properties of each probe and their 

potential for use on the GFET. Table 2 includes the results of these experiments, including the KD 

of the probe-target interaction in each condition. Of the four antibodies and three aptamers that 
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were screened, we identified the most robust reagents: (1) a recombinant antibody against the RBD 

of SARS-CoV-2 (Ab1) and (2) a neutralizing aptamer against the SARS-CoV-2 RBD (Apt3). 

Table 1: Antibodies and aptamers screened for SC2 binding. 

Name Ab1 Ab2 Ab3 Ab4 Apt1 Apt2 Apt3 

Type Antibody Antibody Antibody Antibody Aptamer Aptamer Aptamer 

Source Acro 

Biosystems 

Leinco 

Technologies 

Sino 

Biological 

Novus 

Biologicals 

144 144 145 

 

Table 2: KD values obtained from SPR experiments with selected probes. 

Probe Analyte Condition KD 

Apt 1 RBD PBS 47 nM 

Apt 2 RBD PBS 7 nM 

Apt 3 RBD PBS 2 nM 

Ab1 RBD PBS 1.6 pM 

Ab1 Spike PBS 8.4 pM 

Ab2 Spike PBS 114 pM 

Ab3 Spike PBS 0.41 pM 

Ab4 Spike PBS No binding 

Apt1 RBD Cell media 389 nM 

Apt2 RBD Cell media No binding 

Apt3 RBD Cell media 1.5 nM 

Ab1 Spike Cell media 158 pM 

Ab3 Spike Cell media 812 pM 
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First, we tested the binding affinity of the three aptamers to the purified SC2 RBD protein using 

SPR. The sensorgram for Apt1 yielded a KD of 47nM (Appendix 1), compared to 28nM from 

literature. This was an order of magnitude higher than both Apt2 and Apt3. The sensorgram for 

Apt2 exhibited a KD of 7nM (27nM from literature) and can be seen in Appendix 2. Apt3 bound to 

the SC2 RBD with the highest affinity of 2nM and the sensorgram can be seen in Figure 2-1a.  

 

Figure 2 - 1: Sensorgrams of Apt3 captured on a streptavidin SPR chip. (a) Binding was measured with injections of SC2 RBD of 

15.625nM, 31.25nM, 62.5nM, and 125nM. (b) Binding was measured with injections of SC2 RBD of 10nM, 50nM, and 100nM 

dissolved in a solution of conditioned cell media. (c) Binding was measured with injections of inactive SC2 particles diluted from 

stock in ratios of 1:4, 1:20, and 1:100. (d) Binding was measured with injections of live SC2 particles (Derived from a positive  

patient, CT value correlates to 16,384 particles per mL) diluted in ratios of 1:4, 1:20, and 1:100. 

Next, we tested the binding affinity of each of the four antibodies to either the SC2 RBD or whole 

spike protein using SPR. Initial testing was done using solely the RBD of the spike protein. A 

sensorgram from Ab1 binding to the SC2 RBD can be seen in Appendix 3 and the binding affinity 

from this interaction was 1.6pM. This is similar to the affinity seen when the full spike protein was 

introduced to Ab1 and the results are shown in Figure 2-2a. The KD from this sensorgram was 



19 
 

8.4pM; both experiments for Ab1 exhibited a strong affinity for SC2. Additionally, we tested the 

spike protein against Ab2 utilizing Ni-NTA for the SPR experiment and the sensorgram (Appendix 

4) produced a KD of 114pM. Ab3 showed the strongest binding to purified SC2 spike protein with 

a KD of 0.41pM (Appendix 5). Lastly, Ab4 exhibited no binding when SC2 spike protein was 

introduced via SPR (Appendix 6) and no further tests were done on this antibody.  

 

 

Figure 2 - 2: Sensorgrams of Ab1 captured on a streptavidin SPR chip. (a) Binding was measured with injections of SC2 spike 

protein of 5nM, 10nM, and 50nM. (b) Binding was measured with injections of SC2 spike protein of 5nM, 10nM, and 50nM 

dissolved in a solution of conditioned cell media. (c) Binding was measured with injections of live SC2 particles (Derived from a 

positive patient, CT value correlates to 16,384 particles per mL) diluted in ratios of 1:4, 1:20, and 1:100. 

Each of the initial SPR sensorgrams were produced from captured probes interacting with spike 

proteins dissolved in PBS, with flow of PBST. To further the complexity of the interaction medium 

to more closely mimic a biological fluid we ran a series of experiments where the spike protein 

was dissolved in a solution of cell media (NIH/3T3 cells conditioned from two days of incubation 
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in 10% FBS in DMEM, pre-passage). First, we tested all three aptamers using SPR. Apt1 was able 

to bind the SC2 RBD in a more complex environment, however, the KD from the sensorgram 

(Appendix 7) was 389nM which suggested a weaker interaction than in PBS (47nM). Apt2 did not 

show any binding interaction with the SC2 RBD dissolved in cell media (Appendix 8). Finally, 

Apt3 exhibited the strongest binding interaction with SC2 RBD in cell media. The sensorgram 

shown in Figure 2-1b follows this interaction and the KD obtained was 1.5nM. This affinity 

suggests no decrease in binding strength to the target in a more complex medium when compared 

to the 2nM KD from Figure 2-1a. Additionally, an experiment was performed using artificial saliva 

as a running buffer to measure the interaction between Apt3 and SC2 RBD. This sensorgram can 

be seen in Appendix 9 and shows a successful binding interaction in a different complex 

environment.  

Following the aptamer binding studies in cell media we tested the antibodies agaisnt the SC2 spike 

protein using the same conditions. Figure 2-2b is the sensorgram from the interaction between Ab1 

and SC2 spike protein dissolved in cell media; displaying a KD of 158pM. This suggests a weaker 

binding than Ab1 and SC2 spike protein in PBS alone, however it is still a strong interaction and 

an order of magnitude stronger than Apt3. Next, an SPR experiment was performed with SC2 in 

cell media binding to Ab3. This interaction can be seen in Appendix 10 and the binding affinity 

between the probe and target was 812pM. This is significantly weaker than the binding between 

Ab3 and spike protein in PBS (0.41pM).  

After examining the binding of purified SC2 spike protein to each of the probes we obtained 

inactive and live viral particles to perform SPR experiments assessing the binding ot viral paritcles. 

Experiments using inactive SC2 were limited to Apt3. Stocks of inactive SC2 were obtained with 

an infectivity assay of 8.17 x 105 TCID/mL and N-protein concentration of 2.774μg/mL and 
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dilutions were made in all experiments from this. Three dilutions of inactive SC2 were introduced 

to captured Apt3 in SPR and the results show in Figure 2-1c. Qualitatively, there is a concentration 

dependent association between the two species that suggests detection of the inactive particles. We 

reproduced this result with a second version of Apt3. Apt3-F was obtained with a fluorophore as a 

way of visualizing the probe once conjugated to the surface of a device in future experiments. 

Apt3-F exhibits binding characteristics similar to Apt3 when introduced to spike protein 

(Appendix 11) and inactive SC2 (Appendix 12). Lastly, we tested the binding interaction of live 

SC2 (derived from a positive patient sample) with Apt3 via SPR. The resultant sensorgram is 

shown in Figure 2-1d and the binding characteristics of the live SC2 are similar to that of the 

inactive particles. The different dilutions produce a concentration dependent association to the 

aptamer and support the hypothesis of a binding interaction between them.  

Finally, live SC2 particles were introduced to each of the three captured antibodies via SPR. The 

sensorgram for Ab2 binding to live SC2 particles (Appendix 13) suggested a successful binding 

interaction. Ab3 showed no binding interaction when live SC2 was flowed through the SPR 

(Appendix 14). Most importantly, Ab1 exhibited a clear interaction with the live SC2 virus. This 

can be seen in the sensorgram from Figure 2-2c and supported the use of Ab1 as an antibody probe 

on the GFET sensor.  

2.2.2 Modifying probes to increase surface sensitivity while retaining binding 

affinity  

In order to overcome the Debye length limitation of the proposed GFET biosensor we explored a 

variety of probe modification methods. Beyond the benefits of a biotin-streptavidin system, the 

main limitation is the size of streptavidin. About 5nM is added to the distance from the sensor 

surface to the probe plane with streptavidin as an intermediary conjugation protein 147. Using 



22 
 

PMCC for bioconjugation, both amines and carboxylic acids can be utilized after thermal 

patterning. We explored using EDC-NHS chemistry to attach probes containing primary amine 

groups directly to the carboxylic group on PMCC (with no need for a streptavidin intermediate). 

We obtained a version of Apt3 with an amine group (Apt3-A) and tested it against the SC2 spike 

protein and inactive viral particles using SPR. Apt3-A successfully bound the SC2 spike protein 

as strongly as Apt3 (KD of 6.5nM, Figure 2-3a) and the inactive viral particles (Figure 2-3b).  

 

Figure 2 - 3: Sensorgrams of Apt3-A captured on a carboxylic acid SPR chip. (a) Binding was measured with injections of SC2 

spike protein of 6.25nM, 12.5nM, 25nM, and  50nM. (b) Binding was measured with injections of inactive SC2 particles diluted 

from stock in ratios of 1:4, 1:20, and 1:100. 

Antibodies fragments have been developed as probes for biosensors; keeping the binding region 

(Fv) intact while shortening or removing the Fc region allows for smaller probes with the same 

exceptional binding capacity of a full antibody 148–150. We obtained a Fab2 version of Ab2 and 

used amine coupling to conjugate them and test the spike protein against them with SPR (KD 

3.18nM, Figure 2-4). This was an order of magnitude higher than the KD of full Ab2 binding to the 

SC2 spike protein (114pM), yet just as robust as aptamers of similar size.   
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Figure 2 - 4: Sensorgram of the Fab2 portion of Ab2 captured on a carboxylic acid SPR chip. Binding was measured with injections 

of SC2 spike protein of 6.25nM, 12.5nM, 25nM, and 50nM. 

We tested two small peptides in an effort to reduce the distance between the surface and target 

plane. SBP1 is a small peptide from the ACE2 domain that coordinates with the SC2 spike 

protein75. We obtained a biotinylated version and tested the SC2 spike protein against it using SPR 

(KD 19.1nM, Figure 2-5a). We obtained a modified version of this peptide with two lysine residues 

at the C terminal (SBP1-K) to aid in bioconjugation via EDC-NHS linkage to carboxylic acids. 

We then tested this probe against the SC2 spike protein using SPR (Figure 2-5b) and the KD was 

491pM, eliciting much stronger binding to the spike protein than the original SBP1. Ultimately 

these probes were not used in the full fabrication of the device due to the successful fabrication of 
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a GFET with a biotin-streptavidin bioconjugation method. Biotin-streptavidin conjugation 

provided a consistent way to reliably conjugate the probes to the PMCC surface. 

 

Figure 2 - 5: Comparison of SBP1 and SBP1-K binding to SC2 spike protein. (a) Sensorgram of SBP1 captured on a carboxylic 

acid SPR chip. Binding was measured with injections of SC2 spike protein of 5nM, 10nM, 20nM, and 40nM. (b) Sensorgram of 

SBP1-K captured on a carboxylic acid SPR chip. Binding was measured with injections of SC2 spike protein of 6.25nM, 12.5nM,  

and 50nM. 

2.2.3 Using SPR to study binding of select probes in low-ionic-strength solutions 

The last set of SPR experiments performed used Ab1 and Apt3 in low-ionic-strength conditions. 

The purpose of this was match the buffer system used during electrical measurements on the GFET 

biosensor to the conditions used with the two probes of interest in SPR. First, we tested Apt3 with 

a buffer system that used PBS diluted 10X in water (0.1X PBS) and the we observe successful 

binding to the SC2 spike protein (Figure 2-6). Next, we tested Ab1 in two buffer systems. The first 

was solely 0.001X PBS and the second buffer system was 0.001X PBS, 0.6mM NaCl and 1mM 

HEPES. The SC2 spike protein retained binding to Ab1 even with a lower concentration of PBS 

in this buffer system when HEPES and NaCl was added to the buffer (Figure 2-7). These two 

probes and the conditions described in their respective figure were then used on the GFET 

biosensor to detect SC2.  
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Figure 2 - 6: Sensorgram of Apt3 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 spike protein 

with concentrations of 1.44nM, 11.55nM, 23.1nM and 46.2nM in a 0.1X PBS buffer system. 

 

 

Figure 2 - 7: Sensorgram of Ab1 captured on a streptavidin SPR chip. Binding was measured with serial injections of SC2 spike 

protein using a buffer system of (a) 0.001X PBS and (b) 0.001X PBS, 0.6mM NaCl, and 1mM HEPES. 

2.2.4 Tuning tSPL patterning techniques to build an optimized sensor 

To bioconjugate antibodies and aptamers to the GFET we use the site-selective method of tSPL. A 

cost-effective strategy of testing and optimizing this method is to use 1cm square Si wafers spin-

coated with PMCC as a platform (rather than a fully functionalized device). The schematic in 

Figure 2-8 describes the workflow of testing tSPL patterned PMCC bioconjugation on Si. After 

primary amine formation on the PMCC polymer layer, NHS-biotin (or a direct NHS-dye) is added. 

Either dye-conjugated or unconjugated streptavidin is then incubated on the surface. Unconjugated 
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streptavidin is followed by a fluorescently labeled aptamer. The surfaces are then imaged with 

fluorescent microscopy.  

 

 

Figure 2 - 8: Schematic of strategies to confirm tSPL enabled bioconjugation.  

We tested various parameters of tSPL to improve and reproduce the bioconjugation of antibodies 

and aptamers on PMCC. One critical factor is the force time; the time interval of heat applied from 

the cantilever tip in contact with the polymer surface. By increasing the force time form 100μs to 

300μs we observed an increase in the bioconjugation efficacy (Figure 2-9a and 2-9b). The intensity 

of the 5μ patterned squares incubated with green NHS-dye increased with the increased force time, 

seen with fluorescence microscopy. Additionally we tested the bioconjugation of the system 

emulating the fabricated GFET, confirming the process with PMCC on Si. Figure 2-9c shows a 

grid of tSPL patterned squares incubated with NHS-biotin, followed by (visualized fluorescently) 

red-dye conjugated streptavidin, suggesting successful conjugation of streptavidin to the PMCC 

surface. To confirm successful aptamer bioconjugation to the PMCC surface we incubated the 

tSPL patterned PMCC with NHS-biotin, followed by unconjugated streptavidin. Lastly, we 
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incubated this grid with a red dye-aptamer conjugate and the fluorescence is visualized in Figure 

2-9d. An AFM topography of the patterned squares for Figure 2-9d can be seen in Appendix 15 

and highlights the precision of the patterning method.  

