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Abstract  

Blood protein diagnostics has the potential to revolutionize health care by 

providing the relevant clinical measurements that can provide the foundation for 

predictive, preventive, and personalized medicine.1 Blood bathes all organs in the body, 

with a circulation time of just a few minutes.2 Those organs secrete proteins into the 

blood, some of which contain information relevant to the health or disease status of the 

organ.3–5 Thus, the blood potentially provides a window into the health state of each 

individual, and the organ-specific secreted proteins can provide a molecular fingerprint of 

disease.  The hypothesis is that each organ (and its associated diseases) has a unique 

fingerprint that can be read from the blood with an appropriately multiplexed diagnostic 

platform.  These fingerprints potentially provide insight that can be harnessed for early 

disease diagnostics, since the protein levels associated with the organ-specific fingerprint 

will be altered by the onset of disease and by the stages of disease progression.  A 

challenge is that capturing each organ-specific blood fingerprint will require the 

assessment of the levels of many blood protein biomarkers. Capturing the fingerprint 

from all of the 50 or so major organs (or organ regions) may require the measurement of 

from several hundred to a thousand or more proteins. Meeting such a challenge requires 

new technologies at all levels— from devices designed to process and deliver the blood 

proteins for measurement,2,6,7 to sensitive measurement approaches,8–12 to affinity agents 

that can be utilized to capture the relevant biomarker proteins,13–17 to computational 

approaches that can process large numbers of measurements into a result that can be 

interpreted by a physician.3,4,18–20  
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 To realize this vision of personalized healthcare, disease diagnostics 

measurements must be extremely inexpensive.  Currently the assessment of blood-based 

protein biomarkers can take from between several hours to several days, depending upon 

the resources of a specific healthcare clinic.  Consider, for example, a prostate-specific 

antigen (PSA) ELISA (enzyme-linked immunosorbent assay) test that helps detect 

prostate cancer in men.21 In this test, a patient's serum is diluted and applied to a plate to 

which PSA antigens have been attached. If antibodies to PSA are present in the serum, 

they may bind to these PSA antigens. The plate is then washed to remove all other 

components of the serum. A specially prepared "secondary antibody" — an antibody that 

specifically binds to human antibodies — is then applied to the plate, followed by another 

wash. Prior to this step, the secondary antibody is chemically linked to an enzyme. Thus, 

after application of the secondary antibody, the plate will contain immobilized enzyme in 

proportion to the amount of secondary antibody bound to the plate. A substrate for the 

enzyme is applied, and catalysis by the enzyme leads to a change in color or 

fluorescence. ELISA results are reported as a number; the most subjective aspect of this 

test is determining the "cut-off" point between a positive and negative result. This ELISA 

assay is representative of a typical test for a protein biomarker but it does have its 

disadvantages.  First, it requires large amounts (~ 5–10 ml) of blood to be collected from 

the patient.  Second, the long time period separating the point of blood collection from 

the time of measurement has associated costs in terms of both measurement accuracy 

(degradation of blood-based proteins) and labor costs.  Third, the antibodies that serve as 

protein capture agents are expensive to develop, purchase, and store, and can be degraded 

by any number of subtle physical, chemical, and biological influences.   Fourth, most 
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diagnostics measurements are pauciparameter.  Fifth, the sensitivity, specificity, and/or 

dynamic range of the biomarker detection strategies are often limited.    

 In this thesis, I describe projects that were aimed at addressing specific aspects of 

some of these problems. Nanoelectronic sensors, such as silicon nanowires (SiNWs), 12,22 

can provide quantitative measurements of protein biomarkers in real time. Another 

advantage of SiNWs is that they are label-free sensors, so no secondary antibody is 

needed to detect the binding event. The goal is to fabricate large arrays of SiNW circuits, 

each of which can be individually functionalized by a different capture agent.  When the 

blood protein binds to the specific capture agent, both the electrical conductance of the 

nanowire and the electrical capacitance between the nanowire and the serum is changed.  

