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ABSTRACT 

 

Nitric oxide plays a major role in physiology and disease pathology.  There are 

many available methods for the detection of NO; however, these techniques typically 

detect products of nitric oxide decomposition.  Herein, I present a novel method of direct 

nitric oxide detection using a nitrophorin mutant to capture NO on an optical waveguide 

platform.  Nitrophorins are unique among ferric proteins for their ability to bind NO 

strongly.  The spectral shift of the Soret band of the Nitrophorin was used to monitor NO 

concentration.  The limit of detection was found to be 18 nM, and a linear response to 

225 nM.  The sensor is highly specific, non-destructive and reusable.  Detection of NO 

was demonstrated in a solution of BSA at serum level concentration, and cell culture 

solution containing 10% FBS.  This method allows for direct NO with high specificity, 

low detection limit and good temporal resolution.  

Also described herein are the investigations of the structure of the NO receptor, 

soluble guanylate cyclase (sGC).  sGC is a 150 kDa heterodimeric protein that catalyzes 

the production of cyclic guanosine monophosphate from guanosine triphosphate, which 

leads to many downstream affects such as vasodilation.  The structural analysis was 

performed with transmission electron microscopy (TEM).  Data presented indicate that 

the protein is too heterogeneous to be reconstructed with TEM.  This is either the result 

of the sample preparations examined, the purity of the sample, the inherent flexibility or 

conformational heterogeneity of the protein after applying the sample to the TEM grid.   
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The final project presented describes the use of silica colloidal crystals for the 

enhancement of the sensitivity of protein microarrays as a function of silica particle size.  

Protein microarrays are a tool used to discover biomarkers of diseases, and increasing the 

sensitivity lowers the limit of detection of the method.  This is accomplished by an 

increase of the surface area available for proteins to bind, and by using silica so that the 

surface chemistry of the microarray is maintained.  It was concluded that 510 nm colloids 

provide the greatest enhancement of the fluorescence of a BSA ant-BSA-FITC system, 

providing a 17-fold enhancement over the control.    
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CHAPTER 1 

INTRODUCTION 

 

1.a.  Nitric oxide 

1.a.1.  Nitric oxide in biology 

In the early 1980s scientists began studying a molecule that was acted as an 

endogenous vasodilator in the endothelium of arteries in the early 1980s.
1, 2

  The 

molecule was referred to as endothelium derived relaxation factor (EDRF), and its 

chemical make-up was unknown until 1987, when it was finally identified as nitric oxide 

(NO).  The identification of NO in vivo was a surprise to many because until then it had 

only been known as an environmental pollutant and toxic gas caused by combustion and 

lightening.  NO was shown early on to be of paramount importance and involved in many 

physiological processes (Figure 1.1).
3
  In 1992 NO was named “molecule of the year” in 

the journal Science.  The Nobel prize in medicine was awarded in 1998 to Robert F. 

Furchgott, Louis Ignarro and Ferid Murad, for the discovery of NO as EDRF.   

NO is an important signaling molecule in physiology; it is involved with the 

regulation of numerous biological activities including cardiovascular,
4
 central nervous 

system
5
 and immune response.

6, 7
  NO is also implicated in numerous pathological 

conditions such as cancer,
8
 sepsis

9
 and arthritis.

6, 10
  NO is synthesized in vivo by nitric 

oxide synthases (NOSs) and has recently been shown to also be formed in vivo by the 

reduction of nitrite.
11, 12

  NOSs convert oxygen and L-arginine to citrulline and NO, and 

comes in three isoforms, inducible, endothelial and neuronal NOS.
11

  Inducible NOS may  
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Figure 1.1.  Biological roles of NO, adapted from Wink and Mitchell.  Adapted with 

permission from reference 6.  Copyright 1998 Elsevier.  
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be present in many cell types including those in the immune and cardiovascular 

systems.
11

   

It is used by the macrophage immune cells to kill pathogens and tumor cells, and 

by many cells in response to hypoxia.  Neuronal NOS is used in neuronal signaling and 

endothelial NOS is used for vasodilation (see Figure 1.2).  The major target for NO in 

vivo is soluble guanylate cyclase (sGC).
13

   

Significant advances in understanding NO biology are hindered by the lack of 

direct NO detection methods.  Monitoring NO concentrations in cell cultures, tissues, 

organs and bodily fluid has the potential to aid in treatment evaluation and in progression 

of the disease.  The standard ways to evaluate this important molecule is with indirect 

methods, monitoring products of NO degradation.  A selective, sensitive detection 

method for NO would greatly impact the field and advance this critical science. 

 

1.a.2.  Nitric oxide chemistry 

 Understanding NO chemistry is key for understanding biological function and 

dysfunction.  NO is a diatomic dissolved gas that has a diffusion coefficient of 3300 

m
2
/s in vivo,

14
 which makes it extremely mobile and a fast signaling agent.  NO has a 

half-life of only a few seconds in vivo.
15, 16

  NO is an uncharged molecule with an 

unpaired electron in an anti-bonding pi orbital.  NO is lipophilic, with a partition 

coefficient of ~4, which allows it to easily cross cell membranes, and surprisingly 

without much reactivity.
15

  In solution at low concentrations it reacts with only a few  
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Figure 1.2.  Principle mechanism of NO vasodilation in the bloodstream. 
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other types of molecules including free radicals, oxygen, superoxide, thiols and heme- 

containing proteins.
16

  Thus, for a free radical, it is not very reactive, also evidenced by 

the fact that it does not react with itself.  The rate law of the autoxidation of NO is 

defined by the equation:
17

 

 

-d[NO]/dt = 4kaq[NO]
2
[O2]  (eq. 1.1) 

 

where kaq is 2 x 10
6
 M

-2
s

-1
.  The autoxidation rate law is second order with respect to 

[NO], so the reaction rate is dependent on the square of the concentration of NO.  To 

illustrate this point, in water the half-life of 2 mM NO is < 1s, where the half-life of 5 nM 

NO is 70 h.
15

   

A major sink for NO in vivo is reaction with oxyhemoglobin to form 

methemoglobin and nitrate; it can also form nitrosylhemoglobin.
15, 18

  NO reacts with 

superoxide anion radical to form the powerful oxidant peroxynitrite (ONOO
-
), at 

diffusion limited rates.
15

  Peroxynitrite is responsible for many of the deleterious toxic 

effects of NO.  

 As a result of these reactive pathways, monitoring the concentration of NO is a 

great challenge.  Often methods rely on degradation products such as N2O3, which is 

produced from reaction of NO with oxygen.  Other methods measure nitrate, the product 

of the reaction of NO and oxyhemoglobin, and nitrite, produced by various mechanisms.  

These methods then purport to relate those concentrations to that of NO, which in some 

cases may not be accurate.  Also there can be an equilibrium shift in the degradation 
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products of NO based on cellular conditions, such as hypoxia, where there is insufficient 

oxygen present.  Under these conditions, oxidation products are not the ideal monitoring 

species.  Another situation where correlation to degradation products does not always 

hold is the quantification of nitrites and nitrates, because of their dietary consumption, 

which affect their concentrations in vivo.  These species concentrations can be unreliable 

unless dietary restriction is enforced.  Therefore, there is a need for simple, direct 

detection for NO quantification, not its degradation products. 

 

1.a.3.  Concentration of nitric oxide in vivo         

 The concentration in vivo is very important because the difference between 

physiological concentrations and pathological ones can be only 1 or 2 orders of 

magnitude.
15

  The reactivity of NO leads to difficulty in measuring the actual 

concentration in vivo.  Another complicating factor for the quantification of NO is its 

fleeting nature, with a half-life on the order of seconds.
16

  It’s electrochemistry makes it 

subject to interference from other biological compounds.  Even though NO has been 

known as EDRF since 1987, to this day the debate continues as to its actual concentration 

in cells, tissues, organs, etc.  Once thought to be micromolar, the concentration of NO is 

now presumed to be low nanomolar or less, under normal physiological conditions, and 

this value is still debated.  However, in pathological circumstances the concentration can 

be much higher, especially in sepsis, a condition characterized by systemic inflammation.  

The range is purported to be up to micromolar under these conditions.
16

  Many of the 

original experiments predicting high concentrations of NO were largely performed by 
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electrochemical sensors.  More recent evidence has proven this is not the case except for 

NO release during  immunological response from macrophages.  The general consensus 

is that NO concentration is likely in the picomolar to micromolar range overall and for 

most physiological processes is likely to be in the ~100 pM to ~5 nM range, although the 

prevailing dogma is that it is low nanomolar.
16, 19, 20

 Thus, there is still much too learn 

about the concentration of NO in vivo.   

 

1.b.  Nitric oxide donors 

 NO is a gas at room temperature and pressure and solutions may be purged with 

gaseous NO to saturation of 2 mM.  However, the gas is toxic at high concentrations, and 

NO begins to decompose rapidly in solution.  Therefore researchers such as Keefer et. al. 

have developed NO donor compounds to release NO in solution under more controllable 

conditions.  One of the most commonly employed NO donors is DEA/NO, which was 

used in this work.  DEA/NO releases 1.5 molar equivalent NO per mole DEA/NO,
21, 22

 

but can release as much as 1.8 molar equivalent NO per mole DEA/NO.  The theoretical 

2 moles of NO per mole of DEA/NO is never realized.  The reaction of DEA/NO to form 

NO is shown below.
23
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The above reaction is pH and temperature dependent with a pseudo first order 

rate.  The observed rate constant at pH 8.00 is 0.00215 s
-1

 and at pH 5.16 it is 0.568 s
-1

, 

both at 37 
o
C.

23
  Thus the reaction occurs extremely rapidly at low pH.  The half-life 

ranges from 2 min at 37 
o
C to 16 min at 22-25

o
C, at pH 7.4.

22
  DEA/NO kept on ice 

dissolved in 10 mM NaOH is stable for 24 hours.  These properties of DEA/NO make it a 

useful NO donor. 

 

1.c.  Nitric oxide detection 

 The quantification of NO is important to understanding its role in physiology and 

pathology.  The measurement of NO is particularly challenging due to its reactivity and 

short half-life.  Many techniques have been developed to address the challenges of nitric 

oxide detection.  Among these are electrochemical,
24

 fluorescent,
25

 chemiluminescent,
26

 

and absorbance spectroscopy,
27

 and have been recently reviewed.
16

  The detection limits 

of the techniques vary substantially as do the practicality of the methods.  Many 

physiological studies quantify degradation products of nitric oxide such as nitrite and 

nitrate which are then correlated to nitric oxide.
e.g. 28-30

   This can be problematic because 

nitrite and nitrate are consumed in the diet and drinking water in large amounts.
31, 32

   

Likewise, many cellular studies use fluorescent probes that actually detect a 

degradation product of NO, N2O3.  This can be problematic during hypoxic states when 

the degradation pathway to N2O3 is affected due to a lack of oxygen.    
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 An optimal sensor would measure NO directly and selectively, have a large 

dynamic range, a low detection limit and high temporal resolution.  For intracellular 

measurements, high spatial resolution would also be beneficial.  

 

1.c.1.  Griess assay 

The Griess assay is an absorbance assay widely employed for NO detection, and 

was first developed in 1864 by Peter Griess.
33

  It is a very commonly employed technique 

typically for in vitro analysis, and is amenable to a variety of sample types.  While the 

Griess assay actually quantifies nitrite, it can also quantify nitrate with the use of the 

reductant Vanadium (III) chloride to reduce nitrate to nitrite.
16, 34

  In the Griess assay, 

nitrite reacts with sulfaniliamide, which then reacts with N-(1-naphthyl)ethylenediamine 

forming an azo dye, and is quantified by the concentration of dye (max ~ 540).
16

  The 

limit of detection (LOD) of the Griess assay is 0.5 M.
35

  This detection limit is rather 

high and the method is best suited for batch monitoring.  It is a standard assay but limited 

because basal levels of nitrite and/or nitrate must be determined in order to attribute 

changes in concentration to NO in physiological studies, or subjects should be placed on 

a low nitrate diet.  The Griess assay requires an oxidized derivative, NO2
-
, thus it is not 

useful in hypoxic cellular conditions, where oxygen levels are low and NO degradation 

pathways change.
36

 

 

1.c.2.  Oxyhemoglobin assay 
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Like the Griess assay the oxyhemoglobin assay is a common absorbance based 

method of NO analysis and is typically used for in vitro analysis.  The use of 

oxyhemoglobin as an assay for NO was first described by Haussmann et. al. in 1985.
37

  

In this method, methemoglobin is reduced to its ferrous state and allowed to bind oxygen, 

yielding oxyhemoglobin.  It is then incubated with the NO containing sample where the 

oxyhemoglobin is subsequently oxidized by NO, creating methemoglobin (ferric heme) 

and nitrate:
27

     

 

Hb(Fe
2+

)O2 + NO  MetHb(Fe
3+

) + NO3
-
 

 

The reaction is followed by monitoring the characteristic absorbance Soret 

maxima of oxyhemoglobin and methemoglobin at 400 nm and 417 nm, respectively.  The 

difference between isosbestic point at 411 nm and the decrease at 400 nm is plotted 

against concentration to generate a calibration curve.  Strictly speaking, the 

oxyhemoglobin method is not specific to NO, but rather to the generation of ferric heme.  

This method is therefore sensitive to reducing or oxidizing interferents
38

 and to samples 

containing other hemoproteins.
27

  It is time consuming to reduce the hemoglobin and 

purify immediately prior to analysis.  The oxyhemoglobin assay has a limit of detection 

(LOD) of 2.8 nM.
27

   

 

1.c.3.  Electrochemical methods 
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Electrodes are often capable of real time monitoring and can be miniaturized for 

in situ analysis, making them potentially well suited for biological analysis and provides 

for a popular approach to detection.  Electrochemical NO electrodes can be very sensitive 

and are widely used, but are limited by common biological interferents such as ascorbate, 

nitrite, uric acid, dopamine and carbon monoxide.
16

  To reduce the susceptibility of 

interfering species, electrodes are often coated with semi-permeable membranes or 

electrocatalytic membranes to lower to oxidation potential and to exclude interferents.
16

  

Most electrochemical sensors for NO function by oxidizing NO to NO2
-
, rather than 

reduction from NO to NO
-
, due to interference from the reduction of O2 to O2

-
.
16

  The 

oxidation potential is actually quite high, +0.7-0.9 V versus Ag/AgCl,
39

 which leaves it 

susceptible to electrochemical interferences by nitrite, dopamine, ascorbate, uric acid and 

carbon monoxide.
16

  

Nickel porphyrin-based electrodes have also been developed.
40

  Although 

adequate limits of detection were reported, e.g. 10 nM,
41

 the initial versions had a 

propensity to become fouled with biological molecules.
14, 40

  They are also plagued by 

biological interferents such as nitrite, catecholamines and ascorbate.
40

         

There is a long history of NO sensitive electrodes based on semi-permeable 

membranes, such as those based on a chloroprene rubber gas-permeable membrane.
42

  

This sensor had a linear response from 1 to 3 M.
42

  More recently work by Shoenfisch 

et. al. utilized xerogel-based permselective membranes using amino and alkyl-

alkoxysilane xerogel precursors and Nafion
®
 as a method for selectivity.

39
  This sensor 

had a detection limit of 25 nM NO.
39

  This was then improved upon by using 
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fluoroalkoxysilane as a xerogel precursor, which had a limit of detection of 83 pM.
43

  CO 

is an interferent to this electrode design, producing ~5% of the electrochemical signal that 

is produced by NO, largely due to its small, non-polar nature and similar oxidation 

potential.
43

  This is a problem because CO is thought to be in the low nanomolar range in 

vivo,
44

 but could potentially be higher.
45

   

 A novel electrode was made from hemoglobin encased in a sodium 

montmorillonite on a pyrolytic graphite surface.
46

  The electrode function is based on the 

attenuation of the reduction potential of O2 by NO.
46

  This sensor achieved a detection 

limit of 20 pM, but was insensitive to small changes of NO concentration.
46

  It also had 

significant interferences from dopamine, uric acid and epinephrine.
46

 

 A major shortcoming of NO electrodes is their susceptibility to interferents such 

as ascorbate, uric acid, dopamine, nitrite and especially carbon monoxide which is 

typically overlooked in most publications.
16

  NO electrodes were also the subject of an 

in-depth review by Hall and Garthwaite highlighting the dramatic and irreconcilably 

large range of NO concentrations reported in the literature.
19

  This study illustrates the 

possible role of cross-reactivity of NO electrodes.
19

 

 

1.c.4.  Chemiluminescence detection of nitric oxide 

Along with the absorbance methods of oxyhemoglobin and the Griess assay, 

electrochemical methods are the most common techniques used to quantify NO in 

biological studies.  These are proven techniques but they don’t directly quantify NO.  