 

Figure 2 - 9: Fluorescence microscopy of PMCC coated Si wafers treated with tSPL. The force time used for tSPL varied in (a, 

100μs) and (b, 300μs) and both were incubated with green NHS-Alexa 488 dye. The chips in (c) and (d) were both incubated with 

NHS-biotin. Following NHS-biotin, (c) was incubated with streptavidin (Alexa-647 red dye conjugate) and (d) was incubated with 

unconjugated streptavidin and Apt3-F (TYE-665 red dye conjugate). 

Another method used to confirm bioconjugation using PMCC and Ab1 can be seen in Figure 2-

10. We spin-coated a bare gold SPR chip with PMCC and heated the chip at 250oC for one hour. 

We then added unconjugated streptavidin and biotinylated Ab1. We inserted this SPR chip into the 

flow cell and the sensorgram in Figure 2-10 shows the injection and binding of SC2 spike protein 

to the biotinylated Ab1 on the surface following bioconjugation to PMCC.  

 

10μm 10μm 10μm 10μm 

a b c d 
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Figure 2 - 10: Sensorgram of Ab1 binding to SC2 spike protein using a PMCC coated bare gold SPR chip for conjugation. Binding 

was measured with injections of 5nM, 10nM, 20nM, and 40nM spike protein. 

A majority of the electrical measurements for this work were taken by our collaborators at their 

facilities but some were done using our SPR’s syringe system as an adjunct. We set up the fully 

fabricated GFET with a microfluidics chamber and connected it to a transimpedance amplifier 

board. The GFET contained a sensor channel, patterned with Ab1 conjugated to the surface, and 

an unpatterned control channel. After injection of inactivated SC2 particles into the chamber the 

change in current can be seen in Figure 2-11. A stable baseline was formed and injection at t=0 of 

buffer alone exhibited no change. The two injections of SC2 inactive particles at t=3min and 

t=17min produced a noticeable change in the current of the sensor channel – signifying a binding 

event and successful detection of the viral particles.  
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Figure 2 - 11: Normalized channel current change across the fabricated GFET when exposed to inactivated SARS-CoV-2. At 3 and 

17 minutes 20uL of inactivated viral particles are injected into the cell, diluted 10-5 in the running buffer of 1mM HEPES and 

600uM NaCl. 

 

 

2.3 Materials and Methods 

SPR 

Interactions between probes and target analytes are confirmed using a 2-Channel Surface Plasmon 

Resonance System (Reichert® 2SPR). SPR system is equilibrated with the target buffer system 

and all the subsequent probes, analyte samples, and blank samples are produced with the same 

buffer. Biotin-conjugated aptamers (IDT Corporation) and antibodies (Acro Biosystems, Leinco 

Technologies, Sino Biological, Novus Biologicals) are used as probes (100 μL injection, 100 nM) 

and immobilized onto streptavidin-coated gold chips (Reichert Inc). Only the left channel is 

functionalized with the probe while the right channel is used as a reference. Analyte interactions 

are assessed by flowing through (25 μL/min) solutions of target analyte samples SARS-CoV-2 

spike protein (Acro Biosystems), inactive Covid particles (Zeptometrix), and live Covid particle 
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(patient nasal swabs) with increasing concentrations through both channels. All experiments are 

run at 37 °C.  

Polymer spin-coating on Si 

A 15 mg/ml solution of PMCC dissolved in cyclohexanone (60μL) is spin coated at 1000 RPM for 

5 seconds and 1500 RPM for 15 seconds, then 4000 RPM for 30 seconds to evenly apply a ~ 70 

nm thin film to the substrate. The chips are then treated with 302 nm UV light to crosslink the 

polymer and increase adhesion to the substrate. Next, a PPA is spin coated on top of the PMCC 

layer. PMCC coated chips are spin-coated with a solution of 0.5% PPA in anisole (60μL) at 6000 

RPM for 30 seconds.  

tSPL patterning and electrical measurements 

Refer to Appendix B. 

Bioconjugation of patterned surfaces 

Following the tSPL patterning to expose surface amine groups, the chip is incubated with a solution 

of 100 nM NHS-Biotin in dimethyl sulfoxide for 1 hour. The chip is then washed with PBS and 

deionized water and dried using nitrogen gas. The chip is then incubated with 100 nM streptavidin 

in PBS for 30 min. Following streptavidin functionalization, the sample is incubated with a 100nM 

solution of the biotinylated probe.  

Fluorescence microscopy 

Fluorescence imaging is done with a Nikon Ti2-E Motorized Microscope with green emissions 

probed at 488nm and red emissions probed at 633nm.  
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2.4 Conclusion 

We developed and validated a graphene field effect transistor biosensor capable of detecting 

SARS-CoV-2.  This device has the potential for multiplexing with remarkable sensitivity and 

specificity towards the intended virus. A variety of probes were analyzed for their performance 

and optimized conditions were developed for the conjugation to the sensor surface. Additionally, 

we demonstrated the ability for an antibody and aptamer to bind to SC2 spike protein in a low-

ionic strength media using SPR, which aids the electrical measurements by extending the Debye 

length. Using tSPL for bioconjugation allows for spatial selectivity at the nanoscale for probe 

conjugation which can be used to functionalize parallel FET devices for multiplexed pathogen 

detection. Electrical measurements with the described GFET biosensor show detection of SC2 

spike protein at Attomolar concentrations and 10s of whole viral particles.   



32 
 

Chapter 3: DNA-based restriction enzyme probes for 

detection of unique bacterial organisms 

3.1 Introduction 

Current testing methods for E. coli in food and water include lab-based and point of care diagnostic 

tools. These tools utilize antibodies, nucleic acids, lectins, enzymes and small peptide probes to 

detect E. coli with a limited of detection (LOD) at 10-2 CFU/mL. PCR, lateral flow, fluorescent, 

immunologic, optical, and electronic methodologies have been reported125,126,151–154. Each 

methodology and probe combination described contains drawbacks unique to their design. For 

example, while a litmus paper-based and culture-free test for E. coli reports a LOD of 200 

CFU/mL, the readout time requires 90 min and the presence of interfering bacterial species can 

lower the colorimetric intensity124. A surface enhanced Raman aptasensor that uses functionalized 

gold nanostructures can achieve an even lower LOD of 3 CFU/mL; however, this technology lacks 

portability, and must be performed in the lab and requires 90 mins for a readout in addition to the 

transportation time for samples to reach the lab155. A recently described SPE prototype for 

electrochemical detection of E. coli can achieve an LOD of 1.8 CFU/mL and is label-free, allowing 

for a more cost-effective approach123. Another approach uses an isothermal amplification system 

to detect E. coli DNA with a high sensitivity of 0.3CFU/mL, though the readout time is 75 min 

and it uses a colorimetric detection system156. In all, commercial availability remains an issue for 

portable E. coli sensors. In addition, they lack sensitivity at the point of care and need further 

processing and time to reach the reported LOD105.  Through this work we aim to address the 

inherent limitations across multiple factors through the development and validation of a new 

molecular probe making use of bacterial restriction enzymes.  
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Organisms possess restriction enzymes to defend against foreign genetic materials and these 

proteins can be exploited as a unique biomarker. Restriction enzymes are a class of proteins found 

in bacteria which recognize and cleave a DNA sequence at a specific recognition site114–116. Their 

use in DNA mapping, manipulation, and characterization is well documented and exhibits 

increasing utility over the last few decades since their discovery116. Type II restriction enzymes 

cleave DNA at the recognition sequence and only require Mg2+ as a cofactor, while other types 

require ATP and have less predictable cleavage117,157–161. A further advantage of using a restriction 

enzyme for biosensing is signal amplification from enzyme kinetics. Rather than a single antibody-

antigen interaction, one enzyme can repeatedly cut sequences of genetic material162. 

Here we describe a new type of molecular probe – a Restriction Enzyme Probe (REProbe) - to 

identify bacterial species through the detection of unique restriction endonucleases enzymes they 

express. REProbe sequences were designed using double-stranded DNA (dsDNA) with restriction 

endonuclease recognition sites, linkers and reporters. The sensitivity, specificity, and regenerative 

capability were validated using fluorescence, electrochemically, and using SPR. Following testing, 

we demonstrate that engineered single stranded hairpin DNA functioned as a superior REProbe by 

avoiding cleavage from nonspecific exonucleases in bacterial lysates. We demonstrated the 

detection of E. coli and N. Gonorrhoeae in complex mixtures highlighting the potential for these 

novel probes as a diagnostic tool.  

3.2 Results and Discussion 

3.2.1 REProbe design  

For specific bacterial detection, we designed  REProbes with unique sequences that can 

only be recognized and cleaved by specific restriction enzymes produced by the bacterial strains 

of interest. We created a randomized sequence of nucleotides 40 and 90 base pairs long, including 
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the restriction site, and screened the sequence for restriction enzyme sites of known pathogens. As 

a model for testing this technology, we added the restriction site of an E. coli restriction 

endonuclease to our 40 and 90 base pair double stranded DNA probes (Figure 3-1a). These two 

probes were designed with EcoRI cleavage sites; depending on the sensor modality, cleavage of 

genetic material can be transduced as a signal through changes in mass, charge and fluorescence. 

Modifications were required to conjugate the DNA strand to a surface, as well as provide a readout, 

dependent on the detection technology.  The 3’ or 5’ end of a DNA strand was modified with linker 

molecules, fluorophores and other useful small molecules to aid in biosensor conjugation and 

signal generation. We used three main assays to validate the sensitivity of these probes: 

fluorescence, electrochemistry, and SPR (Figure 3-1c). All three methods can use biotin-

streptavidin as a system of bioconjugation to attach to probe to the sensor (or plate) surface. 

Additionally, a thiol group can be used to attach the probe to the gold surface of the screen-printed 

electrodes, which are used for electrochemical detection. To take advantage of this, we created 40 

and 90 base pair REProbes with biotin on the 5’ sense strand. For detection using fluorescence, we 

added an additional 6-FAM green, fluorescent tag to the 3’ end of the sense strand. Lastly, for 

detection via impedance spectroscopy,  we added a dithiol to the 5’ sense strand to coordinate it to 

the gold surface of the screen-printed electrodes.  
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Figure 3 - 1: (a) Schematic of REProbe technology and the mechanism of action. (b) Schematic of the two probe types designed: 

duplex and hairpin. (c) Primary methods of validation for each probe; spectrophotometry and SPR. The notation used to describe 

these probes start with the 5’ sequence prior to the restriction site midpoint and then the sequence after the restriction site which 

would be the cut/leaving group; for example, a 63-27 REProbe would have an architecture of a 5’biotin followed by 63 nucleotides, 

the restriction site midpoint, and then another 27 nucleotides. Due to the nature of EcoRI restriction site, the sense strand cuts 2 

nucleotides towards the 5’ end of the sense strand from the midpoint, and 2 nucleotides toward the antisense 5’ end from the 

midpoint. 

3.2.2 Double stranded DNA REProbe for EcoRI 

For spectrophotometric detection, we used 96-well, streptavidin coated plates and incubated them 

with REProbes that had biotin at one 5’ end and a 6-FAM fluorophore at the other 5’ end. For 

standardization and determination of background noise, we included an internal PBS control in 
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each experiment and normalized the readings to this value.  To test whether the 40bp REProbe 

with a restriction site for EcoRI was sensitive and specific to the intended restriction enzyme, we 

measured activity of two purified enzymes, PvuII and EcoRI. PvuII is a restriction enzyme from 

Proteus vulgaris with a different cleavage site than EcoRI (5’ CAG’CTG 3’). As hypothesized, 

PvuII did not cause a reduction in the fluorescence of the EcoRI REProbe (Figure 3-2a). 

Importantly, we demonstrate that a single base pair within the recognition sequence is sufficient to 

prevent cleavage of the REProbe by EcoRI  (Probe 2, Figure 3-2a). Finally, EcoRI was able to 

cause a significant reduction in the measured fluorescence of the REProbe after incubation. 

Relative to incubation with buffer (1.0); EcoRI incubation yields a reduction to 5.4% of the initial 

fluorescence. These data were foundational to the support that REProbes can be used for bacterial 

detection.  

 

Figure 3 - 2: (a) Spectrophotometric analysis of a 40bp REProbe for EcoRI with purified PvuII and EcoRI. Additionally, EcoRI is 

added to a 40bp REProbe for EcoRI where the restriction site has 1 BP changed (Probe 2). 100u of enzymes were incubated for 

one hour for each group. (b) Spectrophotometric analysis of 40bp REProbe for EcoRI with purified PvuII, Sbf1, XhoI, and EcoRI 

enzymes (one hour and 100u of each enzyme incubated).  
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After the initial test confirming sensitivity of the EcoRI REProbe in Figure 3-2a,  we tested the 

specificity of the EcoRI REProbe, using additional enzymes that should not cleave the site.  We 

chose two enzymes that are produced by bacteria that are common in vegetation. Xanthomonas 

holcicola, with the restriction enzyme XhoI (5’ C’TCGAG 3’), and Streptomyces, with restriction 

enzyme SbfI (5’ CCTGCA’GG 3’), were used in the following experiment to further validate the 

specificity of the EcoRI REProbe163–167. Figure 3-2b shows the normalized fluorescence of a 

spectrophotometric assay using EcoRI REProbes and each of these four purified restriction 

enzymes: PvuII, SbfI, XhoI, and EcoRI. None of the three negative controls produce a decrease in 

fluorescence after incubation demonstrating their inability to recognize the cleavage site. 

Furthermore, EcoRI was able to produce a substantial reduction in fluorescence (89%), which, 

combined with the PvuII result illustrates the reproducibility of the technology.  

In addition to spectrophotometry, we validated the probes through a variety of electrochemical 

methods. Each of these methods utilizes screen-printed electrodes (SPEs) coupled to a potentiostat 

to induce and record electrical activity through the system. The SPEs chosen for these analyses are 

engineered with gold working electrodes. Thiolated probes are able to form monolayers on these 

gold surfaces through stabile coordination, or self-assembly168–170. To take advantage of this, we 

designed a unique 40bp REProbe for EcoRI with a single dithiol group at the 5’ end. These 

REProbes were cast onto the gold SPEs for impedance spectroscopy, cyclic voltammetry, and 

square wave voltammetry to further characterize the REProbe technology (conjugation method 

optimized in Appendix 15)171–174.  