These changes correlate to the amount of the protein in the blood, and thus permit a label-

free, real-time measurement.  One technical challenge for nanoelectronic protein sensors 

is to develop chemistry that can be applied for selectively encoding the nanowire surfaces 

with capture agents, thus making them sensors that have selectivity for specific proteins 

or other biomolecules.  Furthermore, because of the nature of how the sensor works, it is 

desirable to achieve this spatially selective chemical functionalization without having the 

silicon undergo oxidation.  The native oxide on silicon (SiO2) has a low isoelectric point, 

meaning that under physiological conditions (= pH 7.4), surfaces are negatively 

charged.23 These surface charges can potentially limit the sensitivity of certain 

nanoelectronic biomolecular sensor devices through Debye screening of the biomolecular 

probe/target binding event to be sensed.  Furthermore, the native oxide of Si can 

detrimentally impact carrier recombination rates.24 For high-surface-area devices, such as 

SiNWs, this can likely result in a degradation of electrical properties.   
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A general method for the non-oxidative functionalization of single-crystal silicon 

(111) is described in Chapter 1.  The general approach is to start with a silicon-on-

insulator (SOI) wafer.  A SOI wafer is comprised of a thin, single-crystal silicon film  

(~ 30–50 nm) on top of a thick, insulating SiO2 layer (on the order of microns).  It is from 

this SOI layer that the nanowire sensors are fabricated.  The silicon film, unless specially 

treated, is naturally passivated with a thin (1–2 nm thick) native oxide (SiO2) layer as 

described above. To remove the native oxide, the silicon surface is fully acetylenylated  

(-C≡CH), thus preventing the growth of oxidation.  Additionally, the -C≡CH group also 

provides a chemical handle for additional functionalization via the ‘click’ reaction25,26 

between an azide containing benzoquinone (masked with a primary amine) and the 

surface-bound alkyne.  The benzoquinone is electrochemically reduced, exposing the 

amine terminus. During this process, minimal oxidation is present.  Molecules presenting 

a carboxylic acid have been immobilized to the exposed amine sites.  This strategy 

provides a general platform that can incorporate organic and biological molecules on Si 

(111) with minimal oxidation of the silicon surface.  This method can further be extended 

towards the selective biopassivation of capture agent arrays of nanoelectronic sensor 

devices.  

The development of these devices is, in part, driven by early diagnosis, 

differential treatment, monitoring, and personalized medicine— all of which are 

increasingly requiring quantitative, rapid, and multiparameter measurement capabilities 

on ever smaller amounts of tissues, cells, serum, etc.1–5 To begin achieving this goal, a 

large number of protein biomarkers need to be captured and quantitatively measured to 

create a diagnostic panel. One of the greatest challenges towards making protein-
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biomarker-based in vitro diagnostics inexpensive involves developing capture agents to 

detect the proteins.  In the content of this thesis, a capture agent is a biochemical 

molecule that has specificity for a distinct target molecule and can be naturally derived 

and/or synthetic.  A major thrust of this thesis is to develop multi-valent, high-affinity 

and high-selectivity protein capture agents using in situ click chemistry.27–30 In situ click 

chemistry is a tool that utilizes the protein itself to catalyze the formation of a biligand 

from individual azide and alkyne ligands that are co-localized.  Large libraries of peptides 

are used to form the body of these ligands, also providing high chemical diversity and 

protease stability, with minimal synthetic effort.  Peptide-based moderate-affinity lead 

compounds can be isolated from a 2-generation screen of the protein against a one-bead 

one-compound (OBOC) library.  By modifying that peptide with appropriate alkyne or 

azide functionalities, that peptide becomes an anchor (1°) ligand, and part of the capture 

agent. Simultaneously screening the protein against this single anchor ligand and a large 

library of click-complementary secondary (2°) ligands constitutes our strategy for 

identifying biligand capture agents. The protein target holds the two peptide-units in 

close proximity promoting the covalent coupling between the azide and alkyne moieties.  

This process can be repeated— the biligand capture agent can serve as the new anchor 

unit and the same OBOC library can be employed to identify a triligand, tetraligand, and 

so forth. The addition of each ligand to the capture agent causes the affinity and 

selectivity to increase dramatically for its cognate protein.  In particular, we describe the 

production of a triligand capture agent that exhibits 45 nM and 64 nM affinities against 

human and bovine carbonic anhydrase II (bCAII and hCAII) protein, respectively, and 

can be used in a dot blot test to detect those proteins at the ≥ 20 ng level from 10% 
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serum.  In situ click chemistry screens are shown to yield results identical to more 

traditional OBOC screens, but the in situ screens permit orders of magnitude more 

chemical space to be sampled. Moreover, the resulting multiligand protein capture agents 

can be produced in gram-scale quantities using conventional synthetic methods with 

designed control over chemical and biochemical stability and water solubility.  