Rather, they rely on degradation products or rely on redox chemistry that is inherently 
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nonspecific and subject to interferents.  The Griess assay has been used for more than 100 

years with much success.  It can be used in a variety of matrices, which makes it very 

versatile, but has a limit of detection of only 0.5 M.
35

  The oxyhemoglobin method has a 

good detection limit of 2.8 nM,
27

 requires time consuming protein reduction and 

purification just prior to analysis, and is subject to redox interferents.
38

  Electrochemical 

methods can be very sensitive and have been widely used for physiological studies, but 

are subject to common biological interferents.     

Chemiluminescence can be used to measure NO, nitrite or nitrate and can have a 

very low detection limit.  There are two methods generally used for the chemiluminescent 

detection of NO.  The first is a reaction between NO and O3 forming an excited state 

NO2*, which emits a photon upon collision with a carrier gas molecule (e.g. N2) and 

relaxing to the ground state:
16, 47

   

 

NO + O3    NO2
*
 + O2, 

NO2
*
    NO2 + h 

 

In this experiment, NO is purged from solution by a carrier gas and flowed into a 

reaction cell with a photomultiplier tube, which is not appropriate for many biological 

samples.
16

  The detection limit is based on sample volume, but is in the nanomolar to 

picomolar range.
16

 

The other method of chemiluminescent detection is the reaction of NO with H2O2 

to form ONOO
-
, which then reacts with luminol, creating chemiluminescence.

48
  This 
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method has an impressive limit of detection of 100 fM, but only has a linear response to 1 

nM.
48

  Chemiluminescence analyzers are commercially available and are commonly 

employed to quantify NO.  Both types of chemiluminescence detection have very low 

detection limits, and large dynamic ranges.  A major drawback of the ozone method is 

that it is unsuited for many biological applications.
16, 47

     

 

1.c.5.  Fluorescence based methods 

Thus far we have considered absorbance based methods that are simple and 

generally available, but often suffer from a high limit of detection, poor temporal 

resolution and indirect NO quantification and/or cumbersome protein purification.  

Electrochemical methods allow for excellent detection limits in some cases but are 

plagued by interfering species.
16

  Chemiluminescence detection can have outstanding 

detection limits and in some methods direct detection of NO, but is not appropriate for all 

biological applications.
16, 47

   

Fluorescent probes are particularly useful for measuring intracellular levels of NO 

in vitro due to their high spatiotemporal resolution.  However, many of the common 

fluorescent probes measure N2O3, a degradation product of NO.
16

  N2O3 occurs from the 

reaction of NO with O2.  Those fluorophores, such as 3-Diaminonaphthalene (DAN), 

detect N2O3, and cannot be used to measure NO in real time because NO must degrade 

prior to detection.
16

  However, this means that the fluorophore is not interfering with the 

physiological role of NO.
49

  DAN, like many NO sensitive fluorophores, increase 

fluorescence upon reaction with an NO degradation product.
16

  The use of DAN is 
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limited by its cytotoxicity, poor solubility, small extinction coefficient and the 

autofluorescence caused by excitation in the UV.
49

 

The fluorescein derivatives diaminofluorosceins (DAFs) have been used 

extensively for cellular NO imaging, due to their large extinction coefficient and 

favorable excitation wavelength (similar to fluorescein).
49

  DAFs react with N2O3, which 

causes an increase in fluorescence.
49

  The limit of detection can be as low as 5 nM (DAF-

2).
49

  Although they are susceptible to common interfering species such as NO2
-
, NO3

-
 

H2O2 and ONOO
-
, and the fluorophores are pH dependent.

16, 49
  This pH dependence can 

pose a problem when applied to biologically relevant samples where intracellular pH 

changes slightly, disallowing detection of small changes in NO concentration.
49

  DAF-2 

DA, a diacetate-derivatized form of DAF-2, allows for cellular uptake of the fluorophore, 

where it remains trapped due to hydrolysis of the acetate bonds to an impermeable 

form.
16

  Unfortunately, DAFs have been shown to react with ascorbic acid and 

dehydroascorbic acid yielding products with similar optical properties as the N2O3 

reaction product.
50, 51

  They are not useful in hypoxic cellular conditions due to the fact 

that these probes require oxidized derivatives.
36

  The fluorescence of DAF probes is also 

strongly influenced by the concentration of divalent metal cations, especially calcium.
36, 

52
 

More recently, the Lippard research group has synthesized Cu(II)-fluorescein 

probes that react directly with NO.
25, 36, 53-55

  These fluorophores are based on fluorescein 

with a moiety that binds Cu(II).
25, 53, 54

  Cu(II) is reduced to Cu(I), the remaining 

fluorophore scaffold is N-nitrosated and the metal dissociates from the scaffold, 
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increasing fluorescence by reducing the quenching induced by Cu(II).
25, 53, 54

  These 

fluorophores have a limit of detection limit of 5 nM (FL1 version of the probe).
55

  

However, the response of FL1 to ONOO
-
 is ~15% of the signal from NO.

54
  To increase 

the dynamic range, the FL2 series was synthesized.
36, 54

  The temporal response is ~20 

min for full fluorescent signal for FL2 and the cell trapped version FL2A.
54

  There was 

also interference from nitrite, which produced ~6% of the fluorescent signal and 

significant interference from ONOO
-
 and H2O2, producing ~15% of the signal achieved 

for FL2A.
53, 54

 

 

1.c.5.a.  Genetically encoded fluorescence based methods 

There have been several attempts to use molecular biological probes incorporated 

into the genome of a cell line for NO detection.
56, 57

  Sato et. al. (2005) developed a 

method of NO detection by transfecting vascular endothelial cells with a fluorescent 

cGMP binding domain based on cGMP protein dependent kinase along with cyan and 

yellow fluorescent protein (CGY) on sGC  and  domains.
56

  The cGMP produced by 

sGC bound to the CGY domain yielded a FRET signal between the two fluorescent 

proteins, allowing a limit of detection of 100 pM.
56

  Since cGMP is an important 

secondary messenger, and is produced as an amplification step, there is the potential for 

biological effects on the sensor, although the authors claim it is immediately broken 

down by phosphodiesterases.
56

  This sensor is also reported to be reversible.
56

  They 

conclude that vascular endothelial cell produce a basal level of ~1 nM in serum 

supplemented media, with no sheer stress.
56
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Sato et. al. (2006) demonstrated the use of a detector cell line based method on 

their sensor described above.
58

  In this detection scheme the authors use cells of a pig 

kidney cell line with the incorporated sGC cGMP probe in close proximity to cells of 

interest, in their case hippocampal neuronal cells.
58

  This method yielded a limit of 

detection of 20 pM.    

 Most NO detection methods described thus far typically do not measure NO 

directly, with a few exceptions.  The genetically encoded methods described herein 

present an interesting approach on NO detection by incorporating the NO reporter into 

the genome of a cell line.  Some of these approaches take advantage of unique specific 

interactions of NO and its primary endogenous receptor soluble guanylate cyclase, which 

yields unequivocal selectivity.  These systems are well suited to work on cell systems, but 

would not immediately translate to other samples.  They generally have very low 

detection limits because they are based on fluorescent proteins.  Although these methods 

offer advantages, they are very specific for the application and require significant effort 

to alter the molecular biology of each different system it is employed in to incorporate the 

NO reporter.     

 

1.d.  Dietary nitrites and nitrates  

 The most commonly employed techniques in physiological studies measure nitrite 

and/or nitrate, using the Griess assay or chemiluminescence with reduction of nitrate to 

nitrite.  The direct correlation to nitric oxide is often assumed.  However, these studies 

typically do not take into account the nitrite and nitrate consumed in the diet, unless 
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carefully designed.  The EPA allows for drinking water to contain 0.161 mM nitrate, and 

this value is often sometimes exceeded in ground water.  Vegetables contain large 

amounts of nitrates as well, especially leafy greens.  To illustrate this point, a plate of 

spinach can contain more nitrate than the nitrate produced by all forms of nitric oxide 

synthase combined in vivo.
32

  More careful studies take this into account and hospitalize 

patients to feed them a low nitrate diet and distilled water.
59, 60

  However, it would be 

ideal to measure nitric oxide directly.   

 

1.e.  Nitrophorins 

The focus of the sensor developed herein is based on a nitrophorin (NP) protein.  

The nitrophorins are a group of 7 proteins from a blood-feeding insect, Rhodnius 

prolixus, known as the “kissing bug.”  There is also another form of nitrophorin found 

from Cimex lectularius, the bedbug.  Nitrophorin’s function is to aid in increasing the 

blood meal of the insect through the transport and release of NO by causing vasodilation 

and platelet inhibition.  There are seven nitrophorins from the Rhodnius prolixus species, 

NP 1-7, the numbers correspond to their respective abundance (with 1 being the most 

abundant).  NP7 was only recently discovered in the cDNA library of the salivary gland 

of Rhodnius prolixus.
61, 62

  Rhodnius nitrophorins are all structurally similar, ~20 kDa 

proteins that contain an 8 stranded -barrel, known as a lipocalin fold, which binds a 

heme on one end through a proximal histidine.  The heme in nitrophorins is ruffled and 

non-planar, which is thought to stabilize the ferric form of the iron center.  A ferric heme 

is best for transport of NO because the ferrous heme containing proteins have binding 



34 
 

constants in the femtomolar to nanomolar range.  If this were the case with nitrophorins, 

they would not be effective in releasing NO into the victim.     

Nitrophorins are unique among ferric proteins for their strong affinity to NO at 

low pH, with the dissociation constant (Kd) in the mid to low nanomolar range at pH 5.  

Binding is greatly reduced when the pH is elevated to 7.5, where the Kd is typically in the 

micromolar range.  This supports the main function of the nitrophorins, which is to 

release NO at the site of feeding in the host, thereby leading to vasodilation and 

increasing blood flow to the insect.  Another function of the nitrophorins is to bind 

histamine released by mast cells in response to the insect bite.  There is a concomitant 

rise in the binding of histamine by nitrophorins with increasing pH, as their affinity for 

NO decreases.  This allows the protein to have a dual function.  As it releases NO into the 

wound site, it binds histamine, thereby decreasing the tissue’s response to histamine, 

which includes inflammation and immune response, enabling Rhodnius prolixus to 

escape detection.  NP2 also functions as an anticoagulant, preventing blood clotting at the 

site of the wound.  NP7 binds to phosphotidylserine moieties on the surface of immune 

cells, interfering with coagulation.  These actions of the NPs allow the animal to feed for 

extended periods of time without detection.   

The Rhodnius prolixus species is found in the Americas but is most common in 

South America.  The disease vector Trypanosoma cruzi is spread through Rhodnius 

prolixus, in the feces of the insect, which causes Chagas’ disease.  When the victim 

scratches the wound, the vector enters the new host, where it causes cardiac disease.  

Some 16-18 million people are chronically infected with Chagas’ disease.  The cardiac 
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output of those infected with the disease is 25% less than normal, and is a serious health 

concern.   

 

1.e.1.  Nitrophorin 4           

NP4 is an interesting example of the nitrophorins.  The structure of NP4 has been 

determined by the Montfort group to ultrahigh resolution, and in the presence and 

absence of NO, histamine and related ligands (Figure 1.3).  These structures reveal that 

two loops, A-B and G-H, are flexible and close down over the opening of the -barrel 

upon NO binding, forming a hydrophobic pocket that entraps the NO molecule within the 

protein.
63

  NP4 is known to bind NO and histamine.  These ligands have  

distinguishing spectral characteristics that make them distinctly identifiable.  NP4 has a 

Soret max of 404 nm when unligated, which shifts to 419 nm when ligated with NO (both 

at pH 8.0).
64

  The NP4-histamine complex has a max of 413 nm (at pH 8.0).
65

  The 

calculated isoelectric point of NP4 is 6.35.
62

   

The association rate of NO binding to NP4 is fast, with a rate constant of 2.5 M
-

1
s

-1
, at pH 5.0, the rate constant is second order with respect to NO.

66
  There is also a 

slow secondary rate that is first order with respect to NO with a rate constant of 33 s
-1

.
66

  

The rate NO dissociation from NP4 is pH dependent and is also biphasic.
66

  The initial 

steps are slow, having rate constants of 0.15 s
-1

 and 0.02 s
-1

, which is followed by a faster 

step with a rate constant of 21 s
-1

, at pH 5.0.
66

  The pH dependence of the equilibrium 

dissociation constant of NP4, is the result of an increase in the rate constants of the slow 

phases of dissociation to 1.8 s
-1

 and 0.6 s
-1

, respectively, at pH 8.0.
66
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Figure 1.3.  Structure of NP4, heme, histidine 59, and NO are depicted in red.  The 

flexible loops A-B, and G-H are shown in gold.  Reprinted from reference 64 with 

permission.  Copyright 2005 American Chemical Society.  
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1.f.  Protein Adsorption to Surfaces 

The NO optical sensor described herein makes use of NP4 adsorbed onto a glass 

surface.  There is a long history of adsorption of proteins to surfaces for use as sensors 

and affinity probes.  Conversely and more commonly, the intentional minimization of 

protein adsorption to surfaces is desired for materials such as laboratory ware and 

implantable devices.  The intermolecular interactions dictating protein adsorption to 

surfaces involve electrostatic, hydrogen bonding, van der Waals forces and hydrophobic 

effects.
67

  This involves both the properties of the surface and those of the protein.  

Although it has been studied extensively it is still difficult to predict and thus is an 

empirical science.  The factors that influence protein adsorption to a given surface are 

buffer type, pH, ionic strength, temperature and pI of the protein.
67, 68

   

It would be intuitive to think proteins adsorb best to oppositely charged surfaces.  

For example, a positively charged protein binding to a negatively charged surface.  This 

is true to some extent, and adsorption rates are high when there is an electrostatic 

attraction, but proteins adsorb to the surface maximally when the pH of the buffer is 

equal to the pI of the protein.
67, 68

  Protein-protein repulsion is minimized when the pH of 

the buffer equals the pI of the protein.
68

        

Protein adsorption to surfaces is led by enthalpic contributions from favorable 

protein-surface interactions, in addition to entropic gains from the release of solvent 

molecules and ions adsorbed to the surface and the protein.
67

  Electrostatic contributions 

dominate if the protein and the surface are oppositely charged.  Typically, if there is no 
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net overall charge on either the surface or the protein then the interaction is dictated by 

hydrogen bonding.  The functional groups participating in hydrogen bonding are carbonyl 

groups, vicinal silanol groups, imido groups, individual silanols and amino groups.
67

  The 

initial adsorption events of the protein adsorbing out of solution occur within micro-to-

milliseconds.
69

  This can be followed by multipoint adhesion via conformational changes 

in the protein within 50-200 milliseconds.
67

  Increasing temperature generally leads to 

increased adsorption.
68

   

Ionic strength may also affect protein adsorption.  Increasing ionic strength 

enhances the adsorption of proteins to like-charged surfaces, and conversely, decreases 

adsorption to oppositely charged surfaces.
68

  These effects are due to the charge shielding 

nature of additional ions in solution.  Ionic shielding of charges can also increase protein 

packing density, by limiting protein-protein repulsion, but can also limit cooperative 

effects of protein binding.
68

  It is interesting to note that larger proteins tend to bind 

stronger to surfaces than smaller ones simply due to a larger contact area.       

Studies of protein adsorption demonstrate that maximal binding occurs on 

hydrophobic surfaces.
67, 70

  This is thought to be due in part to conformational 

rearrangements in the protein induced by the surface.
70

  It is now widely accepted that 

proteins undergo conformational changes when adsorbed to surfaces.
68

  Enzymatic 

activity can be reduced upon adsorption or remain similar to activity in solution.
68

  Loss 

of activity can be due to conformational changes and/or improper surface orientations.  

Adsorption can also induce protein unfolding and denaturation.  The orientation of the 

protein on a surface can lead to the binding site being sterically hindered, preventing 
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activity, or exposed to the solution, where the chances of retaining ligand binding or 

activity are increased. 

The adsorption of a protein on a given surface must be investigated empirically to 

determine appropriate conditions under which non-specific binding to the surface will 

occur with minimal loss of activity.  Activity or ligand binding must also be interrogated 

to identify if the protein has been greatly perturbed or inhibited due to the nature of 

adsorption.     

 

1.f.1.  The surface chemistry of glass  

 Glass can be a very useful surface for protein adsorption, particularly when 

studying activity through changes in absorbance.  Glass is optically transparent into the 

ultraviolet wavelengths.  Glass is also very flat and can be used as an optical waveguide 

for measurements at the surface.  The surface of glass has been well characterized and 

has silanol groups at a density of 2.5/nm
2
.
71

  The silanol groups are acidic with pKa 

values that ranges from 5-7.
71-73

  The pH of the surface depends on the treatment and 

cleaning method of the glass.  It has been shown that treatment with acid, base or plasma 

creates a hydrophilic surface by increasing silanol concentration.  These treatments 

convert siloxane bonds into silanol groups.  This is an advantage for protein adsorption 

because proteins can use these silanols for hydrogen bonding sites during adsorption 

events.    