To perform impedance measurements on the SPEs with EcoRI REProbes attached, we incubated 

the electrodes with a solution of 1mM methylene blue for 10 minutes and washed with PBS. Figure 

3-3a shows a Nyquist plot of the impedance from the working electrode. The impedance of the 
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electrode can be broken down into its real (resistance) and imaginary (reactance) parts to produce 

a Nyquist plot175,176. The comparison of EcoRI to either PBS or a negative control restriction 

enzyme (PvuII) shows a decrease in impedance suggestive of DNA cleavage and removal from 

the surface.   

 

Figure 3 - 3: (a) Nyquist plot of screen printed electrodes containing 40bp REProbes for EcoRI exposed to PBS, PvuII, and EcoRI. 

(b) Square wave voltammogram of screen printed electrodes with a 40bp REProbe for EcoRI exposed to PBS, PvuII and EcoRI. (c) 

Cyclic voltammogram of 40bp REProbe for EcoRI exposed to PBS and EcoRI. Inlet on the right zooms in on the hashed box. 

Next, we tested whether cleavage the of EcoRI REProbe could be detected using an 

electrochemical method called cyclic voltammetry. The potentiostat scanned across a range of 

voltage in either direction and a current recording was taken at each interval of voltage applied to 

the system177. We tested four SPEs with bound REProbe on the working electrode, two of which 

were incubated with PBS and two of which had EcoRI incubated on the electrode. All four of the 

electrodes were incubated with a 40bp thiolated REProbe for EcoRI and methylene blue as a 
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reporter to amplify the signal. As shown in Figure 3-3c, the peak of the current profile of the 

voltammogram shifts when EcoRI is added to the solution as opposed to PBS alone. The same 

current peak requires a lower voltage, which could be indicative of a cleavage of DNA on the 

surface resulting in less resistance and a higher current through the system for a given voltage.  

The same trend is seen when validating the EcoRI REProbes with square wave voltammetry. This 

method applies a stepwise potential to the system while probing the current before and after the 

pulse 178. Three different SPEs were incubated with the 40bp thiolated EcoRI REProbe and 

methylene blue on the working electrode. One was tested with only PBS, one with PvuII, and one 

with EcoRI. The PBS and PvuII electrodes are overlaid similarly and both have a drastically lower 

peak current than the SPE with EcoRI (Figure 3-3b). Similar to the cyclic voltammetry experiment, 

the higher current is a result of a lower resistance at a given voltage due to the cleavage of DNA 

on the surface of the electrode.  

The last methodology for characterizing and validating REProbe technology was surface plasmon 

resonance spectroscopy. The angle shift seen in the detector correlates to the mass that is bound to 

the surface of the chip. As you capture a probe of interest on the surface, the angle shift increases 

and the refractive index units that correspond to the angle shift increase; once the capture phase is 

complete and only buffer is flowing through the cell there is a new baseline associated with the 

added mass of the probe. For the experiments involving the capture and cleavage of REProbes on 

the surface of the SPR chip, we note the RIU added when capturing the REProbes on the surface 

and use it as an approximation of the mass, or total amount, of the REProbe that is present. Once 

a new and stable baseline is formed, we flow through the experimental solutions and observe the 

baseline angle shift before and after addition of the analyte. The first experiment to illustrate this 

novel method of characterization is shown in Figure 3-4a. The initial baseline is solely running 
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buffer flowing through the cell. At the end of this phase we inject a negative control restriction 

enzyme, 450u in total of MluI (from Micrococcus luteus, 5’ A’CGCGT 3’). This enzyme is injected 

30 minutes at a constant flow rate, followed by a switch to buffer and generation of a new baseline. 

Both channels have REProbe captured on them, yet only the left channel of the instrument receives 

the flow of the experimental enzymes, and the channel difference is observed as the angle shift of 

the system. Once the new baseline is reached, we observe that the overall baseline of the system 

did not change. There was no change to the mass of the REProbes on the surface corresponding to 

recognition and cleavage of these probes. Finally, we inject a total of 450u of EcoRI into the flow 

cell, followed by buffer alone and a return to a stable baseline; an apparent decrease in the baseline 

was observed. We hypothesized that this correlated to the cleavage of REProbe and recognition by 

EcoRI, thus removing mass from the surface and causing a sharp decrease in the angle shift of the 

system at baseline. To calculate the baseline shift of -85%, seen graphically, we start with the 

capture value of total RIU of REProbe bound to the surface. For simplicity, if 1000 RIU of 

REProbe is captured on the surface, then the total mass of the REProbes bound can be 

approximated to 1000RIU. With a 40bp REProbe, the restriction site is in the center and if 

recognized and cleaved, 20 of the base pairs would be removed while the other 20 base pairs would 

still be attached via the biotin to the streptavidin surface of the SPR chip (in this example 500RIU 

total can be cleaved). By estimating the theoretical amount of mass that can leave the surface we 

can graphically follow the time course of these experiments while normalizing to the RIU of that 

leaving group. In the case of Figure 3-4a the reduction in baseline was 85%, which we proposed 

was correlated to the mass of the REProbe leaving the surface thus signifying the correct 

recognition and cleavage.  



41 
 

 

Figure 3 - 4: REProbe detection of purified enzymes using SPR. (a) Sensorgram of captured 90bp EcoRI REProbe change over 

time with addition of MluI and EcoRI (each 450U). (b) Sensorgram of captured 90bp EcoRI REProbe and baseline change 

associated with additions of PvuII (450U) and EcoRI (45U). (c) Sensorgram of captured 90bp PvuII REProbe and the baseline 

change after additions of EcoRI (45U) and PvuII (45U) for 30min. (d) Sensorgram of 90bp REProbe for EcoRI with single RS 

change and baseline shift after introduction of EcoRI (45u for 30min). (e) Sensorgram of 90bp EcoRI and 90bp PvuII captured on 

different channels and introduced to MluI, EcoRI and PvuII sequentially to measure the shift in baseline for each probe. (f) 

Sensorgram of 90bp REProbe for EcoRI captured and exposed to bacterial E. coli lysates which express EcoRI to observe the 

baseline shift. 
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Next, we aimed to lower the limit of detection of the system, retest the method and reproduce a 

specific cleavage by EcoRI. The same biotinylated 90bp EcoRI REProbe was used and PvuII was 

injected first as a negative control. After flow of 450U of PvuII there was no reduction in baseline 

and after flow of 4.5U of EcoRI there was a 28% reduction in the baseline observed (Figure 3-4b). 

This experiment further illustrates the reproducibility of the method, specificity to EcoRI and 

detection at a concentration of enzyme two orders of magnitude less than initially tested.  

To further examine the utility of different probes we obtained a 90bp REProbe with PvuIIs 

restriction site and tested its cleavage by EcoRI and PvuII in SPR (Figure 3-4c). EcoRI is not able 

to cleave this probe; however, there is a significant baseline decrease from PvuII. This 

corresponded to a 90% decrease, further suggesting the specificity of these probes and the 

usefulness of SPR as a characterization tool.  

As discussed previously, one of the designed REProbeq includes a single RS nucleotide change 

(Probe 2). We used a biotinylated 90bp EcoRI Probe 2 in SPR and tested cleavage by flow of 

EcoRI (Figure 3-4d) and no decrease in baseline was seen. This sensorgram clearly depicts the 

necessity of a correct restriction site for restriction enzyme cleavage using REProbe and the strong 

specificity for individual enzymes. 

Using the diverter valve of the flow cell we can selectively capture EcoRI REProbes on the left 

channel to saturation and then flow PvuII REProbes to capture on the empty sites in the right 

channel. This would provide the setup for an experiment that selectively shows which probe is 

being cut by which enzyme while all being on the same SPR chip, both acting as negative controls 

against the other species. Figure 3-4e shows this experiment; MluI is flowed through and the stable 

baseline formed shows no cleavage or shift to the baseline. When EcoRI is added to both channels 

there is a 36% downward change. This corresponds to a the EcoRI half of the chip being cleaved 
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while the PvuII half of the chip held the same stable baseline. Lastly, PvuII was flowed through 

both channels and the channel difference relative to the PvuII half was measured. Again this 

showed a sensitive and specific change related to the cleavage of only the PvuII REProbe while 

the EcoRI REProbe did not reduce in signal any further (-39% for the PvuII half).  

To assess the probe viability to a greater extent we began using lysed bacterial cultures in addition 

to the purified restriction enzymes. This represents a more complex biological medium that more 

closely resembles real samples. To begin, we selected two strains of E. Coli: (1) E. coli (+) is 

engineered to express EcoRI and (2) E. coli (-) is engineered to not express EcoRI. These strains 

provided the initial materials necessary to test the efficacy, stability and sensitivity of the REProbes 

in more complex conditions.  

Figure 3-6a depicts a spectrophotometric assay in which the two strains of E. coli were added to 

REProbes as bacterial lysates. E. coli (-) on the EcoRI REProbe (84% remaining), along with E. 

coli (+) on the Probe 2 (71% remaining), did not produce as significant of a decrease in 

fluorescence as purified EcoRI or E. coli (+) did on the EcoRI REProbe (2.5% remaining). A few 

conclusions and new hypotheses were drawn from this result. As hypothesized, an EcoRI 

producing lysate was able to cleave the REProbe and cause a decrease in fluorescence. 

Additionally, we observed nonspecific cleavage or degradation of REProbe with addition of E. 

coli (-) and to Probe 2 with addition of E. coli (+). The magnitude of decrease in fluorescence was 

much less; however, this led to the proposal that nonspecific exonucleases could be the cause and 

the REProbes would need to be redesigned to minimize such effects179,180.  Additionally, these data 

were reproduced using an REProbe designed for KpnI, from K. pneumoniae, and can be seen in 

Appendix 17. The duplexed KpnI REProbe exhibited the same specificity towards the intended 

purified restriction enzyme while we observed nonspecific activity from lysates. 
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Lastly, we reproduced the lysate result using SPR. When E. coli (+) is flowed through the SPR 

with captured 90bp EcoRI REProbe a 15% decrease in baseline is observed (Figure 3-4f). This 

further suggests the use of REProbe as a detection method for E. coli through the use of EcoRI as 

a biomarker.  

3.2.3 Engineering a Hairpin REProbe for EcoRI 

The duplexed design for the REProbe exhibited potential limitations when testing bacterial lysates 

against them. To overcome the nonspecific cleavage of these DNA probes a more stable probe was 

designed. Figure 3-5 shows the schematic of a hairpin REProbe we designed to enhance the 

stability and specificity of the REProbe. This is a single stranded DNA probe with a loop motif 

and three locked nucleotides at the 5’ and 3’ ends. Locked nucleotide monomers have a methylene 

bridge between the 2’-O and 4’-C and as few as two locked nucleotides have been shown to resist 

exonucleolytic degradation181,182. The 5’ end still acts as the linker, where biotin or a thiol can be 

conjugated to the first nucleotide, yet there is no second open end to the strands that can be attached 

to by nonspecific exonucleases. Additionally, reporters can still be conjugated to the 3’ end or 

directly in the middle of the sequence to one of the nucleotides in the loop motif. Most importantly, 

the complementary strands that comprise the stem of this DNA probe include the restriction site 

for EcoRI as the original design did.  
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Figure 3 - 5: Comparison of bases in the duplex and hairpin versions of EcoRI REProbe. 

One of the hypotheses of the nonspecific cleavage of the duplexed REProbe exposed to bacterial 

lysates was the presence of nonspecific exonucleases. To test whether this contributed to the 

nonspecific degradation of the REProbe in Figure 3-6a we performed a different 

spectrophotometric assay using two exonucleases, both of which can be found in E. coli. Exo III 

and Exo V were both obtained to study the exonucleases effects on the duplex REProbe, and the 

newly designed hairpin 183. Both exonucleases and EcoRI were incubated with either the hairpin 

or duplex REProbe (Figure 3-6b). EcoRI is able to cleave both of the probes similarly as seen by 

the reduction in fluorescence in the wells (62% for duplex and 61% for hairpin remaining). The 

decrease in fluorescence suggests both exonucleases were able to cleave the duplex REProbe (Exo 

III 63% and Exo V 65% remaining). The hairpin, however, was not observed with a reduction in 

fluorescence from the exonucleases and this is suggestive of their resistance to nonspecific 

exonuclease activity (Exo II 100% and Exo V 104% remaining). Next, we tested lysates on both 

the duplex and hairpin probe to assess if the hairpin is more resistant to nonspecific degradation. 

As hypothesized, EcoRI and E. coli (+) can cleave both probes (duplex 33% and hairpin 57% 
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remaining), E. coli (-) nonspecifically cleaves the duplex REProbe (75%), and E. coli (-) only 

causes a minimal reduction in fluorescence (93% remaining) for the hairpin REProbe (Figure 3-

6c). These results prompted further testing of the hairpin design moving forward and to confirm 

that it retains the sensitivity and specificity of the original design.  

 

Figure 3 - 6: (a) Spectrophotometric analysis of 40bp REProbe treated with E. coli that does (+) or does not (-) express EcoRI. 

Additionally, the EcoRI expressing lysate was added to the REProbe with single RS change. (b) Spectrophotometry of 40bp REProbe 

for EcoRI and EcoRI Hairpin REProbe exposed to EcoRI, Exo III, and Exo V. (c) Spectrophotometric assay of duplex and hairpin 

EcoRI REProbes exposed to E. coli (+), E. coli (-), and EcoRI. (d) Spectrophotometry of EcoRI Hairpin REProbe exposed to 

purified PvuII, SbfI, XhoI, and EcoRI. 
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To confirm the hairpin EcoRI REProbe retained the sensitivity to EcoRI and specificity against 

other species we performed a spectrophotometric assay using purified PvuII, SbfI, XhoI, and 

EcoRI (Figure 3-6d). None of the three negative control enzymes produced a reduction in 

fluorescence or cleavage of the DNA probe, while the intended target of EcoRI was able to cleave 

the hairpin REProbe (12% remaining). This result further confirms the hairpin design’s efficacy in 

detecting EcoRI with sensitivity and specificity.  