Chapter 2 will cover the synthesis of the azide containing artificial amino acids at 

the multi-gram quantity scale.  The construction of large (up to 20 million elements on 

100 million beads) peptide libraries for screening, including bulk peptide synthesis and 

on-bead click reaction will be discussed.  Bead-based library screening procedures will 

be reviewed.  Analysis of lead compounds by Edman degradation will be introduced, 

including calibrating peptide-sequencing equipment so artificial amino acids can be 

identified. 

Chapter 3 will cover screening procedures and results for the anchor ligand, 

biligand, and triligand in detail.  Binding affinity measurements using fluorescence 

polarization and surface plasmon resonance (SPR) are reported. The sensitivity and 

selectivity of the multi-ligand (biligand and triligand) capture agents for CAII proteins in 

complex environments are demonstrated through the use of dot blot experiments in 10% 

serum.  The advances of this approach are multifold and will be discussed in Chapter 3. 

This is a general and robust method for inexpensive, high-throughput capture agent 

discovery that can be utilized to capture the relevant biomarker proteins for blood protein 

diagnostics.  
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of the N 1s region of 1s, validating the click formation 
of 1s.  The area ratio of the three peaks is 1:2:1, 
respectively.  D) Scan of the Fe 2p region showing the 
formation of 3s via the amide coupling of ferrocene 
carboxylic acid to 2s.  The control plots are of 1s (dark 
grey) and the H-C≡C-Si(111) surface (light grey) after 
exposure to ferrocene carboxylic acid under the same 
conditions. 
 

16 

Figure 1.3 Cyclic voltammetry (CV) results for 1s and 3s.  A) The 
electrochemical activation of 1s   2s.  The black trace 
is of the first scan, and the grey traces are of two 
subsequent scans, indicating nearly complete 
conversion of benzoquinone to hydroquinone during the 
first scan.  B) The reversible oxidation of 3s.  Two 
subsequent scans are shown.  All voltages are relative 
to Ag/AgCl. 
 

19 

Figure 1.4 ATR-FTIR characterization of a H-[Si(111)] and of H-
C≡C-[Si(111)] in the region of the 2083 cm-1 Si-H 
mode 
 

22 

Figure 1.5 Demonstration of bioattachment to H-C≡C-[Si(111)], 
through reductive formation of 2s followed by the 

23 



 

 

xviii 

amide coupling of biotin.  A)  XPS of the biotinylated 
Si(111) surface following exposure to strept-Au, but 
prior to the electroless Au amplification. The Au 4f 
region is comprised of two spin-orbit coupled peaks: 
Au 4f7/2 (~84 BeV) and Au 4f5/2 (~88 BeV). The dotted 
trace is from H-C≡C-[Si(111)], and the gray trace is 
from 1s, each exposed to biotin and strept-Au as 
controls. The three SEM images (B, C, and D) are of 
the activated and biofunctionalized surface, plus two 
controls. All images were taken following the 
electroless amplification step. The scale bar is 1 µm.  
B) 2s, incubated with biotin, and exposed to strept-Au.  
C) H-C≡C-[Si(111)] incubated with biotin, and exposed 
to strept-Au.  D) 1s incubated with biotin, and exposed 
to strept-Au. There are at least 500 Au nucleation sites 
on B, 5 on C, and 7 on D. 
 

Figure 2.1 In situ click chemistry schematic.  Azide-alkyne 
partners (represented by the green hemisphere and blue 
cylinder, respectively) can click together on bovine 
carbonic anhydrase II (bCAII).  The expected affinity 
for the biligand could approach 1 x 10-14 M. 
 

33 

Figure 2.2 Azide- and acetylene-containing amino acids used in 
this study 
 

35 

Figure 2.3  Solid-phase mix-and-split combinatorial synthesis 
 

40 

Figure 2.4 Imaging hit beads 
 

46 

Figure 2.5 Pulsed-Liquid cLC extended method 
 

48 

Figure 2.6 Normal 1 cLC extended gradient 
 

48 

Figure 2.7 Final steps of flask normal extended flask cycle 
 

48 

Figure 2.8 Edman traces for artificial azide-containing amino acids 
 

49 

Figure 2.9 Edman sequencing calibration for the in situ click hit 
 

49 

Figure 3.1 Screening for anchor ligand 
 

58 

Figure 3.2 Histogram for 51 hit sequences isolated from screen 
An1 (first-generation anchor ligand screen) 
 

59 

Figure 3.3 Fluorescence polarization binding isotherm for the 62 



 

 

xix 

anchor ligand lklwfk-(D-Pra), showing KD ≈ 500 µM. 
 