 

1.g.  Attenuated total reflectance spectroscopy 
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 Attenuated total reflectance (ATR) is a technique that has been used to study 

protein adsorption.
74, 75

  ATR is based on total internal reflection, which occurs when 

light is coupled into a medium of lower refractive index from a medium of higher 

refractive index at an angle equal to or greater than the critical angle.  This property of 

light coupling is described in Snell’s Law: 

 

n1 sin  = n2 sin   (eq. 

 

 Where  n1 > n2, and  = 90
o
,  is the critical angle.  A beam of light at an angle 

greater than or equal to the critical angle will undergo total internal reflection.  A part of 

this light propagates down the waveguide and will penetrate outside of the waveguide 

creating an evanescent field and decay exponentially.  The depth of penetration (Dp), 

assuming a thin film and two phase approximation, is described by the equation:
76

  

 

Dp = (n [sin
2
n1-n2)

2
]

-1/2 
(eq. 1.3) 

 

where  is the internal reflection angle. This type of spectroscopy is surface sensitive due 

to the exponential decay of the evanescent field at the interface between the two media.  

As seen in equation 1.2, there is a wavelength dependence to the depth of penetration as 

well as a dependence on the refractive index of the materials, n1 and n2.        

 

1.h.  Overview of experiments 
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 The research described herein involves the study of protein on surfaces, using 

three distinct approaches: (i) a novel sensor for nitric oxide, (ii) imaging of a fragment of 

soluble guanylate cyclase in an attempt to obtain a three-dimensional molecular envelope 

and (iii) the use of silica colloidal crystals for use as protein microarrays.   

 A nitric oxide sensor was developed using NP4 and an attenuated total reflectance 

waveguide platform (Chapter 2).  NP4 binds nitric oxide tightly at low pH (pH ~5).  

There is a spectral shift between the unligated (max ~404 nm) and the NO bound forms 

(max ~416 nm) of NP4 on the sensor surface.  This shift in the Soret band was the basis 

of the sensor.  The mutant NP4 was intended to have a depleted pH dependence as 

compared to wild type, but this aspect was not entirely realized.  Nevertheless, the protein 

proved useful for the purpose of an NO sensor.  Using the ATR technique, spectra were 

generated from protein bound to the surface.  This sensor allowed for the direct detection 

of NO with high specificity, low detection limit, and with good temporal resolution.  This 

sensor was also shown to be reusable. 

 Fragments of the endogenous nitric oxide receptor soluble guanylate cyclase 

(sGC) were imaged in an attempt to produce a three-dimentional reconstruction using 

transmission electron microscopy (TEM) (chapter 3).  sGC converts guanosine 

triphosphate to cyclic guanosine monophosphate (cGMP).  Upon binding NO the activity 

of sGC increases activity by nearly 200 fold over basal levels.  cGMP is involved in 

many downstream signaling processes including vasodilatation.  sGC is an ~150 kDa 

heterodimer of two similar subunits  and .  There is a heme group on the  subunit, 

which binds NO.  Aside from the heme functionality, the two subunits are very similar.  
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They both contain an N-terminal H-NOX (Heme-Nitric oxide/Oxygen) domain, PAS 

domain, coiled coil region and a catalytic domain, based on homology models.  Each of 

these domains has analogs in other proteins but a three-dimensional structure of sGC 

remains unknown.  Our lab has developed an E. coli expression system for the insect 

Manduca sexta variant of sGC, known as msGC.  These constructs are ~90 kDa and lack 

the  and  cyclase domains but retain the HNOX, PAS and coiled coil regions on  and 

 subunits.  It has been shown that these constructs retain their affinity for NO, CO and 

the synthetic ligand YC-1.
13, 77

  By imaging the protein it was thought to be possible to 

reconstruct the 3D shape from the 2D projections.  We have imaged msGC fragments 

using electron microscopy to begin understanding overall shape and domain arrangement 

of the molecule.   

 The final project described in chapter 4 uses silica colloidal crystals as substrates 

for microarrays.  As a result of using silica colloidal crystals sintered to quartz slides the 

surface area is enhanced, thus increasing the capacity for protein binding to the surface.  

Four different silica colloid particle sizes were spin coated, using novel procedures.  

These were then used as protein microarrays for a BSA/ anti-BSA assay to illustrate the 

advantage of this platform.  The particle sizes were compared for their increased 

fluorescence versus a plain quartz slide in order to optimize the particle size for the 

greatest enhancement.  Arrays with smaller particle sizes give more surface area per unit 

volume based on their geometry, but there exists a point when the particle sizes become 

too small and steric hindrance becomes a limiting factor.  This is because the proteins can 

no longer enter the pores created by the colloids in the crystals and thus cannot take 
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advantage of the increased surface area  The optimal silica colloid size for microarray 

applications were investigated.   
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CHAPTER 2 

DEVELOPMENT OF A NOVEL NITRIC OXIDE SENSOR USING NITROPHORIN 4 

ON AN ATTENUATED TOTAL REFLECTANCE PLATFORM 

 

2.a.  Introduction 

Nitric oxide (NO) is an important molecule in physiology involved in numerous 

biological roles including cardiovascular,
4
 central nervous system

5
 and immune 

response.
7
  NO is synthesized in vivo by nitric oxide synthases,

11
 and has recently been 

shown to also be formed in vivo by the reduction of nitrite.
12

  NO has been implicated in 

numerous pathological conditions such as cancer,
8
 sepsis,

9
 and arthritis.

10
  Advancement 

of our understanding of NO in biology is limited due, in part, to the lack of direct NO 

detection methods.  Evaluation of treatments and insight into NO’s role in disease 

progression are just a few areas that would be greatly improved with increased 

knowledge of NO concentrations in vivo.   

 Many techniques have been developed to address the challenges of nitric oxide 

detection.  Among these are electrochemical,
24

 fluorescent,
25

 chemiluminescent,
26

 and 

absorbance spectroscopy approaches,
27

 all of which have been recently reviewed.
16

  The 

detection limits of the techniques vary substantially as do the practicality of the methods.  

Many physiological studies quantify degradation products of nitric oxide such as nitrite 

and nitrate, which are then correlated to nitric oxide.
e.g. 28-30

   This can be problematic 

because nitrite and nitrate are consumed in the diet and drinking water in large amounts, 

and physiological studies must be carefully controlled.
31, 32
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 The oxyhemoglobin assay is a common method of analysis for NO but is sensitive 

to reducing or oxidizing interferents
38

 and to samples containing other hemoproteins.
27

  It 

is also time consuming to chemically reduce the hemoglobin and remove the reductant 

immediately prior to analysis.  The detection of NO in organs and blood is typically 

performed with a Griess assay, chemiluminescence analyzer or more commonly, 

electrochemically.  The Griess assay actually detects nitrite, and nitrate if it is first 

reduced to nitrite.
16

  The limit of detection (LOD) of the Griess assay is 0.5 M.
35

  

Chemiluminescence can be used to measure NO, nitrite or nitrate but is not applicable to 

all biological experiments.
16, 47

   Electrochemical NO electrodes can be very sensitive but 

are limited by common biological interferents such as ascorbate, nitrite, uric acid, 

dopamine and carbon monoxide.
16

  Fluorescent probes are particularly useful for 

measuring intracellular levels of NO due to their high spatiotemporal resolution.  

However, many of the common fluorescent probes measure N2O3, a degradation product 

of NO.
16

  All of the above methods are proven techniques and are useful in their own 

right, but a direct NO sensor with a low limit of detection would be immediately useful.  

 Attenuated total internal reflectance has been used to study protein adsorption;
74, 

75
 a schematic can be seen in Figure 2.1.  Herein, we describe the use of soluble guanylate 

cyclase (sGC) from Manduca sexta and nitrophorin 4 (NP4) from Rhodnius prolixus as 

biosensors for NO.   

sGC is as an endogenous receptor for NO and upon NO binding, sGC increases its 

rate of cGMP production.  sGC is a 150 kDa protein that contains a heme moiety that has 

a Soret band at 433 nm, which shifts to 400 nm upon NO binding (Figure 2.2, data  
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Figure 2.1.  Cross-section schematic of ATR flow cell.  Silicone gasket is in black, 

adsorbed protein layer in red.  See text for details. 
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Figure 2.2.  Solution spectra of sGC NT-13 unligated and with NO bound in 50 mM 

sodium phosphate, pH 7.4, and 300 mM NaCl.  Data provided by Aaron Issaian. 
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provided by Aaron Issaian).   

Nitrophorin 4 (NP4) is an ~20 kDa protein that has an eight stranded -barrel, 

which binds a b-type heme group through a proximal histidine residue.
78

  Nitrophorins 

are unique among ferric proteins for their strong affinity to NO at low pH (~5).  

Nitrophorins are found naturally in bedbugs and kissing bugs where they are used to 

deliver NO to victims as a vasodilator during blood-feeding.  The kissing bug 

nitrophorins then function to bind histamine at physiological pH (~7.5), which decreases 

inflammation and helps the insect avoid detection from its prey.
78

  Solution spectra of 

NP4 unligated and with NO bound can be seen in Figure 2.3 (data provided by Aaron 

Issaian).    

The sensors developed detect a shift in the max between unligated and NO bound 

spectra, using ATR spectroscopy. 

 

2.b.  Materials and methods 

2.b.1.  Protein and DEA/NO preparation 

NP4 was prepared by over expression in E. coli and refolding after isolation from 

inclusion bodies, as described previously.
65, 79

  The following point mutations were 

incorporated: D30N, E32Q, D35N (herein referred to as NP4 NQN), by Aaron Issaian.  

sGC fragments were prepared as described by Fritz et. al.
80, 81

  Briefly, heterodimeric 

fragments of Manduca sexta soluble guanylate cyclase, containing residues  49-450 and 

 1-380, were expressed in E. coli using the pET-Duet-1 plasmid.  DEA/NO and Angeli’s 

salt were gifts of Professor Katrina Miranda (University of Arizona).  Each preparation  
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Figure 2.3  Solution absorbance spectra of NP4 NQN unligated and NO ligated in 20 mM 

Tris buffer, pH 7.5.  Data provided by Aaron Issaian. 
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was quantified spectroscopically; each displayed an 250 of 8 mM
-1

cm
-1

.  Stock solutions 

were made in 10 mM NaOH at 100 times the desired concentrations and a final 1:100 

dilution was made with buffer.  All DEA/NO solutions were kept on ice until used.  For 

data analysis it was assumed that 1.5 moles of NO were released per mole of DEA/NO.
20

  

There was a small increase of 0.17 pH units upon the addition of 100x DEA/NO to 5 mM 

buffer due to the 10 mM solvent of the DEA/NO solution.  This small increase in pH was 

ignored in the reporting of the pH of the experiments. 

  

2.b.2.  Attenuated total reflectance spectroscopy 

A custom attenuated total reflectance spectrometer is illustrated in Figure 2.1.  

Briefly, a white light source is coupled into a coverslip using a right angle prism.  Light 

propagates down the coverslip, which acts as a waveguide.  An evanescent wave of light 

enters the flow cell, and its intensity decays exponentially away from the surface of the 

coverslip, making it a highly surface sensitive technique.  Protein bound to the surface is 

monitored with the incoming light and spectra are generated.   

A 75 W xenon lamp (Newport Instruments) was used as a white light source.  The 

light was focused into a fiber optic cable connected to a collimating lens followed by a 

polarizing lens.  The ATR flow cell was secured onto a rotary stage with an xyz 

translational stage.  The light was coupled into and out of a 3” x 1” glass coverslip #1 

(Electron Microscopy Sciences) with 10 mm x 10 mm x 14.1 mm BK-7 glass right angle 

prisms (Edmund Optics).  The out-coupled light was focused with a lens attached to a 
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fiber optic cable into a monochromator (Newport Instruments MS260i) and detected by a 

CCD camera (Andor iDus420A).   

 Coverslips were gently cleaned with cotton and diluted Alconox Liqui-Nox 

detergent and rinsed with Milli-Q purified water (18.2 Mcm) water.  They were then 

soaked in piranha (7:3 concentrated sulfuric acid: 30% hydrogen peroxide) for 

approximately one h (caution: piranha is extremely reactive).  The coverslips were then 

rinsed with copious amounts of Milli-Q purified water and stored in Milli-Q purified 

water until use.  The ATR flow cell was assembled with a coverslip, silicone gasket and a 

Teflon block with inlet and outlet tubing, and held together with an aluminum holder.  

The cell was mounted directly into the xyz translational stage.  Solutions were injected 

into the flow cell via syringe. 

Deaerated solutions were used unless otherwise noted and prepared by purging 

buffer with argon for 30 min followed by vacuum filtration.  The ATR flow cell was 

equilibrated with buffer and dark and background spectra were then collected.  ATR 

spectra were collected for the resulting NP4 NQN film in both TE and TM polarizations.  

The TM polarization data were used in all calculations and figures presented.  Where 

indicated, spectra were averaged by acquiring multiple spectra and numerically averaging 

the absorbance values.  Also where indicated a running average was performed on the 

spectra to smooth the data.  This was performed by averaging five or ten pixels together 

in a running average.  The baseline drifted during the course of the experiments.  When 

the baseline was corrected, it was done so by using the minimum point of all spectra 
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collected and setting that to zero absorbance units.  This was always in the far red of the 

spectrum around 725 nm, where there should be no absorption from the protein.         

 

2.c.  Results and discussion 

2.c.1 Adsorption of sGC  

Soluble guanylate cyclase (sGC) was used to construct an NO sensor using an 

attenuated total internal reflectance (ATR) waveguide platform.  sGC was a natural 

choice due to the fact that it is the major receptor for NO in vivo (see chapter 3.a.),
13

 and 

binds NO very strongly (femtomolar to picomolar range).  Fragments of sGC were 

constructed in our laboratory to increase the yield and solubility as compared to the full 

length version of the protein.  The full length protein is a heterodimer of two subunits,  

and .  The subunits are similar in that each contains H-NOX, PAS, coiled coil and 

catalytic domains, with a single heme group residing on the  H-NOX domain.  

Construct NT-13 is a fragment of sGC that contains the HNOX, PAS and coiled coil 

domains of both  and  subunits, but lacks both cyclase domains.  Therefore, it lacks 

catalytic activity but still binds NO through the heme moiety (see chapter 3.a. for more 

details of sGC and NT-13).  NT-13 was adsorbed to a glass coverslip and probed as an 

NO sensor.   

SGC was deposited in 10 mM sodium phosphate buffer (pH 7.3), which yielded 

adsorption to the surface (Figure 2.4).  However, it was in very low abundance as 

indicated by the absorbance value of the soret band.  While sGC has a high molar 

absorptivity, it will only be a good choice for ATR if sufficient protein can be adsorbed.   
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Figure 2.4.  NT-13 (0.63 mg/mL) was adsorbed to a  piranha cleaned 75 mm #1 

coverslip.  ATR absorbance spectra are shown after 46 min and then after being rinsed 

with 10 mL of buffer after 1 h 25 min.  10 mM sodium phosphate buffer, pH 7.3, was 

used.  A 10 point running average was performed to smooth the data. 
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It appears that due to the length of time of adsorption, or possibly the rinsing of the flow 

cell, the Soret band spilt into peaks at 410 nm and 436 nm.  This indicated the presence of 

at least two subspecies of heme states, including possibly oxidized iron, which has a max 

of around 400 nm.   

 

2.c.2 Optimization of buffer for sGC adsorption  

 In an effort to increase the adsorption on sGC, the pH of the deposition buffer was 

lowered from 7.30 to 6.02 and the buffer was changed to MES.  The buffer and the pH 

are known to play a key role in protein adsorption, since it affects the surface charge of 

the protein as well as that of the surface.   

Using 5 mM MES pH 6.5 improved the adsorption of NT-13 to glass, with an 

increase of about 2.5 fold (Figure 2.5).  However, it still had a low absorbance maximum 

of ~0.09 (baseline corrected), and an unusually large absorbance in the 500 nm to 650 nm 

range of the spectra.  Therefore an even lower pH of 6.02, 5 mM MES buffer, was 

investigated (Figure 2.6).  This resulted in a slight increase to 0.1 absorbance value 

(baseline corrected) of the Soret band, and more normal Q band range.  While these 

absorbance values are enough to identify the spectra, it would make a more sensitive NO 

sensor if the absorbance values were greater.  In an effort to attain greater protein 

adsorption, modifications to the glass surface were considered.  It was also of utmost 

importance to determine if the protein still functioned to bind NO. 