After reproducing the spectrophotometric assays with the hairpin designed REProbe, we then used 

the SPR based assay to test whether this new probe design would be able to detect EcoRI and 

lysates of E. coli in the instrument. Figures 3-7a shows the results of flowing through PvuII (no 

change) and EcoRI; a decrease in the newly stabilized baseline of 61% associated with the cleavage 

of REProbe and removal of mass on the surface. E. coli (+) was also flowed through the SPR in a 

separate experiment to determine if the hairpin REProbe was capable of detection through this 

method. The results from Figure 3-7b show that the hairpin REProbe can detect EcoRI from lysates 

in the SPR, and at a lower concentration than the duplexed design (104 CFU/mL). In this 

experiment the lysate injection is 103 CFU/mL and can produce the same decrease in baseline that 

was seen with a higher concentration for the duplex design (-14%). This represents the current 

limit of detection for the REProbe. 
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Figure 3 - 7: (a) Sensorgram of captured EcoRI Hairpin REProbe and the associated baseline change after flow of PvuII and 

EcoRI. (b) Sensorgram of EcoRI Hairpin REProbe and the baseline shift after introduction of E. coli lysates containing EcoRI. 

We sought to examine the effects of altering the complexity to a higher degree and adding bacteria 

from other species to confirm specificity to E. coli in these conditions. Using cultures of S. aureus, 

S. epidermidis, and E. Coli, we created a series of cell lysates to test on the hairpin using the 

spectrophotometric assay. Two different assays were performed at different time points; after one 

hour and after 24 hours. Figure 3-8a shows the results of the assay performed after one hour. Three 

different mixes of bacteria and buffer were created and incubated in the wells with the hairpin 

EcoRI REProbe. The first mixture is the negative control of S. aureus and S. epidermidis (both 106 

CFU/mL), and as hypothesized, there is no reduction in fluorescence seen suggesting specificity 

to E. coli (104% remaining). The next mixture of bacterial lysates included 106 CFU/mL of both 

negative control bacteria, S. aureus and S. epidermidis, as well as E. coli and this caused a 

significant decrease in fluorescence, signifying selective cleavage of the REProbe only when 

EcoRI is present, while also showing the ability to detect EcoRI in a more complex medium (15% 

remaining). The last mixture in this assay was 106 CFU/mL E. coli alone which cleaved the probe 

similarly to the second, more complex mixture (15% remaining).  
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Figure 3 - 8: Spectrophotometry of EcoRI Hairpin REProbe treated with mixtures of bacterial lysates. E. coli, S. aureus, and S. 

epidermidis were incubated in varying concentrations (see legend) for (a) 1 hour and (b) 24 hours. 

The second assay with the mixed bacteria was left to incubate in the wells with the hairpin EcoRI 

REProbe for 24 hours instead of one hour. The first mixture of S. aureus and S. epidermidis (both 

104 CFU/mL) did not produce a decrease (92% remaining) in fluorescence from cleaved REProbes 

(Figure 3-8b). E. coli alone at 104 CFU/mL is able to cleave the REProbe specific for EcoRI (61% 

remaining). The third mixture in Figure 3-8b includes E. coli, S. aureus, and S. epidermidis at 104 

CFU/mL (64% remaining). These wells showed a similar reduction in fluorescence as E. coli alone, 

further reproducing the data from Figure 3-8a but at a different time point and concentration. The 

last mixture was of unequal concentrations of bacteria (E. coli 104 CFU/mL, S. aureus and S. 

epidermidis both 106 CFU/mL). The hypothesis was that even if the bacteria of interest was in a 

mixture of other bacteria that were 100 times as concentrated, the REProbe would still be able to 

detect the correct bacteria with the same sensitivity and specificity. This mixture elicits the same 

reduction in fluorescence as both of the other mixtures in the experiment, suggesting a high 
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sensitivity and specificity towards E. coli, regardless of the concentration of the other bacteria in 

the sample (61% remaining).  

3.2.4 Application to Healthcare with NgoMIV REProbe 

REProbe technology has the potential to improve healthcare diagnostics. We sought to create a 

version of the REProbe that was able to detect N. gonorrhoeae. As previously tested with PvuII 

and KpnI, the technology was successfully applied to other restriction enzymes with a similar 

sensitivity and specificity as with EcoRI. For this REProbe we initially used the 40bp duplex 

template that was used for EcoRI, however, in this case we designed it with the restriction site for 

NgoMIV (5’ G’CCGGC 3’) from N. gonorrhoeae.  

The first duplexed design was created and tested alongside the EcoRI versions and the same 

nonspecific degradation of DNA probes was observed. Figure 3-9a shows the data from a 

spectrophotometric assay with 40bp NgoMIV REProbe introduced to E. coli (+) and three 

concentrations of N. gonorrhoeae. The plate was incubated with E. coli (+) (106 CFU/mL) and 

three different concentrations of N. gonorrhoeae (105, 106 and 107 CFU/mL). The results of this 

assay were comparable to Figure 3-6a where bacterial lysates were added to the duplexed EcoRI 

REProbe. The same concentration of the intended species (N. gonorrhoeae) cleaves the probes and 

reduces fluorescence (14% remaining) more than E. coli (48% remaining), however, the negative 

control bacterial lysate still nonspecifically degrades the DNA and causes a reduction in 

fluorescence.  
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Figure 3 - 9: (a) Spectrophotometry of 40bp NgoMIV REProbe incubated with EcoRI producing E. coli and three different 

concentrations of N. gonorrhoeae. (b) Spectrophotometry of NgoMIV Hairpin REProbe incubated with E. coli (+) and N. 

gonorrhoeae at 106 CFU/mL.  

While characterizing the use of the NgoMIV REProbe, another experiment was run to test the 

effects of using a different buffer along with the lysates from N. gonorrhoeae. The rCutsmart buffer 

from NEB was used with the hypothesis that the REProbe cleavage and detection would increase 

with addition of this buffer, which includes Mg2+ to the sample well. Appendix 18 shows the results 

of a spectrophotometric assay where a 40bp REProbe for NgoMIV was incubated for one hour, 

followed by a one hour incubation of purified EcoRI, E. coli (+), N. gonorrhoeae in lysis buffer 

only, and N. gonorrhoeae in the rCutsmart buffer (all lysates are 106 CFU/mL). The purified EcoRI 

produces no reduction in fluorescence and the E. coli (+) shows a reduction in fluorescence 

consistent with previous nonspecific cutting from lysates on a duplex REProbe. Both of the N. 

gonorrhoeae samples are able to cleave the REProbe and produce a loss of fluorescence in the 

wells, however there is a considerable difference in the wells that have the rCutsmart buffer. 
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Moving forward experiments with lysates of cultured N. gonorrhoeae would be used with this 

buffer due to the increase in signal generated compared to lysis buffer alone.  

Due to the observed nonspecific cleavage of the duplexed NgoMIV REProbe, we designed a 

hairpin REProbe using the same EcoRI template (Figure 3-10). We then tested incubations of either 

N. gonorrhoeae or E. coli (+) (106 CFU/mL each) via spectrophotometric assay (Figure 3-9b). The 

hairpin version of the NgoMIV REProbe shows specificity towards N. gonorrhoeae as it is the 

only group to significantly cause a decrease in the normalized fluorescence (74% remaining), thus 

a cleavage of the bound REProbes specific to that bacterium.  

 

Figure 3 - 10: Schematic of NgoMIV Hairpin REProbe with locked nucleotides, stem inclusive of restriction site and loop 

architectures. 

With both the E. coli and N. gonorrhoeae hairpin probes the next steps of fully discovering the 

potential of REProbe technology would be rigorous testing of the probes in different matrices 

and sample types. Real samples of E. coli from patients (fecal) and in agricultural wastewater 

should be tested and assayed alongside negative control samples of the same type. Additionally 

for N. gonorrhoeae patient samples should be tested with these probes for positive and negative 

infections. For both probes the testing should include an analysis of the other pathogens in each 

of the sample, something that can be achieved with PCR. Intentional samples of other common 

bacteria should also be cross-tested in each case. For example, Chlamydia trachomatis is another 

common STI that should be discerned against while testing for N. gonorrhoeae. With more time 
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and access to these samples I would analyze the efficacy of the hairpin REProbes in each of these 

ways to show the applicability to real samples with strong sensitivity and specificity.  

3.3.5 REProbe Regeneration 

One benefit of REProbe technology is the potential for regeneration. Being a DNA based probe 

there are numerous methods of repair and regeneration that can be exploited to reuse the same 

probe, or set of probes, multiple times. First, we utilized DNA ligase; cut strands were added back 

to the solution along with DNA ligase and allowed to incubate to regenerate a usable probe. The 

second was PCR, where DNA polymerase, a designed primer for the EcoRI REProbe, and all the 

necessary cofactors were added to the probes after cleavage to regenerate a usable probe.  

To test a DNA ligase-based regeneration method for the duplexed EcoRI REProbe we designed a 

spectrophotometric assay with 90bp EcoRI REProbes. These probes were cleaved with EcoRI and 

recordings were made with three groups: (1) the cleaved probe with no additional reagents (2) cuts 

strands were added back to the wells without DNA ligase (3) cut strands in addition to ligase were 

added into the wells (Figure 3-11a). Adding only the cut strand with no ligase there appeared to be 

a slight increase in the fluorescence of the system. This is hypothesized to be by nonspecific 

binding to other strands of DNA or hybridization to the cut strands on the surface without full 

ligation. A larger increase in fluorescence was observed when ligase was added to the wells with 

the cut strands (9% to 25% of initial). This difference was apparent but not enough to continue 

pursuing this as the ideal form of regeneration for this system.  
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Figure 3 - 11: (a) Spectrophotometry of 40bp EcoRI REProbe that was exposed to EcoRI and then incubated with a the cut strand, 

in solutions with and without DNA Ligase. (b) Spectrophotometry of 90bp EcoRI Hairpin Probe exposed to EcoRI and then 

incubated with primers for 5 or 20 cycles of PCR. 

To test PCR as a method of regeneration for the duplexed EcoRI REProbe, a primer was designed 

that had an antisense region matching the remaining 5’ strand (bound with biotin) after cleavage 

by EcoRI. For this experiment we used a biotinylated 90bp EcoRI REProbe and we made three 

sets of PCR tubes; one to be cut by EcoRI and two to be cut by EcoRI and then run through a PCR 

machine with the primers and master mix for either 5 or 20 cycles. Once the PCR cycles were 

completed all three groups were incubated for one hour on the plate and a fluorescence recording 

was taken. The results are shown in Figure 3-11b. With only 5 cycles of PCR there appears to be 

recovery of fluorescence (11% to 33% of initial), resulting in regenerated probes on the surface. 

More significantly, there appears to be a much larger increase in the fluorescence of the probes 

that went through 20 cycles of PCR before being incubated on the plate (11% to 63% of initial). 

This suggests a much larger increase in the signal generated by the regenerated probes and a 

potential for this application to be used multiple times. 
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3.3 Materials and Methods 

Reagents for experiments were purchased from Sigma-Aldrich and used without further 

purification. Oligonucleotides were purchased from Integrated DNA Technologies. Fluorescence 

spectroscopic data was collected on a SpectraMax iD3. Surface plasmon resonance studies were 

done with a Reichert 2SPR system using Reichert streptavidin covalently immobilized to a 

carboxymethyl dextran surface SPR chips.    

Bacterial culture 

Liquid culture of E. coli (+), which expresses EcoRI, and E. coli (-), which does not express EcoRI 

was carried out with strains of E. coli from Addgene (85165 and 165571, respectively). A 1μL loop 

of each frozen pellet of bacteria was scraped and inoculated in 100mL of autoclaved Miller broth 

with 100μg/mL ampicillin. The liquid culture was shaken at 37oC overnight, centrifugated at 

1500RPM for 15min in 5mL increments, removing the supernatant, and used immediately or 

frozen at -20oC until needed. Cultures of N. gonorrhoeae were received as a gift, scraped from the 

chocolate agar they were grown on, and used immediately in the relevant experiments.  

Spectrophotometry 

Pierce™ Streptavidin Coated black 96-well plate was washed with PBS buffer (10 mM, pH 7.0) 

three times and was incubated with the REProbe immobilization solution (50 μL, 200 nM) which 

contained biotinylated REProbe ssDNA hairpin and biotinylated blocker dsDNA (1:4) for 1 hr.  

Following the incubation, the contents were emptied, and the plate was washed three times with 

PBS. Initial fluorescence was taken in PBS (50 μL) at 517nm. The 96-well plate was emptied and 

loaded with samples (50 μL) in triplicates to be incubated for specific times. The plate was emptied 

and washed three times with PBS, followed by the final fluorescence measurement in PBS (50 

μL).   
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Surface plasmon resonance 

Streptavidin coated gold SPR chip used in a Reichart dual channel SPR with PBST (10 mM PBS, 

0.05% Tween 20) running buffer. Biotinylated REProbe (100μL, 100 nM in PBS) solution was 

injected over both channels (10 μL/min, 4 min) to immobilize the probe, followed by an injection 

of PBST and equilibration of the baseline at 5uL/min flow rate. Sample (225 μL) is injected over 

only the left channel for 45 min at 5uL/min, followed by the flow over both channels. The baseline 

decrease in the left channel indicates the cleavage of the probe and the right channel is used as the 

reference to correct any baseline drift. 