Figure 3.4 A) Biligand chemical structure.  B) SPR response 
sensorgrams obtained with increasing concentration of 
the biligand kwlwGl-Tz2-kfwlkl (2 nM to 5 µM) 
demonstrate a 3 -µM binding affinity to bCAII. 
 

69 

Figure 3.5 A) Triligand chemical structure.  B,C) SPR 
response sensorgrams were obtained with increasing 
concentration of triligand (0.1 nM to 162 nM) and 
demonstrate 45 -nM and 64 -nM affinities for human 
(B) and bovine (C) CA II, respectively. 
 

77 

Figure 3.6 A) Dot blot illustrating the limit of detection by 
the triligand for bCAII and hCAII in 10% serum.  B) 
When the biligand anchor is used as the capture agent 
in 0.1% serum, the sensitivity is reduced > ten fold. C) 
Dot blot illustrating the selectivity of the triligand, 
compared to a commercial antibody. 
 
 

80 

 List of Schemes  
Scheme 1.1 Click reaction, leading to the formation of a 1,2,3-

triazole 
 

4 

Scheme 1.2 Strategy for the functionalization of Si(111) 
 

6 

Scheme 1.3 Synthesis of electroactive benzoquinone 
 

8 

Scheme 1.4 The chemical and electrochemical steps involved in 
non-oxidatively activating Si(111) surfaces.  The 
molecules or molecular components are colored to 
highlight their different functions.  1s represents the 
surface-bound benzoquinone that resulted from the 
click reaction of 1 to the acetylene-modified Si(111) 
surface (reacted acetylene group drawn in black).  Upon 
reduction at –800 mV (vs Ag/AgCl) of the 
benzoquinone to the hydroquinone, an intramolecular 
cyclization reaction ensues to produce 2l (red lactone 
leaving group) and 2s (the green triazole ring with an 
amine terminus).  This represents the activated surface.  
The ferrocene carboxylic acid (orange), a second 
electrochemically active molecule, is then coupled to 
the Si(111) surfaces. 
 

11 

Scheme 2.1 Identifying a protein capture agent via in situ click 34 



 

 

xx 

screen  
Scheme 2.2 Synthesis for azide-containing artificial amino acids 

 
36 

Scheme 2.3 On bead ‘classic’ click reaction 
 

42 

Scheme 2.4 Edman Degradation method 
 

47 

Scheme 3.1 Preparation of protein-catalyzed, multi-ligand capture 
agents 
 

55 

Scheme 3.2 A) In situ biligand screen schematic, illustrating 
the on bead biligand synthesis catalyzed by bCAII.  B) 
On bead biligand library schematic 
 

63 

   
 List of Tables  
Table 1.1 Measured contact angles for various 

Si(111) surface 
 

18 

Table 1.2 The measured molecular surface coverages for various 
Si(111) surfaces, as measured by XPS or 
electrochemistry (EC) 
 

20 

Table 2.1  Screening summary; pH=7.4 and 
T=25oC, unless otherwise noted 
 

44 

Table 3.1 Libraries used in this study 
 

57 

Table 3.2 First-generation anchor ligand screen An1 (100 nM) 
results 
 

59 

Table 3.3 Second-generation anchor ligand screen An2a (50 nM) 
results 
 

60 

Table 3.4 Second-generation anchor ligand screen An2b (8nM) 
results 
 

60 

Table 3.5 In situ biligand screen Bi1 (50 nM) results 
 

64 

Table 3.6 On bead biligand screen Bi2a (50 nM) results 
 

66 

Table 3.7 On bead biligand screen Bi2b (10 nM) results 
 

67 

Table 3.8 First-generation in situ triligand screen Tri1 (10 nM) 
results 
 

70 



 

 

xxi 

Table 3.9 First-generation on bead triligand screen Tri2 (10 nM) 
results 
 

71 

Table 3.10 Azide-free in situ triligand screen TriX results (control) 
 

72 

Table 3.11 Table 3.11 Position-dependent histograms for the first-
generation in situ click screens, for peptides with and 
without an azide-containing amino acid, to generate a 
triligand.  The final, consensus triligand sequence is 
indicated by red font. For the in situ screen, 1/3 of the 
beads had no azide at the x1 or x7 positions, but all hit 
beads contained an azide.   Sample size: in situ and in 
situ no azide n=24 
 

73 

Table 3.12 Second-generation in situ triligand screen Tri3 (500 
pM) results 
 

75 

Table 3.13 Second-generation on bead triligand screen Tri4 (250 
pM) results 

75 

   