 

2.c.3.  NT-13 NO binding  
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Figure 2.5.  NT-13 (0.35 mg/mL) was adsorbed to a piranha cleaned 75 mm coverslip and 

34 min incubation rinsed with 10 mL 5 mM MES buffer, pH 6.50. Ten ATR absorbance 

spectra were averaged, and a 5 point running average was performed.   
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Figure 2.6.  ATR absorbance spectra after NT-13 (0.417 mg/mL) was adsorbed to a 

piranha cleaned 75 mm coverslip and incubated for 2 h 35 min then rinsed with 10 mL 

buffer (5 mM MES, pH 6.02).     
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For developing an NO sensor from an NO binding protein, it is imperative that the 

protein not only bind to the surface, but that it also remain active.  In order to determine if 

sGC NT-13 was still active while adsorbed to the surface, the NO donor DEA/NO was 

flowed into the flow cell.   

sGC NT-13 (0.35 mg/mL) was adsorbed to a piranha cleaned 75 mm coverslip 

and incubated for 34 min.  The flow cell was then rinsed with 10 mL buffer (5 mM MES, 

pH 6.50). 10 spectra were averaged and a 5 point running average of these spectra was 

also performed.  A series of DEA/NO solutions were injected with concentrations of 1 

nM, 10 nM, 100 nM, 10 M and 500 M.  DEA/NO solutions were kept on ice until use. 

NO binding to NT-13 was demonstrated using 5 mM MES buffer pH 6.50.   

Figure 2.7 shows a shift in the spectrum of NT-13 after 500 M DEA/NO was injected 

into the flow cell.  DEA/NO was given 43 min to decompose to NO, as it’s half-life is 16 

min at pH 7.4 and faster at lower pH.
22, 82

  It was concluded that sGC was still active, 

although the spectra were not very clear and had odd features (such as a peak at 445 nm), 

and left much to be desired.   

 

2.c.4.  NT-13 adsorbed to modified glass  

 Surface modification to enhance protein adsorption was also investigated.  

Gamma-aminopropyltrimethoxysilane (GAPS) and glycydoxypropyltrimethoxylsilane 

(GOPS) were investigated, as they are known to aid in the binding of proteins to surfaces.  

Additionally, GOPS covalently binds to proteins, affixing them to the surface.   
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Figure 2.7.  ATR absorbance spectra of NT-13 on piranha cleaned coverslip; 34 min 

incubation rinsed with 10 mL buffer (5 mM MES, pH 6.50). Ten spectra were averaged, 

and a 5 point running average performed.    
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Coverslips were modified with GAPS by the following procedure.  75 mm 

coverslips were cleaned in piranha, rinsed well with water followed by ethanol, and 

stored in ethanol until used.  A solution of 2% GAPS in a 95:5 ethanol:water mixture was 

stirred for 5 min to allow for hydrolysis of the silane.  Coverslips were dipped into the 

solution for 2 min while being stirred.  Coverslips were removed and rinsed with ethanol 

and placed in an oven at 110 
o
C for 10 min to cure.  GOPS coverslips were modified in 

the same way except that the 95:5 ethanol:water mixture was adjusted to pH 5.0 prior to 

hydrolysis of the silane.        

The GAPS surface was incubated with 0.5 mg/mL NT-13 for 6 h 34 min in 10 

mM sodium phosphate buffer, pH 7.3.  During the rinse step with 10 mL of buffer, an air 

bubble occurred so Figure 6 displays the spectrum just prior to rinsing (10 point running  

average).  The air bubble was evacuated in the next step.  To determine if the protein was 

still active, a solution of 473 nM DEA/NO (0.9 mL) was injected and the spectrum was 

collected after 6 min (Figure 2.8). This was not enough time to allow all of the DEA/NO 

to release NO, since the half-life is 16 min at pH 7.4,
22, 82

 but enough was released to 

produce a shift in the spectrum.  There was a decrease in the Soret band at 433 nm.  It 

appeared that the protein was still active but since there wasn’t a concomitant rise at 400 

nm it cannot be certain.  The GAPS modification was not found to increase the surface 

bound protein, but the protein may have remained active. 

Next, GOPS coverslips were tested to determine if NT-13 would increase 

adsorption (Figure 2.9).  The experiment was cut short due to coverslip breakage, but the 

absorbance value of the Soret band was not as large as on bare glass under similar  
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Figure 2.8.  ATR absorbance spectra after NT-13 (0.5 mg/mL) was incubated for 6 h 34 

min in 10 mM sodium phosphate buffer, pH 7.3, on a GAPS modified coverslip.  A 10 

point running average was applied. 
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Figure 2.9.  ATR absorbance spectra of NT-13.  NT-13 (0.2 mg/mL) was incubated for 1 

h 56 min in 10 mM phosphate buffer, pH 7.3, on a GOPS modified coverslip.  A ten point 

running average was applied.   
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condition.  It was therefore concluded that the modifications to the surface were either the 

same or worse for binding NT-13.  We therefore decided to change the protein itself to 

increase adsorption. 

 

2.c.5.  Nitrophorin 4 as an NO sensor 

Since we had only limited success with sGC, we determined it was best to 

examine other NO binding proteins for use as an NO sensor.  Nitrophorin 4 (NP4) was an 

obvious choice since it is also a natural NO binding protein.  It has advantages over sGC 

in that the NO binding is more readily reversible (by increasing the pH), can be produced 

in large yields, is 25% the size of sGC (which could increase surface 

packing density) and is structurally stable (sGC tends to aggregate).  For these reasons, I 

investigated nitrophorin as a protein based NO sensor on an ATR platform. 

We took advantage of the uniquely tight binging of nitric oxide (NO) to 

nitrophorins to construct a nitric oxide sensor on an optical waveguide platform.  The 

basis of the sensor is a spectral shift in the Soret band from a max of 403 nm unligated to 

419 nm with NO bound.  We attempted to design nitrophorin 4 to have less pH sensitivity 

for binding NO by introducing three site-specific mutations, D30N, E32Q, D35N, 

denoted as NP4 NQN (MW = 20880 Da).  This work was performed by Aaron Issaian.  

wtNP4 binds NO with a Kd of 50 nM  at pH 5.0 and its Kd rises to 540 nM at pH 8.0, in 

solution.
83

  The Kd we determined for NP4 NQN was 85 ± 3 nM at pH 5.00 and 450 ± 40 

nM at pH 7.5 (Figures 2.10-2.13, determined by Aaron Issaian).  A significant decrease 
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of pH dependence on NO binding was not realized; nonetheless, the protein was 

successfully used as an NO sensor. 

The optical waveguide allowed for use as a flow cell.  The number of internal 

reflections in the waveguide increases as the thickness of the waveguide decreases.
74, 75

  

The use of a coverslip was required to provide enough signal for absorbance 

measurements.   

 To determine if NP4 NQN would be able to adsorb to glass coverslips, we 

examined the deposition of NP4 NQN in 5 mM Tris, pH 7.6 (Figure 2.14).  This 

condition proved to be successful, as a good spectrum was recorded.  The Soret was at 

409 nm, which was a red shift of about 6 nm from the solution maximum.  The 

absorbance value of ~0.1 (baseline corrected) was respectable, higher than NT-13, but a 

larger value would be more desirable.   

 

2.c.6.  NP4 NQN NO binding 

 If an NO sensor was to be constructed from NP4 NQN, the protein must not only 

be bound to the surface, it must remain active as well.  To determine if NP4 NQN was 

still able to bind NO while adsorbed to the surface, DEA/NO was injected.   

Figure 2.15 shows the resultant spectra from successive DEA/NO injections, 

proving that NP4 NQN still binds NO while bound to the glass coverslip.  Binding was 

reversible in this experiment and rinsing with 5 mM Tris pH buffer (pH 7.5) following 

the last DEA/NO injection shifted the spectrum back to nearly the original spectrum  
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Figure 2.10.  NP4 NQN solution binding assay, in 5 mM sodium acetate, pH 5.00.  Data 

provided by Aaron Issaian 
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Figure 2.11.  NP4 NQN solution binding assay, in 5 mM sodium acetate, pH 5.00, on a 

log scale.  Data provided by Aaron Issaian. 

 

 

 

 

 

 

 

 

 



66 
 

 

 

 

 

Figure 2.12.  NO binding curve to NP4 NQN, performed in 10 mM TRIS, pH 7.50.  Data 

provided by Aaron Issaian. 
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Figure 2.13.  NO binding curve to NP4 NQN, performed in 10 mM TRIS, pH 7.50.  Data 

provided by Aaron Issaian. 
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Figure 2.14.  NP4 NQN (10 M ) was incubated for 2 h 53 min on a piranha cleaned 

coverslip in 5 mM Tris buffer, pH 7.6, then rinsed with 18 mL of buffer.  ATR 

absorbance spectra were obtained and a 10 point running average was performed.     
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Figure 2.15.  ATR absorbance spectra after NP4 NQN (10 M ) was adsorbed for 2 h 53 

min to a piranha-cleaned 75 mm coverslip in 5 mM Tris, pH 7.6, then rinsed with 18 mL 

of the same buffer.  DEA/NO was injected (700 mL) with concentrations of 473 nM, 47 

M and 4.73 mM, and given 8-10 min to decompose and release NO.  The flow cell was 

then rinsed with 20 mL of buffer.  A ten point running average was performed to smooth 

the spectra. 
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obtained prior to DEA/NO injections.  This was a major advancement in the development 

of the NO sensor since I now have a protein that is still active on the surface and binds 

reversibly.  Next, I investigated whether we could get increased protein adsorption to the 

surface, and at the same time take advantage of the higher NO binding constant for NP4 

at lower pH.  I varied pH, cleaning method, surface modification and buffer type to 

optimize binding.   

 

2.c.7.  Optimization of pH for adsorption of NP4 NQN 

To determine if there were better conditions for adsorption, I examined two other 

buffers at different pH values.  We decided to investigate more acidic conditions, due a 

lower Kd for NO binding to NP4, which would yield a sensor with a lower detection limit. 

NP4 NQN binding increased using 5 mM MES pH 6.02 (Figure 2.16) compared 

to 5 mM Tris, pH 7.6.  The absorbance of the Soret band was 0.21, which is 2 fold 

greater.  The protein was still active and displayed reversible shifting from a max at 404 

nm to 416 nm when NO bound, and back when the flow cell was rinsed.  Figure 2.17 is a 

spectrum of NP4 NQN adsorbed using 5 mM sodium acetate buffer pH 5.00.  The 

absorbance value of the Soret is very close to that with pH 6.02 MES buffer.  At pH 5, 

the Kd of NO to NP4 is at a minimum, so that would be the ideal pH for the sensor with 

respect to detection limit.   

 

2.c.8.  GOPS surface modification for increased NP4 NQN binding  

In a further effort to increase the absorbance value of the Soret band we used a  
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Figure 2.16.  ATR absorbance spectra after NP4 NQN (0.2 mg/mL) was adsorbed on 

piranha cleaned glass coverslips in 5 mM MES buffer, pH 6.02, for 20 min, then rinsed 

with 10 mL of the same buffer.  DEA/NO was injected (500 to 700 L) at concentrations 

of 4.73 nM, 473 nM, 47.3 M and 4.73 mM, each injection was given 5-7 min for 

equilibration.  The flow cell was then rinsed with 20 mL of buffer twice.  Spectra were 

subjected to 10 point running average. 
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Figure 2.17.  NP4 NQN (0.2 mg/mL) was also adsorbed to piranha cleaned glass in 5 mM 

sodium acetate buffer, pH 5.00, for 29 min.  Five ATR absorbance spectra were averaged 

and a 10 point running average was then performed. 
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GOPS modified coverslip to bind NP4 NQN to the surface.  GOPS modified surfaces are 

known to bind proteins.   

As can be seen in Figure 2.18, the absorbance of the Soret band increased by 

about 15 % over that of a plain glass coverslip (Figure 2.16).  Due to the small increase in 

surface coverage of NP4 NQN with GOPS it was not used in subsequent experiments.  

 

2.c.9.  Ferrous form of NP4 NQN 

 Experiments were conducted in an effort to obtain reduced NP4 NQN (Fe
2+

), 

which is expected to bind NO with a dissociation constant of ~ 5-90 fM.
83

  The most 

straightforward method of using the reducing agent sodium dithionite accomplished the 

reduction.   

The Soret peak shifted from 414 nm to 430 nm, as expected for the reduction of 

NP4 NQN (Figure 2.19).  It is not known why the Soret in the starting spectrum was at 

414 nm prior to addition of sodium dithionite, but it is reasonable to assume that such a 

shift to 430 nm was due to reduction.  The protein oxidized back to the Fe
3+

 state within 

20 min.  This experiment was only performed once.   

It was rationalized, due to the short-lived nature of the reduced form of the protein 

that sodium dithionite would have to be added with the sensor in order to keep it reduced. 

However, sodium dithionite is also reactive with proteins, which would limit the sensor’s 

lifetime, and with NO, which precludes simultaneous addition of both.  If the reduced 

protein were somehow stabilized, or another reductant were used that is not reactive with 

NO, then it would open up the possibility.  Following the measurement NP4 NQN could  
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Figure 2.18.  ATR absorbance spectra after NP4 NQN (0.2 mg/mL) was adsorbed to a 

GOPS modified coverslip (see section 2.c.4 for silane modification procedure) for 1 h 22 

min in 5 mM MES buffer, pH 6.02.  The flow cell was then rinsed with 10 mL of the 

same buffer.  Three spectra were averaged, and a 10 point running average was also 

performed to smooth the spectra. 

 

 

 

 

-0.05

0

0.05

0.1

0.15

0.2

0.25

370 420 470 520 570 620 670 720

A
b

so
rb

an
ce

 

Wavelength (nm) 



75 
 

 

 

 

Figure 2.19.  ATR absorbance spectra after NP4 NQN (0.2 mg/mL) was adsorbed onto a 

piranha cleaned coverslip using 5 mM MES buffer, pH 6.5, for 42 min.  The flow cell 

was then rinsed with 15 mL of the same buffer.  Sodium dithionite (0.8 mL of 0.4 

mg/mL) was injected and the spectrum was collected after 1 min.  The flow cell was then 

rinsed with 15 mL of the same buffer and the spectrum was collected again.  All spectra 

presented were averaged from 5 spectra, and a 10 point running average. 
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be oxidized to release the bound NO by way of weaker NO binding, and hence the 

unligated state could be recovered.  While ambitious, the reduced form of NP4 NQN was 

not required to construct an NO sensor using the protein.  Therefore the focus of the work 

was shifted back to working with the ferric form of the protein. 

 

2.c.10  NP4 NQN NO binding study 

It was decided that pH 5 was the most optimal for the sensor because the Kd was 

smallest and therefore the sensor would be most sensitive at this pH.  Also the protein 

adsorbed well to piranha cleaned glass at this pH. 

All buffers were deaerated prior to experiment.  DEA/NO solution were prepared 

at 100x in 10 mM NaOH in 1.8 mL tubes with only a small amount of headspace.  Each 

DEA/NO solution was diluted in buffer from the stock solution in 10 mM NaOH 

immediately prior to injection, then given 1 min to decompose to NO.  The short time 

allotment of DEA/NO degradation to NO was appropriate here because DEA/NO 

releases NO within seconds at pH 5.
23

  The addition of 1:100 DEA/NO to 5 mM sodium 

acetate buffer, pH 5.00, caused an increase of the pH by 0.17 units due to the 10 mM 

NaOH solvent, although the pH of the solution is still reported herein to be 5.00.  

To compensate for the low concentration of ligand in solution compared to the 

protein on the surface (6 pmol/cm
2
), the DEA/NO solution was flowed through the ATR 

cell.  NO has a diffusion constant of 3300 m
2
/s,

14
 which is large for a diffusion constant, 

but the height of the flow cell is 1 mm.  At low concentrations of NO a ligand depletion 
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layer could form yielding a condition where the system is not at equilibrium.  The 

furthest a molecule of NO would have to travel in the flow cell would be 1 mm to reach 

the surface to bind with the protein.  Under these conditions the time for NO to reach the 

surface would be: 

 

d
2
 = 2Dt  (eq. 2.1) 

 

Where d is the mean square distance, D is the diffusion constant (3300 m
2
/s),

14
 

and t is time in seconds.  This equation neglects friction, which for small, uncharged 

species, is appropriate.  Thus, 150 s would be the time required for NO to travel the 

largest possible distance, the height of the ATR cell (1 mm), and reach the sensor surface.  

To eliminate this potential source of error, the NO solution was flowed through to 

effectively eliminate the depletion of NO from the surface of the ATR substrate.  This 

was performed manually with a syringe. 