3.4 Conclusion 

We describe here a new molecular probe, REProbe, capable of detecting E. coli in a complex 

matrix of bacteria. By including the restriction site in their sequence, these probes were designed 

to be recognized by native restriction enzymes of the bacteria of interest. Two designs have been 

shown to successfully detect E. coli; the duplex and hairpin version of the REProbe (EcoRI 

restriction site). We also showed successful designs of REProbes detecting purified PvuII and 

KpnI. The sensitivity and specificity of the REProbes were confirmed using spectrophotometry, 

electrochemistry and surface plasmon resonance spectroscopy. The duplex REProbe was 

demonstrated to have regenerative capabilities, an important quality for sustainable sensing and 

in low resource areas. Lastly, a hairpin REProbe was designed and showed efficacy detecting N. 

gonorrhoeae, a clinically relevant pathogen highlighting the potential for applying these probes 

in the medical field. 
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Probe Analyte Condition KD ± Bmax χ2 Bmax/χ2 

Apt 1 RBD PBS 47nM 0.19nM 480.27 25.57 0.053 

Apt 2 RBD PBS 7nM 2.8nM 136.13 5.2 0.038 

Apt 3 RBD PBS 2nM 0.06nM 558.27 41.5 0.074 

Ab1 RBD PBS 1.6pM 19nM 164.16 1.62 0.0099 

Ab1 Spike PBS 8.4pM 152nM 833.17 14.67 0.018 

Ab2 Spike PBS 114pM 186pM 25.46 0.48 0.019 

Ab3 Spike PBS 0.41pM 112pM 660.58 28.78 0.044 

Ab4 Spike PBS No 

binding 

 

   

Apt1 RBD Cell 

media 

389nM 21nM 

100.92 6.73 0.067 

Apt2 RBD Cell 

media 

No 

binding 

 

   

Apt3 RBD Cell 

media 

1.5nM 0.82nM 

63.21 16.47 0.26 



71 
 

Ab1 Spike Cell 

media 

158pM 550pM 

883.34 33.5 0.038 

Ab3 Spike Cell 

media 

812pM 19pM 

128.05 6.47 0.051 

Appendix Table 1: Expanded kinetics data and errrors for probe binding to SC2 targets 

Probe type Sequence 

EcoRI 40bp REProbe 5’TCTGTGECAGATCGTCTG’AATTCGGCAGACT
GCCGATCCA3’ 

EcoRI 90bp REProbe 5’GGCAGACTGCCGATCCAGGCAGACTGCCGA
TCCAGGCAGACTGCCGATCCAGGCAGACTGG’
AATTCGGCAGACTGCCGATCCACCGATCC3’ 

KpnI 40bp REProbe 5’TCTGTGECAGATCGTCTGTTAC’CGGCAGACT
GCCGATCCA3’ 

PvuII 90bp REProbe 5’GGCAGACTGCCGATCCAGGCAGACTGCCGA
TCCAGGCAGACTGCCGATCCAGGCAGACTGCA
G’CTGGGCAGACTGCCGATCCACCGATCC3’ 

Hairpin EcoRI REProbe (85bp) 5’GCCGATCCAGGCAGACTG’AATTCGCCGATC
CAGGCAGACGCGAAAGCGTCTGCCTGGATCG
GCG’AATTCAGTCTGCCTGGATCGGC3’ 

NgoMIV 40bp REProbe 5’TCTGTGECAGATCGTCTG’CCGGCGGCAGAC
TGCCGATCCA3’ 

Hairpin NgoMIV REProbe (85bp) 5’GCCGATCCAGGCAGACTG’CCGGCGCCGAT
CCAGGCAGACGCGAAAGCGTCTGCCTGGATC
GGCG’CCGGCAGTCTGCCTGGATCGGC3’ 

Appendix Table 2: Sequences for each REProbe. Bold is restriction site and italic bases are locked. 5' end signifies the linker 

conjugated end. If a reporter is present it is conjugated to the 3' end. One strand is show for duplexed REProbes. 
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Appendix 1: Sensorgram of Apt1 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 RBD of 62.5nM, 

125nM, 250nM, and 500nM. 

 

Appendix 2: Sensorgram of Apt1 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 RBD of 

33.25nM  62.5nM, 125nM, 250nM, and 500nM. 
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Appendix 3: Sensorgram of Ab1 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 RBD of 5nM, 

10nM, 20nM, and 40nM. 

 

Appendix 4:Sensorgram of Ab2 captured on a Ni-NTA SPR chip. Binding was measured with injections of SC2 spike protein of 5nM 

and 50nM. 
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Appendix 5: Sensorgram of Ab3 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 spike protein 

of 5nM, 10nM, 20nM, and 40nM. 

 

Appendix 6: Sensorgram of Ab4 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 RBD of 5nM, 

10nM, 20nM, and 40nM. 
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Appendix 7: Sensorgram of Apt1 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 RBD of 10nM, 

50nM, and 100nM dissolved in a solution of conditioned cell media. 

 

Appendix 8: Sensorgram of Apt2 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 RBD of 10nM, 

50nM, and 100nM dissolved in a solution of conditioned cell media. 
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Appendix 9: Sensorgram of Apt1 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 RBD of 10nM, 

50nM, and 100nM dissolved in a solution of artificial saliva. 

 

Appendix 10: Sensorgram of Ab3 captured on a streptavidin SPR chip. Binding was measured with injections of SC2 spike protein 

of 6.25nM, 12.5nM, 25nM, and 50nM dissolved in a solution of conditioned cell media. 
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Appendix 11: Sensorgram of Apt3-F captured on a streptavidin SPR chip. Binding was measured with injections of SC2 spike 

protein of 12.5nM, 25nM,  50nM, and 100nM. 

 

Appendix 12: Sensorgram of Apt3-F captured on a streptavidin SPR chip. Binding was measured with injections of inactive SC2 

particles diluted from stock  in ratios of 1:4, 1:20, and 1:100. 
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Appendix 13: Sensorgram of Ab2 captured on a streptavidin SPR chip. Binding was measured with injections of live SC2 particles 

(Derived from a positive patient, CT value correlates to 16,384 particles per mL) diluted in ratios of 1:4, 1:20, and 1:100. 

 

Appendix 14: Sensorgram of Ab3 captured on a streptavidin SPR chip. Binding was measured with injections of live SC2 particles 

(Derived from a positive patient, CT value correlates to 16,384 particles per mL) diluted in ratios of 1:4, 1:20, and 1:100. 
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Appendix 15: AFM topography of a tSPL patterned square on a PMCC surface. 

 

Appendix 16: Spectrophotometric analysis of thiolated 40bp REProbe addition to a gold plate with varying concentrations of DNA 

in PBS or citrate buffers. 
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Appendix 17: Spectrophotometric analysis of a 40bp REProbe for KpnI. Purified PvuII, EcoRI and KpnI were tested along with 

lysates from E. coli strains with and without EcoRI. 

 

Appendix 18: Spectrophotometry of 40bp NgoMIV REProbe incubated with EcoRI, EcoRI producing E. coli, and N. gonorrhoeae 

lysates with or without a rCutsmart buffer. 
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Appendix B: Nanoscale Publication 
I contributed to data shown in Fig. 1c-e, Fig. 2b-e, Fig. 3c and 4c. 
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The rise in antibiotic-resistant pathogens, highly infectious viruses, and chronic diseases has prompted the 

search for rapid and versatile medical tests that can be performed by the patient. Field-effect transistor 

(FET)-based electronic biosensing platforms are particularly attractive due to their sensitivity, fast turn-

around time, potential for parallel detection of multiple pathogens, and compatibility with semiconductor 

manufacturing. However, an unmet critical need is a scalable, site-selective multiplexed 

biofunctionalization method with nanoscale precision for immobilizing different types of pathogen-specific 

bioreceptors on individual FETs, preventing parallel detection of multiple targets. Here, we propose a 

paradigm shift in FET biofunctionalization using thermal scanning probe lithography (tSPL) with a 

thermochemically sensitive polymer. This polymer can be spin-coated on fully-fabricated FET chips, 

making this approach applicable to any FET sensor material and technology. Crucially, we demonstrate the 

spatially selective multiplexed functionalization capability of this method by immobilizing different types 

of bioreceptors at prescribed locations on a chip with sub-20 nm resolution, paving the way for massively 

parallel FET detection of multiple pathogens. Antibody- and aptamer-modified graphene FET sensors are 

then realized, achieving ultra-sensitive detection of a minimum measured concentrations of 3 aM of SARS-

CoV-2 spike proteins and 10 human SARS-CoV-2 infectious live virus particles/ml, and selectivity against 

human influenza A (H1N1) live virus.  
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Introduction 

A variety of global health threats, such as highly infectious viruses, chronic diseases, and increasing 

prevalence of antibiotics-resistant pathogens, require rapid and versatile tests which can be performed by 

the patient. Field-effect transistors (FETs) configured as biosensors serve as a suitable platform, compatible 

with modern semiconductor manufacturing, for label-free rapid sensing by converting interactions between 

target analytes and surfaces into real-time electrical signals [1-5].  

Furthermore, the detection limits of FET-based sensors have been pushed to ultralow concentrations (i.e., 

femto-molar or less) by adapting nanoscale materials such as nanowires [6, 7], In2O3  [8], and graphene [9-

11]. The progress in this direction promises new applications for FET-based sensor technologies in drug 

discovery [12, 13] and clinical diagnostics [14-17]. 

Despite continuous progress, the application of FET-based sensors for highly parallel detection of multiple 

distinct pathogens or biomarkers remains elusive. At present, functionalization of FET biosensors 

commonly involves the drop casting method without any or limited spatial selectivity, which must be 

specialized for a given FET material. Therefore an unmet critical need is a FET material independent and 

scalable surface chemistry fabrication strategy that can allow modification of each FET on a chip on-

demand with distinct pathogen/biomarker-specific bioreceptors, such as antibodies [18-20] and aptamers 

[8, 21, 22]. Overcoming this challenge will enable portable and wearable rapid diagnostic tests with 

unprecedented capabilities. 

Several key limitations of existing surface functionalization strategies present barriers to realizing a highly 

parallel multiplexed FET sensor chip. A primary limitation is the lack of a scalable spatially selective 

methodology that provides nanoscale precision. Indeed, significant research is ongoing to implement 

multiplexed FET biosensors, highlighting the need for site-selective functionalization. Recent examples 

include electrografting-enabled site-selective functionalization of graphene FETs [23], application of 

bioactive hydrogel as local gates on graphene FETs [24], and implementation of physical macroscopic 
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barriers for separating FETs [8, 10, 25, 26]  (see Supplementary Table 1 for a review). Despite progress on 

site-selective functionalization, no methodology yet offers scalable biochemical multiplexing for 

biosensing (i.e., several different bioreceptors on different FETs) and nanoscale precision in modifying the 

surface chemistry of the FET sensors. Modern semiconductor manufacturing can integrate billions of sub-

100 nm size FETs into functional microchip products. Therefore, a paradigm shift in biofunctionalization 

that enables scalable site-selective multiplexed chemical modifications with nanoscale precision has the 

potential to transform modern chips into advanced sensing platforms by configuring each individual 

nanoscale FET into a distinct pathogen/biomarker-specific biosensor.   

Surface functionalization with nanoscale precision capability could significantly enhance the robustness, 

reproducibility, and uniformity of the functionalization outcome across an array of FETs as well as among 

different chips. Existing functionalization methodologies are largely vulnerable to microscopic and 

nanoscopic surface non-idealities such as contaminations and variations in defect species of the surface.  

Another limitation of existing functionalization approaches pertains to the development of surface 

chemistry processes that are FET-material independent. For instance, attaching a given antibody or aptamer 

to a graphene film will involve different processing steps compared to an oxide film. Functionalizing 

graphene requires, for example, creating either ester or vinyl sulfone groups on the surface [27], which react 

with the primary amine groups of the receptor-antibodies. On the other hand, a different approach is needed 

for functionalizing In2O3 FETs sensors with aptamers, involving the covalent modification of In2O3 with 

dopamine or serotonin aptamers using silane chemistry [8]. Therefore, as FET sensor technologies evolve, 

for example to achieve higher sensitivity or improved manufacturability, their adaptation into a biosensing 

platform may require development of new surface chemistry processes. Therefore, a FET material 

independent chemical modification process facilitates the adaptation of different FET technologies.  

To address the above-mentioned limitations, here, we introduce a scalable, FET material independent 

functionalization strategy that permit local bioreceptor functionalization of individual FETs on the same 

chip with nanoscale spatial precision. Our strategy involves the use of thermal scanning probe lithography 
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(tSPL) with a thermochemically sensitive polymer. This tSPL method is capable of chemically patterning 

a polymer-coated chip surface at prescribed locations, enabling multiplexed functionalization of different 

bioreceptors from antibodies to aptamers, at sub-20 nm resolution and 200 nm pitch, a distance comparable 

to the pitch of modern FETs array in CMOS chips. In a typical FET biosensor, the trapping of a target 

analyte by a specific bioreceptor results in the change of electronic charge at the channel region, generating 

a measurable electronic signal. We show that the capture of the target analytes at the surface of the polymer-

coated FET sensors in our experiments equally gives rise to detectable electronic signals due to the effective 

capacitive behavior of the polymer film. Furthermore, patterning individual FETs allows for in-situ 

differential sensing, a key ingredient to ensure signal fidelity. The feasibility of this platform is established 

through the detection of a single pathogen type using both antibody- and aptamer-modified FET sensors. 

Specifically, the tSPL-functionalized FET sensors achieve an ultra-sensitive detection of a minimum 

measured concentration of 3 aM of SARS-CoV-2 spike proteins and 10 human SARS-CoV-2 infectious 

virus particles/ml, and selectivity against human influenza A (H1N1) live virus.   

 

Experimental Methods 

Graphene FET devices fabrication 

The graphene FETs (gFETs) are fabricated using a four-stage process. The first stage involves the 

preparation of the substrate and graphene material. The substrate is prepared by covering SiO2-coated 

silicon substrates with a 10 nm aluminum oxide (Al2O3) film grown by atomic layer deposition at 270°C, 

followed by the densification of Al2O3 at 500°C for 1 hour in an oxygen ambient. Commercially available 

single-layer graphene films (ACS Material), grown by chemical vapor deposition (CVD) on copper metal 

substrates, are then transferred on the Al2O3-coated substrates using a standard PMMA-based transfer 

method [28] (details in Supplementary Note 3). In the second stage, graphene islands constituting the 

channel region of FETs are patterned using a combination of electron beam lithography (EBL) and plasma 
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cleaning (details in Supplementary Note 3). In the third stage, fabrication of gFET array is complete through 

the formation of source and drain metal electrodes using a combination of EBL patterning, e-beam 

evaporation of 5 nm Cr/ 20 nm Ti/ 25 nm Au metal stack, and lift-off in acetone, followed by covering the 

metal electrodes with an EBL-patterned SU8 isolation film. Stable connections are made from the contact 

pads to external test circuit using spring loaded pogo pins. The contact pads are designed to lie outside the 

microfluidic chamber during electrical measurements. More details about gFET fabrication can be found 

in Deshmukh et al. (2024) [29]. 

 

Polymer synthesis 

A solution of I-3-(4-(3-methoxy-3-oxoprop-1-en-1-yl)phenoxy)propyl methacrylate (Mcoum), 2-

((((tetrahydro-2H-pyran-2-yl)oxy)carbonyl)amino)ethyl methacrylate (Mcarb), and azobisisobutyronitrile 

(AIBN) is prepared in THF in a glovebox (Mcoum:M-carb:AIBN = 40:160:1). This solution is stirred at 70 

ºC in the glovebox for 16 hours, after which, the solution is exposed to air and purified by adding 

dichloromethane, precipitating from cold hexanes, filtering, and drying under vacuum to isolate 

poly((tetrahydropyran-2-yl-N-(2-methacryloxyethyl)carbamate)-co-(methyl-4-(3-

methacryloyloxypropoxy)cinnamate)) (PMCC) as a white solid. More information is reported in [30-34]. 

The purity is determined via 1H nuclear magnetic resonance spectroscopy. 

