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ABSTRACT 

 

Ideal nanosensors of biomolecules are sensitive, selective, stable, minimally 

invasive, amenable to mass production with low-cost, and applicable for reproducible in 

vitro and in vivo analyses. The nano scintillation proximity assay (nanoSPA) presented 

here is based on a composite architecture of polystyrene-core and silica-shell 

nanoparticles, with a high surface area to volume ratio (ca. 2×107 m-1) and density of 

approximately 1.6 g/cm3. nanoSPA obviates the need for separation of bound from free 

radiolabeled molecules prior to measurements, with minimized complexity and 

maximized versatility. Selected β-emitter radioisotopes were utilized for the development 

of radioassays for analysis of biological processes using nanoSPA. 

35S was employed for thiol/disulfide ratio analysis for the first time. Thiol-

responsive nanoSPA was used for quantification of 33S-cysteine and 33S-cystine as 

models of 35S-thiol and 35S-disulfide. Synthetic samples of 33S-cysteine and 33S-cystine 

and human embryonic kidney (HEK293) cell lysates were analyzed using thiol-

responsive nanoSPA for evaluation of thiol/disulfide ratio as a measure of redox status of 

the sample. Limit of detection for 35S-thiol analysis was <1.1 pM (<1.1 nCi) with a signal 

to background ratio over 10-fold. 

33P-labeled adenosine triphosphate (ATPγ33P) was utilized for the development of 

kinase activity assays. Three nanoSPA platforms were developed for kinase activity 

analysis including adsorption, binding, and immuno-nanoSPA that respond based on 

electrostatic non-specific adsorption, covalent binding, and antibody-antigen binding, 

respectively. Signal to background ratio up to 24 was observed using separation-free 
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analyses with nanoSPA, compared to approximately 11.5 using liquid scintillation 

analysis after many washing steps. 

3H emits the lowest energy β-particles and it was utilized with nanoSPA for 

development of saccharide sensors. Dynamic binding of 3H-D-glucose to nanoSPA 

functionalized with several monoboronic acids (monoBAs) and diboronic acids (diBAs) 

was evaluated. The signal to background ratio was up to 2.2-fold that must be improved. 

Further platforms may be developed based on phospholipid-nanoSPA with minimal non-

specific adsorption and more specificity. 
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CHAPTER 1. INTRODUCTION TO SCINTILLATION PROXIMITY ASSAY, 

APPLICATION TO BIOANALYSIS, AND POTENTIALS OF NANOSPA 

 

Biomolecule analysis with high sensitivity and specificity for diagnostics using 

nanomaterial-based sensors is quickly emerging. Nanomaterials with detection 

reproducibility, amenable to mass production and scale up, with low-cost and high 

throughput for multiplexed in vitro and in vivo analyses in the clinical detection of 

pathogens and screening of pharmaceuticals are ideal. Surface functionalization of 

nanomaterials enables complex modification of sensors for sensitive and selective 

nanomaterial-based bioassay technologies. Sensors can be categorized into chemosensors 

and biosensors.1 Chemosensors are designed and fabricated based on chemically 

synthesized moieties to selectively detect a target analyte. Biosensors are made of 

biologically existing elements, such as deoxyribonucleic acid (DNA), ribonucleic acid 

(RNA), proteins, etc. The interaction of sensors with target molecules may range from 

electrostatic attraction to covalent binding, depending on the structure and properties of 

the analyte and the recognition moieties.1 Selective and specific interaction of the 

sensors, through recognition or receptor moieties, with target analytes leads to a signal 

response that is generated in the reporter or transducer moieties. The signal output is 

often either a turn-on or turn-off response, proportional to the concentration of the 

analyte. 

Small biomolecules are usually detected through derivatization using 

chromogenic and fluorogenic agents. Alternatively, radiolabeling enables sensitive 

analysis of hard to detect analytes. An overview of scintillation proximity assay (SPA) 
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technology and its application is discussed as an introduction to its nano-scale analog, i.e. 

nanoSPA. SPA is a radioassay platform that offers many advantages over traditional 

assays based on non-radioactive materials. Only a few reviews are published related to 

the topic SPA,2-4 but the increasing number of applications of SPA for analysis of 

biomolecules and drug screening demands a more recent compilation of the reported 

studies and applications using newly designed sensor platforms and instrumentation. 

1.1 Radioisotopes and Radiolabeling 

Radioactivity describes the spontaneous decay of unstable nuclei, i.e. 

radioisotopes, which results in energy release. Every decay event translates in a 

disintegration and the number of disintegrations per second (DPS) is defined as the SI 

unit of radioactivity, i.e. Bq,5 in honor of Henri Becquerel who discovered radioactivity 

in 1896. Curie (Ci) is more commonly used, equivalent to 3.7×1010 DPS or 37 GBq,6 in 

honor of Maria Skłodowska Curie and Pierre Curie who were among the pioneers of 

discovery and analysis of radioactivity.  

Elementary particles are emitted from the nuclei or the electronic shells of the 

decaying radioisotope. Gamma-rays (γ), alpha-particles (α), β-particles (β), and neutrons 

(n) are emitted from the radionuclide, while Auger electrons (e-) and X-rays are ejected 

from the electronic shells.5 Table 1-1 shows different modes of radioactive decay with 

examples of the elements that emit the respective energy. β-particles are emitted from 3H, 

14C, 35S, 33P, and 32P, radionuclides that are commonly used in bioanalytical assays.6 125I 

emits Auger electrons with low energy and has been extensively used in bioanalytical 

assays, though most commonly because of its γ radiations.7  
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Table 1-1. Different modes of radioactive decay and radiation with representative 

examples. 