The binding assay was performed by injecting increasing concentrations of 

DEA/NO through the flow cell starting with 50 mL of 5 nM DEA/NO at a rate of 7 - 10 

mL/min.  After 50 mL of solution was flowed through the ATR cell, 1 min was allowed 

to pass before spectra were collected.  The flow of ligand compensated for the relatively 

low ligand concentration in solution to avoid the possible formation of a ligand depletion 

layer just above the surface of the ATR substrate.  This was followed by an injections of 

20 mL of 12 nM DEA/NO at a rate of 3.3 to 10 mL/min.  Then 10 mL of 25 nM 

DEA/NO was injected, followed by 10 mL of 50 nM, both at 5 mL/min.  After which 3 
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mL of 75 nM and 100 nM DEA/NO solutions, and 2 mL of each  150 nM , 200 nM, 250 

nM, 300 nM, 450 nM, 600 nM, 1.2 M, 5 M, 25 M DEA/NO were injected at a rate of 

2 – 3 mL/min.  After each injection, one min was allowed for diffusion, binding and 

equilibration before spectra were taken.  The rate of NO binding to NP4 is near diffusion 

limited so equilibration is very fast.  The flow cell was then rinsed with 20 mL of 5 mM 

Tris buffer pH 7.50, to release all bound NO.  The sensor was then re-equilibrated with 

20 mL of 5 mM sodium acetate buffer, pH 5.00.  This procedure was repeated two more 

times.  A minimum of 100 spectra were averaged for each acquisition, and a 10 point 

running average was applied to the spectra.   

DEA/NO, a nitric oxide (NO) donor, was flowed through the sensor in increasing 

concentrations.  At pH 5, DEA/NO releases NO within seconds.
23

  It was assumed that 

the extinction coefficient at 250 nm was 8 mM
-1

cm
-1

, and stock DEA/NO concentrations 

were quantified with that value.  The extinction coefficient at 250 nm has been reported 

to be as low as 6.5 mM
-1

cm
-1

,
22

 and if this were the case then the concentration of 

DEA/NO and therefore NO would be 19% overestimated.  This would have the effect of 

lowering the detection limit reported herein by 19%.  The other assumption made is that 

1.5 moles of NO were released per mole of DEA/NO.  This value could be as high as 1.8 

moles of NO per mole of DEA/NO.  If 1.8 is the actual value it would have the effect of 

underestimating the amount of DEA/NO by 30%.  This would have the effect of raising 

the detection limit reported herein by 30%.    

The surface coverage of NP4 NQN was calculated to be 6 pmol/cm
2
, assuming a 

two-phase approximation (i.e. the refractive index does not change due to the adsorption 
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of the protein) and the same extinction coefficient as a solution phase isotropic value of 

141,400 M
-1

cm
-1

 at 404 nm,
64

 as described by Saavedra and Reichert.
76

  The small 

number quantity of protein on the surface allows for the determination of Kd values by 

simple titration.  A true adsorption isotherm was never performed to determine if the 

surface was indeed saturated with protein.  However,  two different concentrations of 

NP4 NQN was adsorbed to the surface at pH 5.00 in 5 mM sodium acetate buffer, at 0.2 

mg/mL (Figure 2.17) and 1.4 mg/mL (Figure 2.20).  The 7-fold increase in concentration 

yielded an ~2 fold increase in absorbance, 0.19 to 0.39 at the Soret maximum.  The 

absorbance value of 0.39 was determined to be sufficient to conduct the following 

experiments.  This does not prove that the absorbance could not have been increased 

further with yet higher concentrations of protein.      

The nitrophorin 4 (NP4) Soret band shifts from its unligated max at 404 nm to its 

NO bound max at 416 nm (Figures 2.20-2.25), the difference spectra are shown in 

Figures 2.26-2.29, respectively.  Three trials on the same sensor were performed.  The 

binding curve generated demonstrates the lowest concentration detected at 18 nM NO 

and was linear up to 225 nM NO Figures 2.29 and 2.30).  The dissociation constant of 

NO to NP4 NQN in the sensor was found to be 160 +/- 20 nM.  The sensor was 

demonstrated to be reversible and reusable.  The sensor was rinsed with 5mM Tris, pH 

7.50, and the unligated Soret peak was recovered.  The binding assay was repeated a total 

of three times on the same sensor.  The binding curve behaved in a very similar manner 

each time decreasing slightly with each series presumably from protein being flushed off, 

since it was not covalently attached.  The data in Figures 2.29 and 2.30 are the average of  



80 
 

 

 

 

 

 

Figure 2.20.  ATR absorbance spectra of binding assay of NO sensor, trial 1.  5 mM 

sodium acetate buffer, pH 5.00, was used.   
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Figure 2.21.  Enlarged view of the Soret region in Figure 2.20.  
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Figure 2.22.  ATR absorbance spectra of trial 2 of binding assay of NO to the same 

sensor as Figure 2.18.  5 mM sodium acetate buffer, pH 5.00, was used.   
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Figure 2.23.  Enlarged view of the Soret region in Figure 2.22.  
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Figure 2.24.  ATR absorbance spectra of binding assay of NO to the same sensor as 

Figures 2.18 – 2.23, trial 3.  5 mM sodium acetate buffer, pH 5.00, was used.   
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Figure 2.25.  Enlarged view of the Soret region in Figure 2.24.  
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Figure 2.26.  Trial 1 (Figure 2.18) difference absorbance spectra, 5 mM sodium acetate 

buffer, pH 5.00, was used. 
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Figure 2.27.  Trial 2 (Figure 2.20) difference absorbance spectra, 5 mM sodium acetate 

buffer, pH 5.00, was used. 
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Figure 2.28.  Trial 3 (Figure 2.22) difference absorbance spectra, 5 mM sodium acetate 

buffer, pH 5.00, was used. 
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Figure 2.29. Binding curve of the NO sensor using NP4 NQN on an ATR waveguide 

platform. 1.5 molar equivalent NO to DEA/NO. 5 mM sodium acetate, pH 5.00, was 

used. 
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Figure 2.30. Binding curve of the NO sensor using NP4 NQN on an ATR waveguide 

platform on a log scale. 1.5 molar equivalent NO to DEA/NO. 5 mM sodium acetate, pH 

5.00, was used. 
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these three trials, and the error bars represent the standard deviation.  The linear portion 

of the binding curve can be seen in Figure 2.31.   

 The dissociation constant changed from 85 ± 3 nM in solution to 160 ± 20 nM 

bound to the surface of the ATR substrate.  This is a decrease of ~ 50% of its binding 

strength, signifying a perturbation of the protein due to adsorption on the surface.  The 

typical argument of ligand inaccessibility to the binding site is unlikely because an 

uncharged, diatomic ligand such as NO would likely be able to diffuse directly through 

the protein matrix.  The most likely cause of the decreased activity upon adsorption are 

steric effects caused by the adsorption process on the heme pocket.  Nitrophorins are very 

sensitive to the steric environment of the heme pocket, and small changes can result in 

large changed in Kd.  Regardless of the decrease in binding efficacy, it remains that NP4 

NQN is still active while adsorbed to the surface, which allows for its use as an effective 

NO sensor.   

 Another way to investigate the state of the protein is by examining the Soret band.  

Changes in the full-width half-max, i.e. the width of the band at half its maximal 

absorption, is indicative of changes in the chromophore.  The solution full-width half-

max of the unligated Soret band was 384 nm to 416 nm (32 nm) with a maximum at 403 

nm (Figure 2.3).  The adsorbed full-width half-max of the unligated protein is 386 nm to 

428 nm (42 nm) with a maximum at 406 nm (Figure 2.20).  As for the NO ligated Soret 

bands the solution full-width half-max was from 399 nm to 430 nm (31 nm) with a 

maximum at 419 nm, whereas the adsorbed protein full-width half-max was from 387 nm 

to 434 nm (47 nm) with a maximum at 416 nm.  Hence there is broadening and a red shift  
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Figure 2.31.  Linear portion of calibration curve from NO binding assay. 1.5 molar 

equivalent NO to DEA/NO. 
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in the unligated Soret band upon adsorption and it does not shift as much upon NO 

binding, while also being broader.  This may be caused by a change in the rotational 

and/or vibrational states of the chromophore.  Again, this is attributed to steric changes in 

the heme pocket caused by adsorption.    

To compare the sensor among different conditions and experiments ratios of 

change in absorbance of the Soret band were calculated.  The absorbance at the 

wavelength of maximal positive change in the spectrum was divided by the absorbance at 

the wavelength of maximal negative change.  For example in the binding curve just 

described, the wavelength of maximal positive change was 424 nm, and the wavelength 

of maximal negative change was 403 nm, as identified in the difference spectra (Figures 

2.25 – 2.28).  For trial one, the unligated absorbance was 0.228 AU at 424 nm, and 0.390 

AU at 403 nm, and their ratio is 0.586.  The average ratio of the two absorbance values of 

the three trials at these two wavelengths was 0.59 for the unligated spectra, and was 0.82 

for the concentration 225 nM NO (Table 2.1).  Thus there was a 39% increase in the ratio 

of the wavelengths of maximal positive and negative change with the addition of 225 nM 

NO during the binding experiment.  This concentration was chosen as the highest 

concentration in the linear portion of the binding curve to compare the ratio change 

among different experiments as described in subsequent sections.   

 

2.c.11.  Addressing possible interferents 

To determine if the sensor would have interference from nitrite, nitrate or HNO, 



94 
 

Table 2.1.  Summary of binding experiments.  Ratios are those of the absorbance at 

maximal positive shift wavelength over the absorbance at maximal negative shift 

wavelength. 

 

Experiment 
Solution 

contents 

 of 

maximal 

negative 

shift (nm) 

 of 

maximal 

positive 

shift (nm) 

Post 

injection 

ratio
1
 

Pre 

injection 

ratio
1
 

Ratio 

change 

of post 

inj. over 

pre inj.
2
 

Binding 

Curve 

225 nM NO in 

deaerated buffer 
403 424 

0.82 ± 

0.02 

0.59 ± 

0.01 

1.39 ± 

0.03 

Nitrate / 

Nitrite 

1 M NO2
-
 100 

M NO3
-
 

403 424 0.44 0.44 1.00 

HNO 

interference 
5.6 M Angeli's 

salt 
393 420 0.58 0.51 1.13 

Biological 

system 

225 nM NO in 

buffer  
396 417 

0.57 ± 

0.02 

0.39 ± 

0.03 

1.44 ± 

0.11 

225 nM NO in 

BSA solution 
396 417 

0.61 ± 

0.03 

0.46 ± 

0.03 

1.33 ± 

0.11 

225 nM NO in 

Cell culture 

media 

396 417 
0.66 ± 

0.06 

0.58 ± 

0.07 

1.14 ± 

0.17 

 

1
Ratio of absorbance at  of maximal positive shift over absorbance at  of maximal 

negative shift.  
2
Ratio of the post injection ratio over the pre injection ratio.    
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each was injected into the sensor.  Additionally degraded DEA/NO was tested for 

interference to ensure that the signal was from NO and not a by-product of the donor 

molecule.  

 For the nitrate and nitrite study, NP4 NQN (1.4 mg/mL) was injected in 5 mM 

sodium acetate buffer pH 5.00 into the flow cell and allowed to bind for 16 min on a 

piranha cleaned coverslip.  0.9 mL of a solution containing 100 M nitrate and 1 M 

nitrite in 5 mM sodium acetate pH 5.00 buffer was injected into the flow cell at a rate of 

2-3 mL/min.  A 1:100 spike of 10 mM NaOH was used in the buffer to provide 

consistency with experiments using DEA/NO and Angeli’s salt, which raised the pH by 

0.17 units.  Spectra were acquired for 60 min (100 spectra for every time point, and 10 

point running averaged).   

During the HNO study, NP4 NQN (1.4 mg/mL) in 5 mM sodium acetate buffer, 

pH 5.00, was injected and adsorbed to a piranha cleaned coverslip for 17 min.  The flow 

cell was then rinsed with 20 mL of the same buffer.  Angeli’s salt (2 mL of 540 nM) was 

injected into the flow cell in 5 mM sodium acetate buffer pH 5.00, spectra were collected 

for 15 min (100 spectra for each time point, and a 10 point running average was applied).  

The cell was rinsed with same buffer and injected 2 mL of 540 nM Angeli’s salt injected 

in same buffer again and monitored for 22 min.  This was repeated one additional time 

(data not shown).  The flow cell was then rinsed with 10 mL of buffer followed by 

injection of 2 mL of 5.4 M Angeli’s salt in the same buffer.  Spectra were collected for 

15 min.  All injections of Angeli’s salt were at a rate of 2-3 mL/min. 
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Possible interferents for the assay include HNO, nitrite and nitrate.  We    

demonstrate for the first time to our knowledge the reaction between HNO and 

nitrophorin.  The addition of HNO did cause a small shift in the Soret band at 540 nM 

Angeli’s salt (Figures 2.32, 2.33, Table 2.1).  It has been shown that ferric proteins are 

reduced to ferrous and bind NO when reacted with HNO,
84

 which is likely the case here.  

However 5.4 M Angeli’s salt did cause a marked shift in the Soret band (Figures 2.34, 

2.35).  There was a change in the ratio of maximal shifts of 13% (Table 2.1).  This 

indicates a possible interferent for the assay, although it is not known with certainty if 

HNO exists endogenously.  If HNO is present it is likely to be in much lower 

concentrations than those examined, and would then present little to no actual 

interference.   

Nitrite at 1 M, and nitrate at 100 M, which is at least 2 times fasting plasma 

levels,
31

 did cause a small decrease in the overall absorbance of the Soret peak, but not a 

shift (Figure 2.36).  The ratio of change in the nitrite/nitrate interference experiment was 

identical before and after the injection of 100 M nitrate and 1 M nitrite (Table 2.1).  

The lack of interference is significant because nitrite is an interferent in many other 

methods of NO detection.  Degraded DEA/NO (in solution) was also tested for binding to 

NP4 NQN as a control in a cuvet and shown not affect the spectrum (Figure 2.37, Table 

2.1). 

 

2.c.12.  Assessing the sensor in the presence of oxygen 

 To address the possibility that the binding assay could be affected by the presence  
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Figure 2.32.  ATR absorbance spectra after the addition of 540 nM Angeli’s salt (AS) the 

NP4 NQN sensor in 5 mM sodium acetate buffer, pH 5.00.  Time-points post injection of 

AS. 
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Figure 2.33.  Difference absorbance spectra of 540 nM Angeli’s salt (Figure 2.32). 
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Figure 2.34.  ATR absorbance spectra after the addition of 5.4 M Angeli’s salt (AS) to 

the NP4 NQN sensor, in 5 mM sodium acetate buffer, pH 5.00.  Time-points post 

injection of AS. 
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Figure 2.35.  Difference absorbance spectra post injection of 5.4 M Angeli’s salt (Figure 

2.34). 
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Figure 2.36.  ATR absorbance spectra after a solution of 100 M nitrate, 1 M nitrite, in 

5 mM sodium acetate buffer, pH 5.00, was injected into the NP4 NQN sensor.  Time 

points are post injection. 
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Figure 2.37.  Solution spectra of NP4 NQN with the addition of degraded DEA/NO, in 

solution. 
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of oxygen in the buffer, a 225 nM NO solution was flowed through deaerated (Figures 

2.38 and 2.39) and non-deaerated buffers (Figures 2.40 and 2.41), three times each.  NP4 

NQN (1.4 mg/mL) was injected and adsorbed to a piranha cleaned coverslip for  18 min.  

The flow cell was then rinsed with 20 mL of deaerated 5 mM sodium acetate buffer, pH 

5.00.  2 mL of 225 nM NO was injected into the flow cell in non-deaerated 5 mM sodium 

acetate pH 5.00 buffer at a rate of 2-3 mL/min.  After each injection one min was allowed 

for equilibration before the spectra were taken.  Spectra were acquired and averaged 

(100), and a 10 point running average was performed.  The flow cell was then rinsed with 

20 mL of 5 mM Tris, pH 7.5, to remove the bound NO and regenerate the sensor.  Then 

the flow cell was rinsed with 20 mL of deaerated 5 mM sodium acetate buffer, pH 5.00, 

followed by 2 mL of 225 nM NO in the same buffer at a rate of 2-3 mL/min.  This was 

repeated two more times.       

There was no difference observed between the two buffers, and the ratios of the 

percent change were identical within the error of the experiment (Table 2.2).  There was a 

concern because NO reacts with oxygen.  The fact that there is no discernible 

difference between the two solutions is not entirely surprising because the half-life of NO 

at this concentration is ~3700 s in aerated buffer.
15

  This is important because when the 

sensor is used with biological samples it will always contain oxygen.  The deaerated 

solutions were used to get an absolute limit of detection with no other known 

interferences present in solution.   

These results are plagued by a large absorption band centered at 515 nm.  The 

nature of this band is unknown but was observed occasionally with sGC as well.  It is 
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Figure 2.38.  ATR spectra of three trials of 150 nM DEA/NO injected into sensor using 

deaerated 5 mM sodium acetate buffer, pH 5.00.   
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Figure 2.39.  Difference absorbance spectra from Figure 2.38.  
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Figure 2.40.  ATR spectra of three trials of 150 nM DEA/NO injected into the NO sensor 

in non-deaerated 5 mM sodium acetate buffer, pH 5.00. 
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Figure 2.41.  Difference absorbance spectra from Figure 2.40. 
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Table 2.2.  Results from deaerated experiment and binding assay.  Ratios are based on the 

absorbance at the maximal positive shift wavelength divided by the absorbance at the 

maximal negative shift wavelength. 