Two-polymer resist stack 

The two-polymer resist stack is spin coated on the desired chip in a two-step process. First, a PMCC film 

(approximately 70 nm thick) is spin-coated on the chip. The PMCC film is obtained by using a 15 mg/ml 

solution of PMCC dissolved in cyclohexanone [33, 35]. The chips are spun at 1000 RPM for 5 seconds and 

1500 RPM for 15 seconds to disperse the PMCC solution, then 4000 RPM for 30 seconds to evenly apply 

a ~ 70 nm thin film to the substrate. The chips are then treated with 302 nm UV light to crosslink the 

polymer and increase adhesion to the substrate. Second, a PPA film (10-20 nm thick) is spin coated on 
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PMCC. PMCC coated chips are spin-coated with a solution of 0.5% PPA in anisole to cover the PMCC 

surface. The spin-coating of PPA is performed at 6000 RPM for 30 seconds.  

Thermal Scanning Probe Lithography and Microscopy 

Patterning of the PMCC/PPA polymeric stack is performed using a commercial tSPL system (NanoFrazor, 

Heidelberg Instruments, Germany), which utilizes a heated silicon probe [36]. For patterning, the probe on 

the head of the thermal cantilever is heated up by a resistive micron-heater. The probe works as a separate 

thermal reading sensor for in-situ topography thermal imaging when the micro-heater is turned off. This is 

a key feature that allows imaging of the FETs underneath the polymer resist, permitting the local 

functionalization without the need of markers. During the patterning, the thermal reading sensor probes the 

topography of the patterned structure right after each patterning line when retracing back in contact mode, 

which leads to the simultaneous patterning and imaging capability of the NanoFrazor system as well as a 

closed feedback loop correction [32, 33, 35]. The probe temperature is automatically calibrated through the 

system software according to the current-voltage characteristics of the Si tip [37]. The tSPL patterning 

parameters (such as write temperature, dwell time, and load) are adjusted to achieve the amine deprotection 

on the PMCC surface and PPA removal, while controlling the depth of the lithographic indentation. Details 

on the calibration of the optimal tSPL writing temperature, load and dwell time are reported in the 

Supplementary Note 5.   

Nanoscale local biochemical functionalization  

The biotin-streptavidin interaction is used as the bio-conjugation strategy to attach ad-hoc bioreceptors in 

designated regions of chips. Following the tSPL patterning to expose surface amine (-NH2) groups, the chip 

is covered with a solution of 100 nM NHS-Biotin in dimethyl sulfoxide (DMSO) and incubated for 1 hour. 

The NHS ester groups react with the surface NH2 groups, conjugating the biotin to the surface. The chip is 

then washed with a 1X phosphate buffered saline solution (PBS) and DI-H2O to remove any non-reacted 

material, and dried using compressed N2 gas. The chip is then functionalized with 100 nM streptavidin in 

1X PBS for 30 min. Following this step, the sample is functionalized with the desired biotinylated 
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bioreceptor: 100 nM anti-SARS-CoV-2 antibody in 1X PBS, 100 nM anti-SARS-CoV-2 aptamer in DI 

water or 100 nM Influenza A anti-Hemagglutinin aptamer in DI water. The above concentrations and 

functionalization times were chosen to ensure saturation of available sites, preventing interference with 

multiple rounds of functionalization. 

All solvents are acquired from Sigma-Aldritch, unless stated otherwise. The (+)-Biotin N-

hydroxysuccinimide (NHS) ester, DyLight™-conjugated esters, streptavidin are acquired from 

ThermoFisher Scientific. Biotinylated Anti-SARS-CoV-2 Spike RBD Neutralizing Antibody (S1N-

VM226), as well as SARS-CoV-2 spike proteins for detection are purchased from ACRO Biosystems. 

Aptamers are synthesized per order from Integrated DNA Technologies (IDT) using the following 

sequences from previous studies [38, 39]: Anti-SARS-CoV-2 Aptamer-6C3 5′-CGCAGCAC CCAAGAAC 

AAGGACTG CTTAGGAT TGCGATAG GTTCGG-3′ (see Fig.. S6) [38]. Anti-Hemagglutinin (HA) 

Aptamer-RHA-0006 (Integrated DNA Technologies, 5’-GGGTTTGG GTTGGGTT GGGTTTTT 

GGGTTTGG GTTGGGTT GGGAAAAA-3’, see Fig. S7) [39]. Aptamers are modified with biotin on the 

5’ end and tagged with TYETM 665 (Aptamer-6C3) or 6-Carboxyfluorescein (Aptamer-RHA-0006) 

fluorescent dye on the 3’ end, formulated by Integrated DNA Technologies, Inc. [8, 9] and purified using 

high performance liquid chromatography (HPLC) [38]. See Supplementary Note 4 for further details on the 

functionalization, incubation process and aptamers.  

Electrical measurements 

The gFET chip is placed inside a custom-made microfluidic chamber with a ~350 μl volume, (shown in 

Supplementary Fig. S8) and the gFETs are then covered with a buffer solution. An external Ag/AgCl 

reference electrode is utilized as the gate electrode. The FET electrical response is continuously monitored 

by means of a custom-made Printed Circuit Board. This circuit converts the drain-source current into a 

voltage using a transimpedance amplifier, and subsequently, the output voltage is digitized with a data 

acquisition instrument (NI USB6353X series, National Instruments). A custom LabVIEW control interface 

is employed to operate these instruments. The transfer curve of the device is measured multiple times for 
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reproducibility. The drain-source voltage (Vds) is set to 50 mV throughout the experiments. For each 

measurement, 200 μl of buffer is placed in the microfluidic chamber at the start of the measurement. 20 μl 

of the analyte is injected at increasing concentrations. The values indicated in Figs. 3 to 5 are calculated 

values to account for dilution in the chamber. 

Live virus experiments 

Viral stocks have been prepared ahead of the experiments conducted in the ViroStatics facility in 

Alghero, Italy, within a Biosafety Level 3 Laboratory. A VERO E6 cell line (Cercopithecus 

aethiops, kidney) was purchased from American Type Culture Collection (ATCC) and was 

cultured in Dulbecco’s modified Eagle’s medium (DMEM, https://biowest.net/wp-

content/uploads/2022/08/DMEM-High-Glucose.pdf) supplemented with 10% fetal bovine serum 

(FBS) (Biowest), 1% antibiotic solution penicillin/streptomycin (Biowest), 1% L- glutamine 

(Biowest), i.e., complete medium, at 37°C with 5% CO2. Human 2019-nCoV strain 2019- 

nCoV/Italy-INMI1, isolated in Italy (ex-China) from a sample collected on January 29, 2020, was 

provided by the Istituto Lazzaro Spallanzani, Rome, Italy (Archive E, “Human 2019-nCoV strain 

2019- nCoV/Italy-INMI1, clade V” 2020, available online at https://www.european-virus- 

archive.com/virus/human-2019-ncov-strain-2019-ncovitaly-inmi1-clade-v). The virus was 

propagated in Vero E6 cells as described above to obtain high titer virus (>10E+06 TCID50/mL) 

and was stored in DMEM 2% FBS at -80° C until use. Tissue culture infectious dose (TCID50) is 

defined as the dilution of a virus required to infect 50% of a given cell culture.  

Similarly, a high titer (>10E+06 TCID50/mL) viral suspension of H1N1 (A/PR/8/34) was produced 

from infected cultured of MDCK (Madin-Darby canine kidney). DMEM 2% FBS was used to 

store the virus at -80°C. Live virus suspensions for the gFETs experiments are prepared using a 

buffer containing 1 mM HEPES and 0.6 mM NaCl. 
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SPR experiments 

Putative interactions between probes and target analytes are confirmed using a 2-Channel Surface Plasmon 

Resonance System (Reichert® 2SPR, Reichert Inc, NY). SPR system is equilibrated with the target buffer 

system and all the subsequent probes, analyte samples, and blank samples are produced with the same 

buffer. Biotin-conjugated aptamers (IDT Corporation, IA) and antibodies (Acro Biosystems, DE) are used 

as probes (100 μL injection, 100 nM) and immobilized onto streptavidin-coated gold chips (Reichert Inc). 

Only the left channel is functionalized with the probe while the right channel is used as a reference. Analyte 

interactions is assessed by flowing through (25 μL/min) solutions of target analyte samples SAR Cov-19 

spike protein (Acro Biosystems) and live Covid particle (patient nasal swabs) with increasing 

concentrations through both channels. All experiments are run at 37 °C.  

Fluorescence microscopy 

Figs. 1d-f are taken using a Zeiss LSM 880 Airyscan Fast Live Cell confocal microscopy unit, Plan Apo 

40x/1.2 Type W Oil objective and submersion, and the HeNe 633 nm laser line. Fig. 2b, c, d, f fluorescence 

imaging is done using a Nikon Ti2-E Motorized Microscope equipped with a 7-line solid state light source, 

CFI60 Plan Apochromat Lambda 10x and 40x lenses and ORCA-Fusion Gen-III sCMOS camera.  

 

Results and Discussion 

Nanoscale thermal biofunctionalization: the NanoBioFET platform 

To enable a scalable, site-selective multiplexed strategy capable of locally functionalizing 

individual FETs at sub-100 nm resolution with desired bioreceptors (from antibodies to aptamers), 

and applicable to any channel material (e.g., graphene, oxides, or silicon), we use thermal scanning 

probe lithography (tSPL) [36, 40]. In our approach, tSPL uses a hot nanotip to expose amine groups 

with nanoscale resolution on a thermally sensitive biocompatible polymer resist [30-34], which is 
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spin coated on a target substrate containing fully-fabricated FETs (see Fig. 1b). This spatially 

selective activation process enables subsequent modification of individual or a group of FETs with 

a desired bioreceptor, resulting in an array of FET-based biosensors configured for simultaneously 

detecting various target analytes (see Fig. 1a). We name this platform NanoBioFET.  

The implementation of the NanoBioFET platform begins by fabricating a FET array. As shown in 

Fig. 1b, we adopt monolayer graphene for realizing the FET-based sensors (see Experimental 

Methods), due to its potential for ultrahigh sensitivity [41, 42]. We then cover the fully fabricated 

graphene FETs (gFETs) by spin coating two thermally sensitive polymer resist films (see 

Experimental Methods). The stack comprises a first film of about 70-nm-thick polymethacrylate-

carbamate-cinnamate copolymer (PMCC) [31-33], which provides amine groups on demand in 

designated FET regions upon local heating by tSPL. PMCC can be locally patterned through local 

heat-induced deprotection of amine groups from tetrahydropyranyl carbamates in the carbamate 

block of PMCC [30-34] (see Experimental Methods). The second film is poly(phthalaldehyde) 

(PPA) [36, 43] which serves as a top layer resist (10-20 nm thick) to reduce non-specific binding 

outside the FET channel region (see Supplementary Note 1).  

After forming the bilayer polymer resist stack, we proceed with the localized functionalization of 

individual FETs with desired bioreceptors. Employing tSPL, we modify the bilayer polymer resist 

stack atop the channel region of each target gFET with amine groups. This process utilizes a hot 

nano-tip in a commercial tSPL system (see Experimental Methods), which removes PPA 

completely above the channel region, while simultaneously applying heat to the PMCC polymer 

surface above the amine deprotection temperature (~120 C), exposing amine groups in the desired 

area (Fig. 1b). For differential sensing, we pattern only the FET used as a sensor, while leaving 

the un-patterned FET as a control device. Ensuring signal fidelity is a key challenge for 
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commercialization of FET-based biosensors. Hence, providing a platform that allows for in-situ 

differential sensing is a key milestone. Using standard conjugation strategies, the amine groups in 

the channel region can subsequentially be functionalized with ad-hoc bioreceptors such as 

antibodies or aptamers (see Experimental Methods for details). At this point, the sensor/control 

FETs are ready for biodetection of a specific target, such as SARS-CoV-2 virus. As discussed 

later, when the FET sensor is exposed to a specific target, the target is immobilized by the 

bioreceptor near the polymer surface, giving rise to a change in the electronic signal of FET-based 

sensors.  

In Fig. 1c, we demonstrate the resolution of the NanoBioFET fabrication method. Specifically, 

Fig. 1c shows an in-situ tSPL topographical image (see Experimental Methods) of an amine pattern 

produced by tSPL in a PPA/PMCC bilayer polymer resist stack deposited on a blank SiO2/Si 

substrate (i.e., without gFETs). The pattern consists of a 1010 matrix of 15 nm-diameter amine 

circles with 40 nm pitch, comparable to that of an advanced-node silicon FET technology. 

Importantly, this image is taken in-situ during the tSPL patterning process, since thermal probes 

can also allow local nanoscale imaging (Experimental Methods). This feature enables localization 

of target regions on a chip with nanoscale precision without requiring sophisticated and costly 

pattern alignment procedures.  

To demonstrate the ability of the NanoBioFET fabrication method to pattern relevant biomarkers 

with high reproducibility and precision, Figs. 1d and 1e present two fluorescence optical 

microscopy images of one-hundred squares (with 5 m and 500 nm sides, respectively) of 

biotinylated anti-SARS-CoV-2 aptamers, which have been fluorescently tagged with a red dye 

(see Experimental Methods for details on the aptamers used here). These aptamer patterns have 

been produced first by exposing amine groups by tSPL on the surface of the PPA/PMCC polymer 
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resist, and then by conjugating the amine groups to NHS-biotin, followed by streptavidin, and 

biotinylated aptamers (the details of the chemical functionalization steps are reported in the 

Experimental Methods). Note that the PPA/PMCC double polymer stack in these experiments is 

spin-coated on a on a blank SiO2/Si substrate (i.e., without gFETs).  

In Figs. 1f and g, we show how the NanoBioFET fabrication process is implemented on a gFET 

array chip. For this purpose, we fabricate an array of four gFETs with a channel length of 1 m, 

where each sensor FET is adjacent to a control FET. The PPA and PMCC resists are then spin-

coated on the gFETs, and tSPL is used to remove PPA and pattern amine groups in the channel 

region of the two gFET sensors, leaving the FET controls un-patterned. In Figs. 1f and g we show, 

respectively, an in-situ tSPL topographical image, and an ex-situ friction atomic force microscopy 

(AFM) image of the resulting gFET sensors and controls after tSPL patterning. The graphene 

region underneath the polymer is indicated with a dashed red rectangle. In Fig. 1f, the tSPL 

topography image shows that the patterns above the channel region of the gFET sensors are at a 

depth of approximately 10 nm, corresponding to the thickness of the PPA film, which is sublimated 

during tSPL patterning. It is important to note that since tSPL allows in-situ imaging of the FET 

underneath the dual polymer stack, we are able to locate the channel region of each FET and pattern 

where required without the need of markers. The AFM friction image in Fig. 1g is particularly 

revealing since it shows clear friction contrast in the sensor area due to the change in hydrophilicity 

upon the thermal deprotection of the amine moiety. This agrees with a more hydrophilic surface 

where the amine groups have been exposed, and the consequent presence of larger friction forces 

at the nanoscale due to larger capillary forces [40, 44].  