 

Experiment 
Solution 

contents  

 of 

maximal 

negative 

shift (nm) 

 of 

maximal 

positive 

shift (nm) 

Post 

injection 

of 150 

nM 

DEA/NO 

ratio
1
  

Pre 

injection 

ratio
1
 

Ratio of 

post inj. 

over pre 

inj.
2
 

Binding 

Curve 

 225 nM NO 

in deaerated 

buffer 

403 424 
0.82 ± 

0.02 

0.59 ± 

0.01 

1.39 ± 

0.03 

Effect of 

buffer  

225 nM NO 

in deaerated 

buffer 

398 416 
0.988 ± 

0.001 

0.80 ± 

0.01 

1.23 ± 

0.03 

225 nM NO 

in non-

deaerated 

buffer 

398 416 
1.00 ± 

0.01 

0.82 ± 

0.02 

1.22 ± 

0.03 

 

1
Ratio of the absorbance at the wavelength of maximal positive shift over the absorbance 

at the wavelength of maximal negative shift.  
2
Ratio of the post injection ratio of 

absorbances divided by the pre injection ratio of absorbances.    
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such a prominent band at such an unexpected place in the spectrum that it is presumed 

that it represents some type of chemical change in the chromophore of the protein.  Data 

generated in this section must be repeated before conclusions are clear.  Nonetheless, NO 

was clearly demonstrated to bind to NP4 NQN in this state.  However, there was not as 

much of a change in the Soret as compared to the binding experiment or results presented 

in the following section.  In fact the shift in the Soret band was reduced by almost 50% as 

compared to the binding assay, as indicated by the ratios of the pre and post NO shift 

(Table 2.2).  The possible interference of oxygen was addressed below, where the control 

of the BSA and cell culture solutions was not deaerated, and had the same shift in the 

Soret band as in the deoxygenated buffer during the binding experiment (Table 2.1).   

 

2.c.13.  NO detection in BSA and cell culture solutions 

 The sensor was utilized in a manner consistent with a representative biological 

sample.  This included a highly concentrated BSA solution approximating tissue 

perfusate, and cell culture solution containing 10% fetal bovine serum, representing cell 

culture measurements.   

2 mL of 40 mg/mL BSA solution in 5 mM sodium acetate pH 5.00 buffer for 20 

min to block the surface.  The flow cell was then rinsed with 20 mL of 5 mM Tris pH 

7.50 buffer followed by 20 mL of 5 mM sodium acetate buffer pH 5.00.  2 mL of 225 nM 

NO in 5 mM sodium acetate buffer pH 5.00 was then injected.  The flow cell was rinsed 

with 20 mL of 5 mM Tris pH 7.50 followed by 20 mL of 5 mM sodium acetate buffer pH 

5.00.  This was repeated 2 more times.  Then 2 mL of 225 nM NO in 5 mM sodium 
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acetate pH 5.00 buffer that contained 40 mg/mL BSA was injected following the same 

procedure three times.  Finally, 2 mL of 225 nM NO was injected in modified DMEM 

cell culture media (Gibco; high glucose, no phenol red, sodium pyruvate or glutamine), 

adjusted to pH 5.00, and containing 10 % fetal bovine serum.  Three trials were 

performed.  One minute was allowed prior to injection of DEA/NO solution.  Injections 

were at a rate of 2-3 mL/min.  One min was allowed for NO equilibration after injection 

prior to spectral acquisition. 100 spectra were averaged, and a 10 point running average 

was used to smooth the spectra. 

 A 225 nM NO solution in 40 mg/mL BSA, 5 mM acetate buffer, pH 5.00, was 

used to test if the presence of serum concentrations of BSA would interfere with the 

sensor’s ability to detect NO (Figures 2.42 and 2.43).  This was repeated a total of three 

times and compared to 5 mM sodium acetate buffer pH 5.00 alone (Figures 2.44 and 

2.45).  BSA produced slightly less change than did NO in acetate buffer but the change 

was still evident (Table 2.1).  This is not surprising because the presence of BSA causes a 

break in the reaction pathway between NO and nitrogen dioxide and therefore increases 

the half-life of NO in solution.
15

  This would indicate the utility of the sensor in tissue 

perfusate or serum NO quantification applications where the vast majority of the soluble 

protein is serum albumin.  One min was allowed to pass after DEA/NO was injected 

before spectra were acquired. Spectra were averaged (100 for each acquisition) and a 10 

point running average was applied. 

As a final test of the utility of the sensor, modified DMEM cell culture media 

containing 10% FBS (pH adjusted to 5.00) was spiked with 150 nM DEA/NO and  
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Figure 2.42.  ATR absorbance spectra of three trial of 225 nM NO in 40 mg/mL BSA, 5 

mM sodium acetate buffer, pH 5.00, was injected into the NO sensor.  
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Figure 2.43.  Difference absorbance spectra from Figure 2.42.   
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Figure 2.44.  ATR spectra of three trials of 225 nM NO in 5 mM sodium acetate buffer, 

pH 5.00, was injected into NO sensor. 
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Figure 2.45.  Difference absorbance spectra from Figure 2.44. 
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injected into the sensor.  It was successful in detecting NO three consecutive times 

(Figures 2.46 and 2.47).  The DEA/NO produced a significantly smaller shift than the 

control (Figures 2.44 and 2.45) but was still notable.  This experiment demonstrates the  

sensors utility to detect NO in such complex mixtures as cell culture solutions.   

The relatively high error (Table 2.1) is likely due to a slight change in the 

wavelength of maximal change with each trial shifting from 410 nm to 414 nm over the 

three trials, and the smaller change in absorbance than the buffer alone (Figures 44 and 

45).  Also of note, the first trial produced a ratio of the post and pre NO injection of 1.19, 

and the following trials had lower ratios that may indicate something is happening to the 

protein over time.  There appears to be a shift in the spectra with each trial, with the 

absorbance increasing around 430 nm.  This may indicate a reduction of the iron in the 

heme group as that is where Fe
2+

 heme would absorb.  It could also be some other type of 

degradation of the protein.  However, the sensor is clearly functioning, as indicated by 

the difference spectra in Figure 47, since there is still a significant change with the 

injection of each NO solution.  The error associated with the cell culture media 

experiment is in line with the errors of the other two experiments done on this film, the 

BSA solution and the control, which also have errors that were on the same order as 

compared to previous experiments (Table 2.1).  This indicates that there may be some 

mechanical or chemical instability with this particular protein film.   

 Also of note in this experiment is that the control buffer was not deoxygenated 

and still provided the same ratio of change in the Soret as deoxygenated buffer (Table 

2.1), indicating oxygen has no effect on the sensor. 
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Figure 2.46.  ATR absorbance spectra of three trials of 225 nM NO in DMEM cell 

culture media containing 10% fetal bovine serum was injected into the NO sensor. 
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Figure 2.47.  Difference absorbance spectra from Figure 2.46. 
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2.d.  Conclusions and future directions 

This is a novel sensor in that it provides the direct detection of nitric oxide, rather 

than a product of nitric oxide degradation.  The reusability is demonstrated and the 

stability is significant as shown, but presumably could be improved with covalent 

attachment of the protein to the surface of the coverslip.  The detection limit 

demonstrated here is immediately applicable to certain biological applications, such as 

NO production from macrophages and possibly tissue perfusate experiments.  Future 

investigations will address this issue as it applies directly to biological samples. If fouling 

of the sensor occurs due to the biological samples, the protein film could be encapsulated 

in a gas permeable polymer such as PEG or a fluorosilane.   

The detection limit could also be lowered by possibly nearly 2 orders of 

magnitude by using NP2 or NP7 instead of NP4 NQN, where the binding constant of two 

former proteins is approximately 2 orders of magnitude lower than NP4 NQN at ~1 nM 

versus ~100 nM for the protein studied.
62

  Using these proteins could potentially bring 

the detection limit down from 18 nM found in this study to 180 pM.  Knipp and 

coworkers also showed that a mutant NP 7  1-3 has nearly the same binding at pH 7.5 as 

pH 5.0,
62

 which could be employed in this sensor to operate at physiological pH.  Also of 

note is the ferrous form of NP4, which has a Kd of ~50 fM.
85

  This state was achieved 

upon reduction with sodium dithionite (Figure 2.15).  Ferrous NP4 is unstable and would 

require continuous presence of reducing agent or to be adsorbed on a transparent 

conductive electrode and reduced electrochemically.   
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CHAPTER 3 

TEM IMAGING OF SOLUBLE GUANYLATE CYCLASE FRAGMENTS 

 

3.a.  Introduction 

3.a.1.  Nitric oxide 

Nitric oxide is used by animals to regulate processes as diverse as the 

cardiovascular system,
4
 central nervous system

5
 and immune response.

7
  The primary 

receptor for NO is soluble guanylate cyclase (sGC),
13

 which catalyzes the conversion of 

guanosine triphosphate to cyclic guanosine monophosphate (cGMP).
86

  Upon binding 

NO, the activity of sGC increases by nearly 200 fold over basal levels.
77

  cGMP is 

responsible for many of the downstream physiological effects of NO.
86

   

 

3.a.2.  Soluble guanylate cyclase 

Despite much effort in crystallizing sGC by the Montfort group and many others, 

the full three dimensional structure of sGC remains unknown.  sGC is an ~150 kDa 

heterodimer of two similar subunits, known as  and .
13

  There is a ferrous heme group 

on the  subunit, which is the known binding site of NO.  sGC is also known to bind CO 

in vitro as well as a synthetic allosteric regulator YC-1, and BAY 41-2271.
87-89

  The 

binding of CO increases catalytic activity nominally, ~5 times above basal levels.  YC-1 

binding has been shown to increase the catalytic activity of the CO ligated enzyme to 

approximately that when NO is ligated.
88, 90

   



120 
 

Both  and  subunits of sGC contain an N-terminal H-NOX (Heme-Nitric 

oxide/OXygen) domain, PAS (periodic circadian protein, aryl hydrocarbon receptor 

nuclear translocater protein, single-minded protein; Per-Arnt-Sim) domain, coiled-coil 

region and C-terminal catalytic domain, based on homology models.
13

  Domain structures 

predicted from homologous protein structures, mostly from bacteria.  Domain 

organization is unknown.  Parts of the protein structure have been solved from using 

protein for a variety of organisms, but much remains to be known about the structure and 

mechanism.  Our lab has developed an E. coli expression system for sGC from the insect 

Manduca sexta (msGC).  Many of these constructs are ~90 kDa and contain the HNOX, 

PAS and coiled-coil regions on  and  subunits, thus they are missing the  and  

cyclase domains and henceforth are no longer catalytically active.  However, these 

constructs do maintain their affinity for NO, CO and the synthetic ligand YC-1, and 

therefore can be studied spectroscopically.
13, 77

  

We have imaged fragments of msGC in an effort to create a three-dimensional 

reconstruction of msGC using electron microscopy.  The goal was to begin understanding 

overall shape and domain arrangement of the molecule, and describe any noticeable 

differences upon NO binding.  The reconstructed protein with addition and deletion of 

each domain would yield a domain configuration of sGC that would be within the 

capabilities of this study.  Also, three dimensional reconstruction of the protein with and 

without NO bound could characterize the conformational changes that occur during 

ligand binding.  These findings could shed light on the mechanism of NO action on sGC, 



121 
 

and this could be further expanded to YC-1 and other allosteric regulators of sGC, which 

would lead to a better understanding of how sGC works.  

 

3.a.3.  Solving the structure of proteins with transmission electron microscopy 

 Transmission electron microscopy (TEM or EM) has gained much interest in the 

structural biology community.
91

  It has advantages over x-ray crystallography, in that 

only small quantities of protein are required, and there is no requirement for 

crystallization.  Typically the concentration of protein solutions for crystallography are in 

the millimolar concentration range, whereas in EM samples nanomolar concentrations are 

typically used.  While atomic resolution structures are routinely obtained with x-ray 

crystallography, EM is only now approaching near atomic resolution in certain cases.
92

  

More realistic EM reconstruction resolutions from single particles are between 8 and 25 

angstroms, depending on the method used.  In addition to the sample size advantage EM 

can also aid in the ability to solve structures for proteins that are unable to form crystals, 

or for large macromolecular assemblies, which are too large to solve by x-ray 

crystallography.  One disadvantage is the necessity for protein purity when using EM,
93

 

unlike crystallography which is not necessarily as sensitive.  If there are impurities in the 

EM images, assuming they adsorb to the grids, which is also a separation step, they could 

be averaged in with the particles of interest in the reconstruction.  Attempts at 

crystallizing full length sGC have been unsuccessful, therefore we attempted to 

reconstruct the three dimensional shape of the protein using EM.    
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3.a.4.  Transmission electron microscopy – protein preparation considerations 

Transmission electron microscopy has been used to image proteins and construct 

three dimensional models.  Negative stain EM utilizes a heavy metal stain that provides 

contrast to the background while minimally adsorbing to the protein itself.  This is the 

opposite of positive stain in which the molecule itself is stained, and the background is 

left unmodified.  Negative stain EM provides the most dramatic image contrast, which 

easily allows the molecule to be visually inspected.  Its main use however is to prevent 

structural collapse after the protein is dried.
93

   

Proteins are susceptible to radiation damage and their exposure to electrons when 

preforming EM must be limited or mitigated in some manner.
93

  A very common method 

of protecting the protein during EM is to apply a stain that absorbs or scatters the 

electrons, protecting the fragile molecule.
93

  Proteins scatter electrons poorly because 

they are nearly entirely made up of light atoms.  They are also prone to dehydration in the 

vacuum applied in the microscope.
93

  Heavy metal stains also aid in maintaining the 

protein structure upon dehydration.
93

  For these reasons it is often the starting point of 

any three dimensional reconstruction.   

The protein of interest must be adsorbed to a thin carbon coated grid during the 

negative stain EM method.  Adsorption of the protein may only be possible after surface 

modification of the carbon coated grid.  Treatment of the surface with magnesium acetate 

yields a positively charged hydrophilic grid.
94

  Treatment of the carbon coated grids with 

glow discharge yields a negatively charged hydrophilic surface.
94

  Grids are then 

embedded with stain, typically uranyl acetate, uranyl formate or phosphotungtanic acid.  



123 
 

Uranyl formate is the preferred stain due to its fine grain size, allowing for higher 

resolution.
93

  Images are then collected and averaged to greatly increase the signal to 

noise of the particle images.  These images may then be used to reconstruct the three 

dimensional shape of the protein if certain conditions are met.   

Another EM technique which has been used for the imaging of proteins is Cryo-

EM.  Cryo-EM is a technique where the sample is frozen in liquid ethane, which 

produces vitreous ice, and the protein sample is imaged without stain.  This provides the 

best resolution possible of macromolecular structure determination using EM because 

there are no stain clusters to muddle the protein image.  There are also hybrid methods 

that use staining during the cryo-EM procedure to increase the contrast.  However, 

negative stain EM is commonly employed because smaller molecules can be imaged due 

to the higher contrast it provides.  That is aside from the requirement of an expensive 

cryo-EM microscope and sample preparation equipment.   

The cryo-EM method freezes the sample in a small drop of solution on a carbon 

coated grid using a plunge freezer in liquid ethane.  Since the solution freezes nearly 

instantaneously it does not have a chance to for crystalline ice and is glassy in structure 

instead, termed vitreous ice.
93

  Stain can be used during this procedure to increase 

contrast at the expense of resolution.  The particles are isotropically oriented because they 

are not adsorbed to the grid necessarily, but frozen in solution.  Many tens to hundreds of 

thousands of particles are imaged and analyzed for the reconstructions due to the low 

contrast.  Current refinements are on the order of 5-10 angstrom for the finest work.  This 

is in comparison to negative stain EM where the highest resolution is on the order of 20-
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25 angstroms.  The lower size limitation for cryo-EM is several hundred kDa,
91

 which 

may allow imaging of sGC since it is ~150 kDa, but the material is unavailable.  The 

constructs of sGC we were using were on the order of 90 kDa, which is on the order of 

the lower limit of negative stain EM.  The size limitation of methods was the main 

motivation for using negative stain EM over cryo-EM.       

The work of Agard and colleagues provided an excellent example of EM 

reconstruction of a similar size protein.
95, 96

  Specifically, the Agard group reconstructed 

Hsp90, which is about the same size as NT-13.  A reconstruction of this size gave us 

confidence for undertaking such an ambitious project.  However, Agard had to his 

advantage of having a crystal structure to work with for Hsp90 and symmetry in the 

molecule, which greatly enhances the ability to reconstruct the protein from the TEM 

images.     

 

3.a.5.  EM image reconstruction 

 The three dimensional reconstruction of a protein by the so-called single particle 

method can be performed multiple ways.  This approach assumes the particle is on the 

grid in different orientations.  In general, images of particles are organized into classes, 

which are different projections of the molecule.  The classes are then averaged.  The 

transformed class averages are then used to build an initial model in Fourier space using a 

common-lines routine (as in the EMAN routine).
97

  The common-lines method uses the 

two dimensional projections of the class averages in Fourier space and places them 

through the origin of a three dimensional Fourier volume, forming a common line 
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between the projections of the molecule.  When enough projections are averaged into the 

molecule it can be inversely transformed and the molecule is reconstructed.  This inverse 

transform in then compared against the class averages to ensure the reconstruction is an 

accurate representation of the particles.  The procedure is implemented in a iterative 

manner until it is self-consistent between the projections of the reconstructed molecule 

and the actual class average projections.     

 

3.b.  Materials and methods 

3.b.1.  Grid preparation  

Freshly deposited carbon (~5 nm thickness) was deposited on freshly cleaved 

mica substrates (Ted Pella) using an Edwards Turbo Molecular Pumped Vacuum 

Evaporator E306A.  The carbon was adhered to 400 mesh Cu grids (Pelco) by cutting a 

small piece of the carbon coated mica and immersing it carbon side up at an angle of 

~60
o
 from horizontal in a small boat of water.  A grid shiny side up was used to scoop a 

small piece of floating carbon onto the grid, being careful that the carbon did not wrap 

around the other side of the grid.  The carbon coated grid was glow discharged carbon 

side up for 20 s using a Hummer 6 Sputtering Device (evacuated and purged twice with 

argon), and used the same day.   

 

3.b.2.  Protein adsorption and staining procedure  

Heterodimeric Manduca sexta (Ms) sGC-NT constructs were expressed in E. coli 

using the pET-Duet-1 plasmid.  The constructs were designed by Bradley Fritz (NT-13, 
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NT-14 (with Mark Lee)) and Andrzej Weichsel (NT-19, and full-length Ms sGC), please 

see recent publications for protein preparation details.
13, 80

  Protein was diluted to 10 nM 

with the indicated buffer.  0.75% uranyl formate was prepared by dissolving 18.75 mg of 

uranyl formate in 2.5 mL boiling water, stirred for 5 min and covered with aluminum foil 

to keep dark.  50 L of 2.5 M NaOH was then added and the yellow color of the solution 

darkened.  The solution was then stirred in the dark for an additional 5 min in the dark 

before being filtered through a 0.2 m syringe filter into a black tube and used within 24 

h.  The grids were placed (always carbon side down) on a drop of protein solution for 2 

min and then blotted on the edge with filter paper.  The grids were then briefly suspended 

on a drop of water twice and blotted on the edge each time.  The grids were then 

suspended on a drop of 0.75% Uranyl Formate stain for 20-60 seconds, blotted on the 

edge with filter paper and suspended a second time for 20 seconds followed by a final 

blotting with filter paper.   

 

3.b.3.  EM imaging 

Transmission electron micrographs were obtained on a Philips CM-12 at 80 kV or 

100 kV.  All the images shown were obtained on an AMT 1k x 1k camera.  Images were 

typically acquired at a defocus of 1-5 m. 

 

3.c.  Results and discussion 

3.c.1.  Development of protein adsorption conditions   
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In order to take EM images of proteins for three dimensional reconstruction a 

method must first be developed to adsorb the protein to the TEM grid.  First, we 

examined whether NT-13 could be adsorbed to uncoated carbon coated grids.  The 

protein was diluted to 10 nM in phosphate buffer and stained with the standard method.  

Despite attempting numerous conditions, this approach was never successful and self-

consistent particle sets were never observed.  Untreated carbon coated grids are 

hydrophobic and therefore some proteins do not readily adsorb since solvent exposed 

residues tend to be hydrophilic.  To overcome this difficulty, the carbon coated grids 

were treated with magnesium acetate in order to impart a positively charged hydrophilic 

surface, or alternatively were glow-discharged to yield a negatively charged hydrophilic 

surface.  Glow discharge treatment of carbon coated grids, a treatment where the grids are 

exposed to plasma, is very common when adsorbing proteins.  Grids that were glow 

discharged and then treated with magnesium acetate treated yield protein adsorption.  

Glow discharged grids also produced conditions where proteins were adsorbed and 

apparent in the images (particles of expected size), this was the method of choice moving 

forward.  Details of these experiments are presented in subsequent sections.  In order to 

determine if the particles observed were merely artifacts a method for a positive control 

was developed. 

 

3.c.2.  Negative stain electron microscopy of GroEL as a control  

A positive control was developed to ensure that the procedure and microscopy 

conditions used were capable of imaging proteins, and particles observed for the sGC 
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fragments imaged were not just artifacts.  Negative controls were performed throughout 

these experiments and no features were observed like the particles documented herein.  

However, a positive control provided direct evidence of protein adsorption and validation 

of staining and imaging conditions.  As a control heat shock protein (hsp60) was imaged, 

albeit by accident.  A protein preparation intending to grow full length sGC by Andrzej 

Weichsel was diluted to 10 nM in 250 mM ammonium acetate, pH 7.5.  Carbon coated 

grids were glow discharge treated and incubated on a drop of the protein solution for 2 

min, then blotted dry on the edge of the grid.  The grids were then rinsed twice with water 

and blotted dry with filter paper each time.  The grids were then incubated on freshly 

prepared 0.75% uranyl formate for 60 seconds twice, blotted dry on the edge each time.  

Negative controls were obtained by using all the same steps except instead of incubating 

on a drop of protein they were incubated on a drop of buffer.   

A typical negative control micrograph is shown in Figure 3.1.  The carbon is 

apparent in the image but the only features seen are defects in the carbon.  The positive 

control GroEL was immediately recognized on the grids under the electron microscope 

(Figure 3.2).  Upon close examination it appeared there may be a mixture of GroEL and 

GroEL/GroES complex (see Figure 3.3).  GroEL has a square shape on its side and a 

circular shape on the ends with 7 subunits making up the circle.
98

  Figure 3.4 shows a 

cryo-EM micrograph and class averages of GroEL.
98

  The GroEL/GroES complex is 

shaped like a cone on one end in the side view of GroEL, this is observed in some but not 

all of the particles.  Whether our images are of GroEL or the complex GroEL/GroES is 

largely unimportant.  Regardless, this was a good confirmation that we were in fact able  
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Figure 3.1.  A typical negative control (glow discharged and stained with uranyl formate) 

micrograph.  
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Figure 3.2.  TEM of GroEL particles and possibly GroEL/GroES complex particles.  See 

text for details. 
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Figure 3.3.  Magnified image of TEM in Figure 1 showing GroEL particles and possibly 

GroEL/GroES complex particles.  See text for details. 
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Figure 3.4.  Cryo-EM images and averaged images of GroEL.  Reprinted with permission 

from reference 98.  Copyright 2004 Elsevier.  
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to image proteins using EM on the grids with our standard protocol developed for 

imaging sGC fragments.  The goal moving forward was to get a homogenous particle set.   

 

3.c.3.  Initial imaging results of sGC fragment NT-13  

The initial images of sGC were obtained using 5 mM sodium phosphate buffer pH 

7.5.  This was used until it came to our attention in the literature that it can be 

incompatible with uranyl formate producing precipitates.  Although no precipitates were 

ever observed it didn’t prove to provide good imaging conditions.   

In the initial method used to obtain images, the grids were glow discharged for 20 

seconds and incubated in 5 mM magnesium acetate for 2 min to impart a hydrophilic 

positive charge.  The grids were then incubated on a drop of 10 nM Ms sGC NT-13 

(which contains residues α 49-450, β 1-380) in 5 mM sodium phosphate buffer, pH 7.5, 

and then blotted dry on the edge with filter paper.  The grids were then rinsed on a drop 

of water twice and blotted dry on the edge with filter paper after each rinse.  The grids 

were then incubated in 0.75% uranyl formate for 45 and blotted dry with filter paper.   

Figure 3.5 is a micrograph of NT-13 using 5 mM sodium phosphate buffer.  It can 

be seen that there are particle like outlines in the approximate size range we were 

expecting, which was about ~14 nm x ~8 nm x ~9 nm, based on small angle x-ray 

scattering data from our group (Fritz et. al. Molecular Model of Soluble Guanylyl 

Cyclase Determined by Small-Angle X-ray Scattering and Chemical Cross-Linking, in 

review).  However, these micrographs leave much to be desired; they are negative stain 

images with a dark background and light particles, and not of sufficient quality for image  
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Figure 3.5.  NT-13 imaged in 5 mM sodium phosphate buffer, on a glow discharged 

carbon coated grid treated with 5mM magnesium acetate, stained with uranyl formate. 
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reconstruction.   

 

3.c.4.  Alternative fragments of soluble guanylate cyclase for imaging 

In an attempt to provide a more favorable interaction for adsorption between the 

protein and the carbon coated grid, we turned to another protein construct termed Ms 

sGC NT-14 was used.  NT-14 contained residues α 49-471-GST, β 1-401, which is the 

NT-13 fragment of sGC with the addition of a glutathione S-transferase (GST) tag.   

Carbon coated grids were glow discharged for 20 seconds.  They were then 

incubated in 10 nM NT-14 in 5 mM sodium phosphate buffer pH 7.5 for 2 min.  No 

magnesium acetate treatment was used.  The grids were then blotted on the edge with 

filter paper and rinsed in a drop of water twice, and blotted after each rinse.  The grids 

were then stained for 45 seconds in 0.75% uranyl formate, and blotted dry a final time.   

It was thought that the GST tag may have a significant enough interaction with the 

carbon coated grid to facilitate adsorption.  This protein is about 22 kDa larger, and was 

designed to yield better purity, better yield and improved crystallization.  None of these 

goals were realized, but it did in fact aid in adhering the protein to the carbon coated 

grids.  NT-14 was able to be best imaged on glow-discharged carbon coated grids, a 

negative hydrophilic surface.  These images were much more in line with traditional 

negatively stained micrographs with dark contrast around the particles and particles being 

light in contrast (Figure 3.6).  However, the particles are heterogeneous in shape and size.  

Our focus shifted to a better buffer system to image with and back to fragments of sGC 

without large purification/solubilization tags such as GST.     
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Figure 3.6.  NT-14 imaged in 5 mM sodium phosphate buffer, on a glow discharged 

carbon coated grid, stained with uranyl formate. 
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3.c.5.  Improvement of the imaging buffer system and staining protocol 

Ammonium acetate was used in an effort to find conditions that yielded good 

images without a large tag on the sGC fragment.  Ammonium acetate is a preferred buffer 

in EM due to its ability to sublime under vacuum.  Carbon coated grids were glow 

discharged for 30 seconds.  They were then suspended on a drop of 10 nM NT-13 in 250 

mM ammonium acetate buffer, pH 7.25, for 2 min.  The grids were then blotted dry on 

the edge with filter paper and rinsed twice on a drop of water, and blotted after each 

rinse.  The grids were then stained by suspending on a drop of 0.75% uranyl formate for 

2 min twice, wicking dry each time.  It was observed that staining twice produced more a 

more uniform stain background.       

These images were drastically improved in terms of overall appearance, quality of 

staining and particle shape/size distribution (see Figure 3.7).  These conditions produced 

convincing protein particles, although they were still heterogeneous in shape and 

appeared to suffer from aggregation.  Naturally different views of the same object 

projected in two dimensions could produce starkly different shapes, what was observed 

was beyond dimensions physically possible for the same object.  Particles on the order of 

5 nm to 20 nm were observed.  

The circular shaped particles on the order of 20 nm would preclude that they 

would have a least two sides that are 20 nm if imaged for another angle.  Imaging 

particles that were on the order of 5 nm x 5 nm yield the 20 nm particles impossible.  

That is, assuming the object does in fact have a definite shape and is monodisperse.   
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Figure 3.7.  TEM of NT-13 in 250 nM ammonium acetate buffer, stained with uranyl 

formate, see text for details. 
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From this point forward we searched for ways to eliminate this heterogeneity, assuming it 

was imparted to the protein upon adsorption/drying/staining on the grid, and not inherent 

to the molecule itself.  The heterogeneity could also be the result of protein impurities as 

well.  There are groups that are attempting to perform three-dimensional reconstructions 

from single particles that heterogeneous but this is well beyond our expertise.    

 

3.c.6.  NT-19, a highly pure sGC fragment 

In order to rid the images of heterogeneity though due to impurities, a highly 

purified construct of sGC was used.  A final construct was imaged, NT-19, which 

contained the residues α 49-450-strep, β 1-380.  This was the most pure protein sample of 

the truncated Manduca sexta sGC proteins produced in our lab, by Andrzej Weichsel.  A 

strep tag allowed use of a strep tag column, which allowed for the increased purity 

greatly.  It was also found to be monodisperse by dynamic light scattering.   

Glow discharged treated carbon coated were suspended on a drop of 10 nM NT-

19 in 250 mM ammonium acetate pH 7.25 for 2 min.  The grids were then suspended on 

a drop of water briefly to rinse, twice, and dried by wicking with filter paper after each 

water treatment.  The grids were then stained with 0.75% uranyl formate for 60 seconds 

twice, wicked dry on the edge each time with filter paper.  This amount of time for 

staining works as well as 120 seconds. 

Unfortunately, these images also did not yield homogenous particles.  The purity 

of NT-19 and it’s monodispersity, led me to believe that it was not necessarily the 

impurities imparting the heterogeneity in the particle images.  It is known to aggregate, 
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and this is my hypothesis as to the heterogeneity.  However, it cannot ever be proven that 

the conditions for imaging have imparted the structures observed in the images, and in 

reality this can never actually be proven based on these data alone. 

Figure 3.8 is a typical micrograph of NT-19 using glow-discharged grids, uranyl 

formate as a stain.  The particles are more homogenous under these conditions than any 

other examined in this work.  However, there still exists indisputable heterogeneity in the 

particle size and shapes.   

 

3.c.7.  Alternative buffers, stains and additives 

It was thought that the lack of salt in the deposition buffer may have led to the 

heterogeneous structures observed.  Therefore we tried including salts in the buffers but 

this did not solve the homogeneity problem.  We tried switching buffers to HEPES, and 

varied the concentration of the buffer as well as adding salt to the buffer.  All these 

conditions proved not to mitigate the heterogeneity of the particles.  The addition of 

sugars, which has been shown to aid in maintaining the native structure of proteins upon 

drying, we added to the buffer and no improvement was noted.   

The buffer conditions examined were 5mM HEPES pH 7.5, 50 mM HEPES 10 

nM NaCl pH 7.5, 250 mM HEPES pH 7.5 50 mM NaCl, 250 mM Amonium acetate pH 

7.25 10 mM MgCl2, Amonium acetate pH 7.25 10 mM CaCl2, Amonium acetate pH 7.25 

510 mM NaCl, Amonium acetate pH 7.25 1010 mM NaCl, 30 mM HEPES 6mM 13.7 

mM maltose, Amonium acetate pH 7.256% glycerol, 30mM HEPES pH 7.5 10%glycerol 

6mMNaCl, 30mM HEPES pH 7.5 10%sucrose 6mMNaCl.  None of these efforts  
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Figure 3.8.  NT-19 imaged on carbon coated glow-discharged grids stained with uranyl 

formate, see text for details. 
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produced convincingly homogenous particles of NT-19.   

 

3.d.  Conclusions and Future Directions 

 The heterogeneity of the particles was the major issue with these experiments.  

All reconstructions performed with the data in this chapter (using EMAN2)
99

 were 

believed to be unreliable and not presented, due to the inclusion of non-homogenous 

particles.  The most likely cause of the heterogeneity is aggregation on the surface, which 

may be due to the drying or staining procedure.  Thus, sample preparation must be 

optimized further.  Trehalose is a sugar known to preserve native protein structure upon 

drying and should be investigated for use in subsequent experiments.
100

  Also if cryo-EM 

was used on the full length protein, and/or negative stain cryo-EM, it could possibly solve 

these issues and may provide the best possible chance of successful imaging.   
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CHAPTER 4 

PARTICLE SIZE DEPENDENCE OF SENSITIVITY ENHANCEMENT USING 

SILICA COLLOIDAL CRYSTALS AS MICROARRAY PLATFORMS 

 

4.a.  Introduction 

4.a.1.  Biomarker discovery 

Biomarker discovery has slowed in recent years with respect to identification and 

validation.  Protein concentration in blood plasma spans 11 orders of magnitude
101 

and as 

a result researchers need to identify new techniques in order to expand the range of 

protein concentrations available for quantitation.
102, 103

 Currently, mass spectrometry can 

reach well into the low range of protein concentration
104, 105

 but there exists many 

complications with this method including low throughput, expensive instrumentation, 

cumbersome sample preparation and poor quantitation.      