 

Biochemical multiplexing capability of the NanoBioFET platform  
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To fully exploit the potential of having a massive number of FET biosensors in a microchip, it is 

necessary to functionalize each FET with distinct bioreceptors so as to allow detection of different 

types of target biomolecules, such as different viruses. In Fig. 2, we demonstrate the capability of 

the NanoBioFET fabrication process for the site-selective attachment of distinct types of 

bioreceptors at different locations on a given target surface (e.g., SiO2 and graphene here). Fig. 2a 

shows the concept by means of a schematic representing the steps involved in implementing the 

biochemical multiplexing. Initially, we spin-coat a PPA/PMCC polymer stack on a target substrate, 

consisting of an FET array. Then a first round of site-selective functionalization in this process, as 

depicted in Fig. 1b, is performed on FET-1 to attach bioreceptor-1 (red square), followed by a 

second round to attach bioreceptor-2 (green square) to FET-2, and so on until all FETs are 

functionalized up to the desired n-number of bioreceptors. Each round of site-selective 

functionalization in NanoBioFET platform includes: first, in-situ tSPL topographical imaging of 

the surface to locate where the pattern needs to be made (e.g., the desired FET); second, tSPL local 

patterning of the polymer stack above an individual FET channel; third, a series of biochemical 

functionalization steps, and selective attachment of the desired bioreceptor to the target FET as 

described in the Experimental Methods section.  

In Fig. 2b we present a fluorescence optical microscopy image of biochemical patterns generated 

by four sequential rounds of the site-selective functionalization process as depicted in Fig.  2a. In 

particular, Fig. 2b shows the fluorescence of four types of NHS-esters terminated dyes (red, 

yellow, green and sky-blue) attached directly to the amine moieties exposed during the tSPL 

process on the surface of the PPA/PMCC polymer resist deposited on a blank SiO2/Si substrate 

(i.e., without gFETs).  Fig. 2c shows the implementation of the multiplexed chemical patterning 

in an array of gFETs. Specifically, the channel regions of four representative gFETs have been 
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functionalized with four different types of NHS-esters terminated dyes (red, yellow, green, and 

sky-blue) attached directly to the amine moieties exposed by tSPL on the surface of a PPA/PMCC 

polymer resist spin-coated on a gFET chip.  

Figs. 2d and e demonstrate the capability of this fabrication method to produce independent 

patterns of different types of bioreceptors (here aptamers) sensitive to different types of target 

molecules, e.g., different viruses. In particular, here we show a fluorescence image of patterns of 

two types of fluorescently labelled aptamers, influenza A anti-hemagglutinin (HA) aptamer tagged 

with a green fluorophore, and anti-SARS-CoV-2 aptamer (tagged with a red fluorophore). The 

patterns are created by exposing amine groups by tSPL, and subsequently by attaching NHS-ester 

biotin to the amine patterns. Biotin patterns are then exposed to streptavidin, and finally to the 

biotinylated HA aptamer (green). A second identical round of site-selective functionalization is 

performed to attach the biotinylated CoV-2 aptamer (red) to the desired area on the surface. The 

details are reported in the Experimental Methods.  

Figs. 2e and f demonstrate the high spatial resolution with which patterns/bits of different 

bioreceptors can be fabricated, demonstrating the potential of this approach for site-selective 

functionalization of nanoscale FETs. In particular, following the same process as in Figs. 2d and 

e, we produce patterns of two types of aptamers (HA and CoV-2 aptamers) on a blank SiO2/Si 

substrate. The fluorescence image in Fig. 2e shows green-aptamer and red-aptamer patterns with 

a “bit” dimension of 500 nm. Because of the limited resolution offered by optical microscopy, we 

also fabricate two-aptamer circle/dash patterns with a 20 nm width and a minimum 200 nm pitch, 

i.e., minimum distance between circle (HA aptamer) and dash (CoV-2 aptamer) pattern centers. 

We then image them in-situ by tSPL imaging (Fig. 2f). We perform three measurements on the 

PPA/PMCC surface. First, we image pattern type-circle after a first round of tSPL. Second, we 
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functionalize pattern type-circle with NHS-biotin/streptavidin/HA aptamer and image the pattern 

region after a second round of tSPL to produce pattern type-dash. Third, we image the polymer 

surface after functionalization of pattern type-dash with NHS-biotin/streptavidin/CoV-2 aptamer. 

The cross-sections show the high registry and robustness of the fabrication process and the change 

in depth of the patterns after functionalization due to the filling of each pattern with the NHS-

biotin/streptavidin/aptamer molecules (approximately 10-15 nm). The two types of patterns have 

been produced with different shapes to add clarity to the image and show that tSPL can also 

produce patterns at different depths and shape. See also supplementary Fig. S9. We remark that 

the same platform can be adapted to be used with different chemical bioconjugation strategies to 

link the biomarkers on the surface, such as click-chemistry conjugation. 

Electronic sensing on site-selective functionalized gFETs  

Having established the versatility and nanoscale spatial precision of the NanoBioFET fabrication strategy, 

we next examine its feasibility in electronic detection of target analytes. Specifically, we investigate whether 

the implementation of the proposed site-selective functionalization results in a successful electronic sensing 

of target analytes. The central hypothesis of the NanoBioFET platform is that the PMCC polymer will serve 

as a capacitor that will allow effective coupling between the charges due to biochemical reactions on its 

surface with the FET. We will test this hypothesis through sensing experiments tailored for the detection of 

the SARS-CoV-2 virus. This choice is motivated by the commercial availability of bioreceptors for this 

virus, including different antibodies and aptamers. 

Fig. 3a shows the schematic illustration of an antibody-modified gFET, where the graphene channel is 

separated from the bioreceptor by the PMMC polymer (the blue rectangle). The sensor is solution-gated, 

where a fixed bias gate voltage (Vgs) is applied to the solution (300 mV in our experiments) using an external 

Ag/AgCl reference electrode. A small bias voltage (Vds=50 mV) is simultaneously applied between the 

source and drain electrodes, generating a current flow (Ids) in the gFET, which is monitored in real time.  
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Figure 3b illustrates the simplified capacitor circuit model of the bioreceptor-modified gFET in our 

experiment. The conjugation of target analytes (e.g., spike protein or virus) with bioreceptors results in the 

change of charge (denoted as Q in Fig. 3b) on the surface of the polymer. As shown in this circuit model, 

the PMCC capacitance (Cpol) allows the compensation of charged carriers in the graphene channel due to 

Q, thereby resulting in a measurable change in Ids (i.e., Ids) due to the biochemical reaction. This recorded 

Ids signal can be used to quantify the concentration of target analytes through creation of a sensitivity 

calibration curve, as we explain later. We note that the PMCC polymer in the hydrated state (i.e., exposed 

to the buffer solution) provides a high capacitance (µF/cm2 range, See Supplementation Fig. S12), which 

is consistent with the previous reports on the significant increase in the relative permittivity of other 

polymers in hydrated states [45].      

A key experimental challenge in FET-based biosensing is the electronic screening of charges with 

increasing distance from the surface, characterized by the Debye length λDebye, with multiple mitigation 

strategies proposed in the literature [8, 46-49]. A common approach for overcoming this limitation is to 

adjust the ionic strength of the buffer environment [46, 50], thereby increasing λDebye. In the experiments 

below, we adopt a similar strategy, modifying the buffer solution and its ionic strength based on the choice 

of the bioreceptor (i.e., antibody or aptamer).  

SARS-CoV-2 sensing using antibody-modified gFETs  

All electronic sensing experiments begin by employing the fabrication and biofunctionalization protocols 

described in Figs. 1 and 2, which involve anchoring NHS-biotin-streptavidin chains onto the 

thermochemically activated amine groups on the PMCC polymer, above the channel region of the gFETs. 

Our initial investigations focus on the use of biotinylated antibodies as a bioreceptor, which attach to the 

NHS-biotin-streptavidin chains. In this configuration, detecting an electronic signal induced by the 

antibody-analyte interaction requires λDebye of at least ~10 nm. To accommodate this requirement, we use a 

1 mM HEPES buffer solution as the sensing environment (see Experimental Methods) [6]. Whereas a lower 
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ionic strength enhances λDebye, the reduction of ion concentration in the sensing environment may negatively 

affect the efficacy of the antibody-analyte interaction.  

We select biotinylated anti-SARS-CoV-2 spike RBD neutralizing antibody (see Experimental Methods) for 

these electronic sensing experiments. The feasibility of its binding affinity to SARS CoV-2 spike protein at 

1mM HEPES buffer, which provides λDebye=10 nm, is validated by surface plasmon resonance (SPR) 

measurements (Fig. 3c). In these SPR experiments, the concentration of spike proteins is limited to a low 

nanomolar range, which is the typical sensitivity of this type of measurements [51, 52]. Although the SPR 

traces for the spike protein against the antibody probe confirm affinity, they also indicate a lower response 

compared to typical buffers with physiological salinity levels (e.g., 1X PBS). Furthermore, the SPR data 

indicate a deviation from the ideal curve shape expected for the interactions, which we attribute to the low 

ionic strength of the buffer used. Therefore, we use the SPR data only as qualitative indication of the 

viability of the affinity at 1 mM HEPES. However, detailed kinetic analysis may not be reliable because 

the very low ionic strength causes some artifacts producing poor curve fitting to the kinetic data (see 

Supplementary Fig. S13).   

We then proceed to perform the electronic sensing measurements. In all sensing experiments, the 

bioreceptor-modified gFETs are placed in a microfluidic chamber (see Experimental Methods). We then 

perform an initial screening of a gFET sensor quality by measuring its transfer characteristics (Ids vs. Vgs) 

using a buffer solution gate. In Fig. 3d, we show the typical transfer characteristics of an antibody-modified 

gFET, obtained by sweeping the solution gate voltage, Vgs, and recording Ids at a fixed Vds of 50 mV. Vgs 

modulates the gFET charge carrier concentration and carrier type, from holes in the p-branch, to electrons 

in the n-branch, passing through the charge neutrality point (at VCNP). For simplicity the data are centered 

around VCNP. When an analyte is captured by the bioreceptor in the channel region, the local change in 

charge produces a shift of the Ids vs.Vgs characteristics and therefore a change in Ids is measured at fixed Vg.  

We next monitor the real-time electronic response of a SARS-CoV-2 antibody-modified gFET sensor to 

different concentrations of spike protein. The experiment involves recording Ids continuously in time at a 
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fixed Vgs of 300 mV while injecting analytes at different times into the microfluidic chamber. The objective 

of this experiment is to quantify the sensitivity of this antibody-modified gFET and evaluate its limit of 

detection. In Fig. 3e, we show the corresponding transient response of the gFET. To account for device-to-

device variation, we normalize the change in Ids by the device transconductance to obtain a calibrated signal, 

tracking the change in VCNP (see Supplementary Note 6 for more details). We monitor the transient sensor 

response due to injections of the spike protein (see Experimental Methods for discussion on the 

concentrations). Upon each spike injection, we observe a strong decrease in the sensor signal that follows 

an apparent exponential behavior (marked with dashed exponential fits). The subsequent spike injection 

occurs once the sensor signal establishes a new steady-state baseline. Each of the spike protein injections 

generates a qualitatively similar response, with decreasing magnitude as the sensor starts to saturate.  

Fig. 3f shows the sensitivity plot of the antibody-modified gFET, plotting the cumulative sensor response 

against its corresponding spike concentration (on a log-scale). Also included in the plot are data points from 

a second measurement on a different device, demonstrating reproducibility of our measurements (see 

Supplementary Fig. S10). To evaluate the sensor limits of detection and saturation, we fit the calibrated 

signal response to a Hill model of the form 𝑉 = 𝑉𝑚𝑎𝑥  [𝐴]𝑛 (𝐾𝑑
𝑛 + [𝐴]𝑛)⁄ , where 𝑉 is the signal strength, 

saturating at value 𝑉𝑚𝑎𝑥, [𝐴] is the analyte (spike protein) concentration, 𝐾𝑑 is the equilibrium dissociation 

rate of the receptor-analyte pair, and 𝑛 is the Hill coefficient, limited to a maximum value of 2 (for two 

receptor sites per antibody). We obtain an excellent fit to the data with, with the sensor response starting to 

saturate near 100 aM (𝑉𝑚𝑎𝑥 = 16 mV), and 𝑛 = 1.5 indicating cooperative binding of spike proteins to 

antibodies. Analysis of the electronic noise in these measurements reveals a 1.8 mVrms input-referred noise, 

corresponding to an estimated limit of detection of 1 aM based on the Hill fit (see Supplementary Note 2). 

The excellent sensitivity of these gFETs, which could be further optimized in terms of electrical 

characteristics, reinforces the prospects of NanoBioFETs platform for site-selective functionalization of 

FET sensors.  
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CoV-2 Sensing using aptamer-modified gFETs  

We next examine the versatility of the NanoBioFET platform in adapting aptamers as bioreceptors for 

detecting spike proteins. In recent years, aptamers have become increasingly appealing as capturing probes 

due to their cost-effectiveness and durability [8]. More critically, modifying FET-based sensors with 

aptamers has proven to be an effective strategy in significantly relaxing the requirements on λDebye and, 

consequently, the ionic strength of the sensing environment [53]. Recent demonstrations have revealed the 

utility of aptamer-modified FET sensors in detecting analytes at physiological ionic strength [21], which 

has a λDebye of 0.7 nm. The sensing mechanism of an aptamer-modified FET-based sensor is attributed to the 

fact that the analyte-induced conformational changes of the aptamer alter the surface charge within λDebye, 

generating a detectable electronic signal. In our experiments, explained below, we demonstrate the 

successful electronic detection of spike proteins in buffers solutions having a λDebye of ~2 nm.  

We implement aptamer-modified gFETs following an identical tSPL fabrication and biofunctionalization 

procedure as in the experiments in Figs. 1 and 2, and we use a biotinylated anti-SARS-CoV-2 aptamer as 

bioreceptor (see Experimental Methods for details). Before the electrical sensing experiments, we employ 

fluorescent microscopy to confirm the aptamer attachment in the channel region of the gFETs designated 

as biosensors. Indeed, the strong fluorescence in the channel region (2050 m2) of an aptamer-modified 

gFET (see left panel in Fig. 4b) confirms the effectiveness of our procedure in locally attaching aptamers. 