The application of protein microarrays to biomarker analysis has become an 

increasingly important method of protein analysis.
106-109

  These assays typically involve a 

surface bound antibody that captures a fluorescently labeled protein.  Microarrays have 

several advantages over traditional methods such as 2D PAGE and HPLC such as high 

throughput and low reagent consumption.
110

  However, microarrays can be limited by 

poor reproducibility and lack of sensitivity.
102, 103, 110, 111

   

 

4.a.2.  Protein microarrays   
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Currently there are several methodologies for increasing the sensitivity of protein 

microarrays.  Rolling-circle amplified protein microarrays achieve greater sensitivity by 

coupling a secondary antibody to circular DNA that is then amplified to which 

complementary DNA with fluorescent probes hybridize.
102, 103

  This approach seems 

promising but a simpler, more convenient approach would be more adaptable.  

Waveguides have also been used,
111

 but the instrumentation required can be inconvenient 

or cost prohibitive.  A silicon wafer with controlled silicon oxide layer that produces 

constructive interference of fluorescence emission and excitation light, producing a signal 

enhancement of five to ten-fold has been described,
110

 but the authors use a polymer 

coating that is unconventional and the general applicability of the surface treatment to 

other systems has not been documented.    

Protein microarray substrates have evolved to include slide surfaces modified 

with nitrocellulose, hydrogels, polylysine, and functionalized silane coated glass 

slides.
112-115

  The binding affinity of proteins to the different substrate coatings can vary, 

as well as the activity of the protein.  

 

4.a.3.  Silica colloidal crystals 

This research included herein is based on increasing the sensitivity (i.e. lowering 

the detection limit) of protein microarrays utilizing silica colloidal crystals.  These have 

been used in the photonics industry for years for their excellent optical properties.  The 

surface chemistry of silica has been well documented in the literature, which makes it an 

ideal material for a microarray substrate.  Recently, it has been shown that silica colloidal 
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crystals can be used to enhance the fluorescence signal of a streptavidin-biotin assay.
116

  

These assays exploit the additional surface area that the colloidal crystal provides as 

compared to flat glass slides.  The material enhances the dynamic range of the assay, 

lowers the detection limit and shortens the time needed for binding.   

An improvement to the fabrication of silica colloidal crystals was developed via 

an innovative spin coating technique, which does not require chemical modification of 

the slides prior to spin coating
117

 or polymers that prohibit the spheres from close 

packing, as do other spin coating methods.
118

  This spin coating innovation drastically 

enhances the speed at which colloidal crystals can be deposited, from seconds to min as 

opposed to the traditional vertical deposition method, which typically takes days.  In 

addition, the traditional vertical deposition method produces an undesirable thickness 

gradient due to the solvent evaporation.  This gradient is eliminated with the innovative 

spin coating technique.    

The research herein utilized silica colloidal crystals modified with 

glycidoxypropyltrimethoxy silane (GOPS) as a novel reverse protein microarray 

platform.   The model system used bovine serum albumin (BSA) and its FITC labeled 

antibody to demonstrate variation in sensitivity as a function of silica colloid particle size, 

which was compared to GOPS coated flat slides.   

 

4.b.  Materials and methods: 

Silica colloids of various sizes (Fiber Optic Center) were calcined at 600 
o
C for 6 

h two times, sonicated in acetone and then dried between calcinations steps, to prevent 
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the silica colloidal crystals from cracking.
119

  The particle size standard deviation was 

reported to be less than 10% from the manufacturer.  Slides were rinsed thoroughly with 

water (3.5 M) and boiled in 50 vol% nitric acid (EMD) for 2 h. They were then 

thoroughly rinsed with water (18.2 M) and dried in a centrifuge (Eppendorph 5804).  

The silica slurries were sonicated for a minimum of 4 h and up to 18 h in an ultrasonic 

bath (VWR 150T) to disperse the suspensions.  It is critical that the solution be 

completely dispersed prior to spin coating.   Quartz slides (GM and Associates) were cut 

into 1” x 1” squares and mechanically cleaned with 2% Alconox solution by gentle 

rubbing.  The slides were then spin coated (Brewer Scientific) with 200 L of silica 

slurry according to the parameters described in Table 4.1.  The slides were spun until the 

solvent evaporated.  For volatile solvents (acetone and ethanol), as little as 30 s of 

spinning was needed, while for water, up to 300 s of spinning was necessary to for the 

solution to dry.  Anecdotally, this spin coating process may be performed multiple times 

to increase the thickness of the colloidal crystal (data not shown).  The slides were then 

sintered at 1050 
o
C (Thermo Electron Corp Box Furnace) for 8 h.  The slides were 

rehydroxylated in piranha solution (3:1, sulfuric acid: 30% hydrogen peroxide) for 3 h 

and then rinsed thoroughly with water.  The slides were then dipped into boiling 

methanol (HPLC grade, EMD) before being placed in toluene (EMD) with 2% 

glycidoxypropyltrimethoxy silane (Gelest) and refluxed for 18 h. The slides were then 

rinsed with hot toluene (EMD) and used the same day. 

BSA (EMD), 5 mg/mL in 50 mM carbonate buffer pH 9.6 was spotted onto the 

slides using a contact pin (Whatman Microcaster).  The slides were incubated at 44%  
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Table 4.1. Spin Coating Parameters 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Particle 

diameter (nm)  wt % silica solvent acceleration speed 

290 20 ethanol 3000 rpm/s 5000 rpm 

510 20 acetone 5000 rpm/s 3000 rpm 

780 17.5 acetone 3000 rpm/s 3000 rpm 

1250 30 water 100 rpm/s 650 rpm 
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humidity for 30 min. The slides were then blocked with 400 mM ethanolamine (Sigma-

Aldrich) in 50 mM borate buffer (pH 8.7) for 100 min, while being gently shaken on an 

orbital shaker.  The slides were incubated for 90 min with 0.001 mg/mL sheep antiBSA-

FITC (Immunology Consultants Laboratory, Inc.)  (Figure 4.1).  The slides were then 

rinsed for 3 min 3 times in 50 mM borate buffer (pH 8.7) and dried in a centrifuge 

(Eppendorph 5804). The slides were the read immediately on an inverted epifluorescence 

microscope (Nikon Eclipse TE 2000-U), illuminated by a high-pressure mercury lamp 

(100 W, OSRAM).  A 2X objective (Nikon Plan Apo WD 8.5) was used for all 

measurements.  Integration times of 1 s were used for colloidal crystal microarrays and 

10 s integration times were used for flat slides due to the small signal they produced 

(Princeton Instruments Photon Max 512) using a FITC filter cube (Nikon B-2E/C). 

The fluoresce intensity of the spots were averaged for each spot.  The background 

in the immediate vicinity of the spot was averaged for a similar size area as the spot, and 

subtracted from the spots fluorescence signal.  Three colloidal crystal slides of each 

particle size and three flat slides, each with five spots, were fabricated and analyzed. 

Scanning electron microscopy was performed on a Hitachi 4800 SEM.  Slides 

were coated with platinum to reduce charging of the sample. 

UV/Visible spectra were recorded on an Agilent 8453 spectrophotometer. 

 

4.c.  Results and Discussion 

4.c.1.  Spin coating parameters 

The parameters used to fabricate the silica colloidal crystals by spin coating are 
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Figure 4.1.  Schematic of BSA anti-BSA-FITC reverse phase protein microarray studied 

in this work.  The GOPS modified silica surface was used on silica colloidal crystals as 

well as plain quartz slides. 
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presented in Table 4.1.  These conditions were determined empirically.  As can be seen in 

the Table, each particle size required different conditions.  However, they all required 

high concentrations of silica in the slurry.  The colloidal crystals were well ordered and 

uniform, as judged by scanning electron micrographs (Figure 4.2).  Photographs of 

representative slides can be seen in Figure 4.3.  The dime under the slide is for size 

comparison and clarity demonstration purposes.  As can be seen, they are relatively clear, 

with some scattering for the larger particle sizes.  The UV/Vis spectra of the slides can be 

seen in Figure 4.4.  The crystals made from 290 nm colloids show a significantly greater 

transmission in the region where FITC is excited (495 nm).  As shown first-order Bragg 

diffraction does not interfere with the excitation or emission light; however, the overtones 

are present to varying extents.   

 

4.c.2.  BSA anti-BSA microarray  

A BSA anti-BSA-FITC reverse phase microarray was performed with silica 

colloidal crystals on a quartz substrate, and with plain quartz slides, to empirically 

evaluate the particle size dependence of the sensitivity enhancement gained by using 

colloidal crystals.  To maintain a consistent surface chemistry and avoid differences in 

surface binding and activity between different surface chemistries we chose to use GOPS 

modified surfaces for both the colloidal crystals and the plain quartz slide.   

As shown in Table 4.2, the microarrays made with silica colloidal crystals 

significantly outperformed those of flat slide substrates.  The colloidal crystals made 

from 510 nm colloids produced the greatest fluorescence enhancement overall, with a 17-  
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A      B 

 

 

C      D 

Figure 4.2.  SEM micrographs of colloidal crystal microarrays.  Colloidal crystals made 

from 290, 510, 780 and 1250 nm colloids are shown in panels A-D, respectively.  Slides 

were snapped in half and the cross sections were imaged. 
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A      B 

 

C      D 

Figure 4.3. Images of slides with silica colloidal crystals made from 290, 510, 780 and 

1250 nm diameter silica colloids are shown in panels A-D, respectively.  A dime was 

placed underneath the slides for size scale and to demonstrate relative transparency. 
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Figure 4.4.  UV/Visible spectra of colloidal crystals.   
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Table 4.2.  Results of microarrays with colloidal crystals and flat slides, both modified 

with glycidoxypropyltrimethoxysilane 

Particle 

size 

(nm) 

Background 

subtracted 

average 

fluorescence 

Ratio increase in 

sensitivity over  

flat slides 

Surface area 

enhancement 

over flat slide 

number of  

colloid 

layers 

Ratio increase 

over flat 

slides / 

thickness of 

crystal (m
-1

) 
2
 

flat 49 +/- 9 - - - - 

290 580 +/- 40 12 +/- 2 8.0 2 22 

510 860 +/- 80 17 +/- 4 8.0 2 19 

780 300 +/- 30 6 +/- 1 6.6 1.5
1
 7.5 

1250 410 +/- 50 8 +/- 2 4.4 1 8.4 
 

1
The crystal had a partial second layer which was treated as a half layer, see figure 2 and 

3.  
2
 The thickness was calculated based on the geometry of close-packed spheres. 
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fold increase in sensitivity compared to flat sides.  Whereas the colloidal crystals made of 

290 nm colloids provided the most fluorescence enhancement per unit of crystal 

thickness, with a 22-fold increase in sensitivity per micrometer of crystal thickness.  The 

smaller particles provide more surface area per unit thickness but have a smaller pore size 

which may cause steric affects with large complexes.  The reverse assay between BSA 

and anti-BSA-FITC is apparently not large enough to produce a significant affect.  The 

smaller pores of the 290 nm colloids will impart greater steric hindrance on the complex.  

While the larger 780 nm and 1250 nm diameter colloids will provide a greater volume 

within the pores (which are 15% of the diameter of the particle size), the decrease in 

surface area is evidently not compensated for.  The surface roughness of the colloids 

themselves is unknown but not thought to be a factor since it is likely to be much smaller 

than the size of the proteins.   

It is interesting to note that the fluorescence increase is actually larger than the 

surface area enhancement.  The interpretation is that the extra enhancement stems from 

an increase in the available volume that the curvatures that the particles provide.  This 

increase is from 4 to 10 times that of a flat substrate assuming the complex between BSA 

and anti-BSA-FITC to be 20 nm in the direction normal to the surface.  This size of the 

complex is estimated for the size of an IgG antibody which has a “Y” shape with the arm 

lengths of the “Y” of 8.9 nm and the base of the “Y” of 7.7 nm,
120

 and BSA which is 

approximately a prolate ellipsoid of 14 nm X 4 nm.
121

  This exemplifies an issue that was 

not encountered with biotin-streptavidin, which is a small molecule ligand-52.8 kDa 

protein system previously studied,
116

 where the small size of the complex appeared to 
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play no role in the fluorescence enhancement, reaching the theoretical limit based on 

surface area.  Therefore, the significantly larger BSA anti-BSA-FITC complex actually 

affected the enhancement significantly.  It is thought that the steric limit of packing of the 

complex on the surface per unit area is reached much more quickly when there is no 

curvature on the surface.  This volume around each particle in the crystal that the protein 

complex occupies will become even more important for larger complexes such as 

sandwich assays and when secondary antibodies are used.  For these complexes, the 

optimal size particle will likely be larger than in the reverse microarray assay presented 

here.   

There was a small amount of damage to the material by the contact pin used to 

deliver the BSA solution to the surface (figure 4.5A).  This was not seen in all the spots 

and was less frequently observed in the microarrays made from 290 nm colloids.  The 

crystals made with larger colloids appear to be less mechanically stable than those made  

with smaller colloids.  In the fluorescence micrographs (figure 4.6) the damaged surface 

areas were small and are not thought to detract significantly to the total fluorescence 

signal of the spot, since these defects account for a small percentage of the microarray 

spot area.  This damage may be avoidable by using non-contact printing methods such as 

piezo-electric printers.   

The overall morphology of the spots on the colloidal crystals was relatively good.  

Haloes commonly found in microarray printing were observed (figure 6), though no 

comets or streaking were encountered.  The spots were larger than those on flat slides, the 

crystal tended to wick the spotting solution through the pores by capillary action.  It is  
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C      D 

Figure 4.5.  A. Damage to surface by contact pin, 780 nm colloids.  B. Surface showing 

no damage, 510 nm colloids.  C. Hexagonal close-packed crystals seen in 1250 nm 

colloids. Partial second layer of particles seen in 780 nm colloidal crystals.   
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Figure 4.6.  Fluorescence micrographs of the BSA anti-BSA-FITC reverse microarrays, 

crystals made of 290, 510, 780 and 1250 nm particles, A-D respectively; flat slide shown 

in E.  The same intensity scale was used in A-D, E had a 10 times longer exposure so the 

intensity scale is 10 larger.  Imaging are is 4.1 mm x 4.1 mm. 
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thought that by creating a more hydrophobic coating this may be largely controlled to 

increase the spot density on the microarray.  Alternatively, smaller spotting volumes than 

the 4 nL deposited by the contact pins could be used to deliver less solution to the 

surface, yielding smaller spots. 

The colloidal crystals made by the described method (Table 4.1) were very flat 

over areas large enough to perform microarrays (hundreds of mm
2
, see figures 4. 2, 4.3 

and 4.5).  This was sufficient to perform the analysis presented here.  This is important 

because it has already been shown that the thickness of the crystal is directly related to 

the fluorescence of the assay due to the increase surface area.
116

  In the case of the 

crystals made of 1250 nm colloids, the method described produced extremely well 

oriented hexagonal close-packed crystals (see figures 4.2, 4.5).  With the crystals made 

from 290, 510 and 780 nm colloids, there was a mixture of hexagonal close-packing and 

face-centered cubic structures.  In the case of the 780 nm particles, the flatness was less 

than perfect and tended toward a second partial layer.  The spin coating procedure 

adopted here has the advantage over previously reported methods in the use of 

hydrophilic slides, which eases the preparation of the slides prior to spin coating, and that 

no polymers need to be used during the process.
117, 118

  

 

4.d.  Conclusions and future directions: 

A novel method for spin coating silica colloidal crystals was developed that 

yielded close-packed crystals.  This approach created slides that were uniform enough in 

thickness and surface to be used for protein microarrays.  A model reverse protein 
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microarray was performed modified with GOPS, using a BSA anti-BSA-FITC system.  

The particle size dependence of fluorescence enhancement of silica colloidal crystals 

using 290, 510, 780 and 1250 nm silica colloids was determined and compared to a flat 

slide.  The crystal made of 510 nm colloids yielded the greatest fluorescence 

enhancement, which was 17-fold larger than that of the flat slide.    

The enhancement of fluorescence is thickness dependent and therefore thicker 

crystals will produce even greater absolute enhancements of sensitivity.  Since the protein 

complex becomes larger such as when secondary antibodies are used or in sandwich 

assays, the optimal particle size will be larger, even though the surface area decreases 

with larger particles.  This is due to the steric hindrance within the pores of the crystal 

created by such large complexes.  The spot size on the microarray should be able to be 

reduced by using a more hydrophobic coating or by decreasing the spotting volume.  

Damage caused by the contact pins used may be avoided by using other printing 

methods, such as a piezo-electric printer.  These surfaces demonstrate an inexpensive, 

simple fabrication of microarray slides that lower the detection limit of conventional 

silane modified microarrays by 17-fold.   

In future work the thickness of the best performer, the 510 nm colloidal crystal, 

could be varied to yield the most enhancement possible.  Also it would be interesting to 

determine the kinetics of binding in the colloidal crystal.  This could easily be done by 

monitoring the fluorescence on a microscope without agitation as a function of time.  

This could be done for various particle sizes to determine when pore size becomes a 

major factor limiting diffusion.     
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