In this experiment, we also demonstrate the versatility of this approach in implementing control gFETs on 

the same chip by leveraging the spatial-selective biofunctionalization capability of tSPL. Control devices 

are produced simply by skipping the tSPL step in the channel region of a few select gFETs, while subjecting 

these gFETs to the same subsequent surface chemistry treatments as sensor gFETs. The fluorescent 

microscopy results for the control gFET (see right panel in Fig. 4b) confirm the chemical inactivity of the 

channel region in the control gFET with minimal non-specific binding.  

In Fig. 4c, similarly to experiments of antibody in Fig. 3, we perform SPR experiments for validation of the 

binding between the anti-SARS-CoV-2 aptamer and spike protein in 0.1X PBS (λDebye of 2 nm). The 
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subsequent electronic sensing experiments in a microfluidic chamber demonstrate the ability of aptamer-

modified gFETs in generating detectable electronic signals in response to spike protein injections in the 

same buffer concentrations (see Fig. 4d). The simultaneous monitoring of an adjacent control device in this 

experiment provides confidence about the fidelity of the electronic signals generated by the gFET biosensor. 

This key feature of the NanoBioFET platform in enabling differential detection and simultaneous 

monitoring of non-specific binding is an important step toward achieving robust analyte detection using 

FET-based biosensors.   

A closer look at the results in Fig. 4d reveals two important observations. The first observation is the 

significantly weaker signal amplitude of the aptamer-modified gFET compared to its antibody-modified 

counterpart in Fig. 3e. Whereas the antibody-modified gFET generates a 4 mV signal in response to 3 aM 

of spike concentration, the aptamer-modified counterpart produces only a 1.3 mV signal when exposed to 

500 aM of spike protein. We attribute this characteristic primarily to the significantly smaller λDebye at 0.1X 

PBS. We expect that ongoing research in the field, focused on increasing the λDebye at a given ionic strength 

[46] and developing alternative chemical conjugation strategies beyond biotin-streptavidin will directly 

benefit future experiments utilizing aptamer-modified gFETs. The second observation pertains to the 

relationship between the signal amplitude and the spike protein concentration. The data indicate a nearly 

diminishing response with the subsequent spike protein injections at higher concentrations. This 

observation suggests that the capturing aptamers on the gFET are reaching full occupancy, wherein the 

captured surface proteins block the interactions of incoming proteins with the surface probes. To quantify 

this, we plot the calibrated signal responses as a function of the analyte concentration (log-scale) in Fig. 4e, 

and fit the data with a Hill model as before. From the fit we estimate  𝑉𝑚𝑎𝑥 = 6 ± 2 mV, indicating a lower 

sensitivity of the aptamer-modified gFET in 0.1X PBS. The fit also returns a Hill coefficient of 0.38, 

indicating negative cooperativity. A full understanding of the nature of observed binding interactions in 

these experiments is a focus of future studies. 
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Evaluation of NanoBioFET platform using live human CoV-2 viral particles 

Following the success of spike protein detection with bioreceptor-modified gFETs, we perform a final test 

with human live SARS-CoV-2 viral particles and the SARS-CoV-2 antibody as bioreceptor from earlier, 

evaluating sensitivity to low viral loads and selectivity of the response to specific viruses. Additionally, the 

experiments in Fig. 3 confirm the high sensitivity of antibody-modified gFETs in detecting low 

concentrations of spike proteins. Therefore, we employ the antibody-modified gFETs in experiments 

involving live viral particle detection.  

The measurement setup and procedure are nearly identical to that for the antibody–spike protein 

measurements earlier, with a 1 mM HEPES buffer (see Fig. 5a and Experimental Methods for details). We 

monitor the temporal changes in Ids during the course of the sensing experiment. The experimental sensing 

procedure involves injection of the blank virus medium at the beginning of the experiments, followed by a 

few alternating injections of SARS-CoV-2 virus and the human H1N1 influenza virus (see Experimental 

Methods for details on these viruses). Fig. 5b shows the transient response of the antibody-modified gFET 

with live virus injections in 1mM HEPES. Injections of virus medium (black circle), SARS-CoV-2 virus 

(red diamond), and H1N1 virus (green star) are marked in Fig. 5b. The data demonstrate the sensitive and 

selective detection by the SARS-CoV-2 antibody-modified gFET. The SARS-CoV-2 virus (red diamond) 

and H1N1 virus (green star) in Fig. 5 show that the SARS-CoV-2 virus repeatedly produces an exponential-

like response in the sensor, whereas the H1N1 virus (which we use as a negative control) or buffer produce 

no response. The first four virus injections are at a concentration of 20 TCID50/ml and the last at 200 

TCID50/ml, estimated to be about 10 infectious virus particles per ml, demonstrating ultra-sensitive 

detection of the live virus. The insensitivity of the sensor to H1N1 injections highlights the selectivity of 

the gFET sensor. 

 

Conclusions 
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In conclusion, the results presented here establish a paradigm shift in functionalization of FETs for 

biosensing. While so far functionalization of FET-based biosensors is commonly achieved by drop casting 

with no or limited spatial selectivity, here we show a scalable, semiconductor compatible surface 

functionalization nanofabrication strategy that allows modification of individual FETs on the same chip 

with distinct pathogen-specific bioreceptors, with nanoscale resolution. The NanoBioFET platform is 

implemented through the combination of thermal scanning probe lithography, thermochemically sensitive 

polymers which are spin-coated on the FETs chip, and in-situ thermal imaging. We demonstrate that this 

methodology can be used to implement site-selective multiplexed functionalization with different 

bioreceptors. Specifically, this tSPL-enabled approach can provide spatial selective functionalization at 

precise locations on a chip at sub-20 nm resolution and 200 nm pitch, a distance comparable to the pitch of 

modern FETs array in CMOS chip. Functionalization of target regions with sub-micron pitch is a significant 

advance towards achieving massively parallel FET detection of multiple target pathogens. The ability to 

pattern individual FETs also allows for in-situ differential sensing, a key feature to ensure signal fidelity. 

The successful electronic sensing experiments for detection of CoV-2 targets confirm the feasibility of 

integration of the proposed functionalization strategy with FET biosensors. The key to this advance is the 

effective function of the polymer as a capacitor between the surface-anchored bioreceptors and the buried 

FET sensors, allowing the electronic detection of interactions between target analytes and specific 

bioreceptors. The electronic sensing experiments reveal ultrasensitive and selective sensing performance of 

the gFETs functionalized using the NanoBioFET platform. We achieve detection for 3 aM of SARS-CoV-

2 spike proteins and 10 human SARS-CoV-2 infectious live virus particles/mL, as well as selectivity against 

human influenza A (H1N1) live virus. While this study confirms the feasibility of the NanoBioFET 

platform, future studies will focus on enabling multiplexed FET sensing using this methodology.  

Lastly, we remark on the nanomanufacturing prospects of the proposed NanoBioFET platform. A key asset 

of this functionalization strategy is its generalizability to various FET materials from silicon to graphene. 

Indeed, the polymer stack is spin coated atop the fully fabricated chips, a process scalable to commercial 
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silicon and other types of substrates with up to 300-mm diameter. Therefore, the NanoBioFET platform is 

compatible with commercial semiconductor manufacturing for producing CMOS chips that can contain 

many FETs (thousands to millions), where each FET or a group of FETs can be modified for detecting a 

specific target pathogen. To this end, we note that the tSPL process could be parallelized with the use of hot 

probes arrays, while the scanner head could work in parallel with picoliter piezo-type printing, decreasing 

the nanopatterning times, which are at present about 10 minutes per FET. Furthermore, tSPL is a flexible 

and sustainable nanofabrication method that does not require vacuum or high energy or alignment marks 

since each FET can be imaged in-situ during patterning. Finally, we remark that the here-proposed biotin-

streptavidin strategy to anchor the biomarkers to the surface can be easily changed with different amine-

bioconjugation approaches to meet different device requirements. 
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Data Availability 

All experimental data are available from the corresponding author upon reasonable request. 
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Fig. 1 |Sub-20 nm resolution biochemical functionalization of FETs by tSPL. a 3D-Render of the NanoBioFET 

platform for FET-based multiplexed nanoscale biosensing. b Schematic showing the steps of fabrication in the 

NanoBioFET platform, from polymer deposition onto the FETs, to tSPL nanoscale activation of amine groups, 

and bioreceptor bioconjugation. c Thermal SPM topographical image of a tSPL nanoscale amine pattern fabricated 

in PPA/PMCC. In the inset, the depth profile of the corresponding cross section AA’, showing a FWHM of 15 nm 

for each sensor pixel. d and e Fluorescence microscopy image of biotinylated aptamers terminated with a red dye 

on a PPA/PMCC SiO2/Si chip. Specifically, the image shows Biotinylated Anti-SARS-CoV-2 Aptamer. After 

tSPL patterning, the sample is covered with a solution of 100 nM NHS-Biotin in DMSO and incubated for 1 hour. 

The sample is then functionalized with 100 nM streptavidin in 1X PBS for 30 min. After washing and drying, the 

sample is functionalized with the red-dye tagged aptamer. f and g tSPL topography (f) and friction AFM (g) images 

of four PPA/PMCC coated gFETs with a channel width of 1 m, where the areas above the gFET’s channel 

(graphene) sensors have been patterned by tSPL to remove PPA and activate amine groups on PMCC. 
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Fig. 2 |NanoBioFET fabrication for multiplexed biofunctionalization. a Schematics of consecutive tSPL patterning 

and functionalization rounds to fabricate adjacent FETs, each functionalized with a different bioreceptor, enabling 

multiplexed biochemical activation. b Fluorescence microscopy image of four different NHS-ester terminated dyes 

(red, orange, sky-blue and green) attached to amine moieties patterned by tSPL on a PPA/PMCC SiO2/Si chip. Note 

that negligible bleed is observed, indicating saturation of exposed amines at each functionalization round. c 

Fluorescence microscopy image of four representative graphene-based FETs functionalized with four different types 

of NHS-ester terminated dyes (green, sky-blue, red and orange). d, e Fluorescence microscopy images of two different 

biotinylated aptamers with terminated red and green dyes on a PPA/PMCC/SiO2/Si chip. Specifically, the images show 

biotinylated anti-SARS-CoV-2 aptamer (red) and biotinylated anti-Hemagglutinin (HA) aptamer (green). The image 

in e shows a two-aptamer pattern of 500 nm circles. f From left to right: first, in-situ tSPL topographical image of a 

matrix of circles produced after a first round of tSPL on a PPA/PMCC/SiO2/Si chip; second, in-situ tSPL topographical 

image of the same area after conjugation of the surface with bioreceptor 1 (HA aptamer) using biotin/streptavidin as 

cross linker and after a second round of tSPL to pattern a second matrix of 20 nm dashes; third, in-situ tSPL 

topographical image of the same area after conjugation of bioreceptor 2 (CoV-2 aptamer) using biotin/streptavidin as 

cross linker. The respective cross section images show the registry and robustness of multiplexed patterning and the 

change in depth of the patterns after functionalization due to the filling of each pattern with the NHS-

biotin/streptavidin/aptamer molecules (approximately 10 -15 nm).  
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Fig. 3 |Spike protein–Antibody capture on the NanoBioFET platform. a Schematic of a gFET functionalized with 

SARS-CoV-2 antibody using the NanoBioFET platform. The device structure, electrical measurement setup and 

Debye length at 1 mM HEPES buffer are indicated. b Simplified capacitor circuit model of the sensing platform for 

detection of a charge ΔQ, demonstrating capacitive coupling through the polymer (with capacitance Cpol). Double-

layer capacitance (CDL) and quantum capacitance (Cq) are shown. c SPR measurement at 1 mM HEPES buffer, 

demonstrating successful interaction between the antibody and spike protein. d Transfer characteristics of the gFET 

device. The p-branch and n-branch are indicated. The current and voltage range used in the transient measurement in 

panel d is indicated by the dashed box. e Calibrated transient response of the antibody-modified gFET in 1mM HEPES. 

Black circle and red diamond symbols denote, respectively, injections of buffer and spike protein of increasing 

concentrations. The measurement is split across two panels with different vertical scales. Dashed lines are a guide-to-

the-eye of the measured signal. f Sensitivity plot of the gFET, obtained from a Hill fit to the calibrated sensor response 

data at different spike protein concentrations. The gray rectangle represents the limit of detection based on noise 

analysis (see Supplementary Material). 
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Fig. 4 |Spike protein–Aptamer capture on the NanoBioFET platform. a Schematic of a gFET functionalized with 

SARS-CoV-2 aptamer using the NanoBioFET platform paired with a control device. b Florescence microscopy of the 

sensor and control gFET devices, demonstrating successful immobilization of the fluorescently tagged aptamer 

exclusively on the sensor channel. The yellow dashed lines denote the metal electrodes of the gFET devices, and the 

white rectangle denotes the graphene channel. Scale bar is 20 μm.  c SPR measurement at 0.1X PBS of binding 

between the aptamer and spike protein. Graphene channel is denoted with a solid box. d Transient responses of the 

aptamer-modified gFET and the adjacent control gFET in 0.1X PBS. The capability of the NanoBioFET platform in 

simultaneously monitoring the transient characteristics of the sensor and control gFETs gives confidence in fidelity of 

the detected signal by the sensor in response to the spike protein injections. Black circle and red diamond symbols 

denote, respectively, injections of buffer and spike protein of increasing concentrations. Dashed lines are a guide-to-

the-eye of the measurement signal. e Sensitivity plot of the gFET, obtained from a Hill fit to the calibrated sensor 

response data at different spike protein concentrations.  
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Fig. 5 | Ultrasensitive and selective detection of live human SARS-CoV-2 virus. a Schematic of a gFET 

functionalized with SARS-CoV-2 antibody using the NanoBioFET platform for detection of live SARS-CoV-2 virus. 

b Transient response of the antibody-modified gFET with live virus injections in 1mM HEPES. Injections of virus 

medium (black circle), SARS-CoV-2 virus (red diamond) and H1N1 virus (green star) are indicated. The first four 

virus injections were at a concentration of 20 TCID50/ml and the last at 200 TCID50/ml, estimated to be of the order 

of 10 live particles in the measurement volume, demonstrating ultra-sensitive detection of the live virus. The 

insensitivity of the sensor to H1N1 injections highlights the selectivity of the platform. Dashed lines are a guide-to-

the-eye of the measurement signal. 
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