 

Symbol Radioisotope Energy 

α (He nucleus) 238U, 223Ra, 212Bi 4-8 MeV 

β- (negatron) 3H, 14C, 24Na, 35S, 33P, 32P, 31Si, 40K, 90Y 0.01-2 MeV 

β+ (positron) 11C, 13N, 22Na, 38K, 86Y, 120I 

e- (Auger) 125I, 124I, 73Se 0.01-0.1 MeV 

γ-ray 125I, 137Cs 0.1-10 MeV 

 

A negative β-particle (β-, negatron) is emitted from these radionuclides as a result 

of the conversion of an extra neutron to a proton, an electron, and an antineutrino. The 

total energy of radioactive decay is shared between the β-particle and the antineutrino, 

though only the β-particle can be detected in radioactivity analysis with energy that 

ranges from zero to a maximum energy, i.e. Emax. Table 1-2 depicts common 

radioisotopes used in biomolecule labeling, in the order of increasing atomic number, Z, 

and their decay products. The mass number is preserved but the atomic number is 

reduced because of the emission of a β-particle or Auger electron.6 Maximum specific 

activity (SAmax) is the activity of radioisotope normalized to the quantity and is inversely 

proportional to the half-life (t1/2) of the radionuclide. The maximum energy (Emax) of 

emitted β-particles or Auger electrons, the corresponding wavelength (λ) on the 

electromagnetic spectrum, and the maximum distance that the emitted particles can travel 

in air and water-based media (β-rangeair and β-rangewater) are listed. 

Pathlength or range (R) of β-particles and electrons depend on their energies and 

are calculated using an empirical formula presented in Equation 1-1,6 where Emax is in 
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MeV and the maximum R (Rmax) is in g/cm2. Rmax is converted to pathlength in the air (β-

rangeair) and water (β-rangewater) by dividing by the density of air (1.225 mg/cm3) and 

water (1000 mg/cm3), respectively. 

Rmax = 0.412 Emax 
(1.265 - 0.0954 ln Emax)                                (1-1) 

Since these calculations are based on Emax, β-rangeair and β-rangewater values 

reported in Table 1-2 represent the maximum pathlengths of the β-particles or Auger 

electrons in corresponding media before they dissipate through interactions with the 

media and ionization of the present molecules.8 

 

Table 1-2. Common radioisotopes utilized in bioanalytical radioassays and corresponding 

radiation type and properties. 
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3H 3He 4490 β- 29.07 18.6 66.7 0.001 0.479 5.86 

14C 14N 2090000 β- 0.0624 157 7.93 0.028 23.2 284 

32P 32S 14.3 β- 9128 1710 0.73 0.790 645 7901 

33P 33S 25.4 β- 5139 249 4.98 0.059 48.2 590 

35S 35Cl 87.4 β- 1494 167 7.43 0.032 25.8 315 

125I 125Te 59.5 e- 2125 35 34.45 0.002 1.84 22.6 

 

Low-energy radioisotopes are widely used in bioanalytical measurements to tag 

small molecules lacking optical and electrochemical activities. Radioactive isotopes are 

produced by neutron bombardment,9 and the radiolabeled small biomolecules are 
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obtained through chemical synthetic methods, gas irradiation, and catalytic exchange 

with isotopic water.10-11 The mass difference introduced by radiolabels to the target 

analyte is negligible, typically 1-3 atomic mass units, compared to other methods such as 

chromogenic and fluorogenic labeling, thus the structure is preserved. Radiolabeling 

minimizes the perturbation on analyte physicochemical and biological properties, such as 

diffusion coefficient, binding kinetics, metabolic pathway, and etc.8,12 Radiolabeled 

biomolecules such as amino acids (e.g. methionine),13 peptides,14 enzymes and proteins 

(e.g. antibodies),15 carbohydrates (e.g. glucose),16 nucleotides (e.g. ATP),17 and small 

molecules (e.g. acyclovir)18 are utilized in analysis of biochemical processes. 

Because of the high prevalence of hydrogen in biomolecules, using 3H-labeled 

analytes are highly advantageous. β-particles emitted from 3H have lower penetration 

depth, making 3H relatively safe. However, 3H is more challenging to detect due to the 

low energy of 3H β-particles. 125I and 14C are other low energy, relatively safe, 

radioisotopes used in radiolabeling biomolecules. 35S, 33P, and 32P isotopes are medium-

energy radioisotopes and have higher decay energies, and therefore their β-particles travel 

longer distances, making them better tracers for sensitive detection of sulfur- or 

phosphorous-containing or labeled analytes.8 Although 35S and 33P emit higher energy β-

particles, the β-particle pathlengths are sufficiently short that these radioisotopes are also 

considered safe, but more convenient because the shorter half-lives make waste disposal 

easier.6,19 32P emits higher energy β-particles, in addition to Cerenkov radiation, and is 

more hazardous in comparison to the other radionuclides employed in bioanalytical 

assays. Extra caution and protection must be applied while working with 32P. 
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1.2 Radioassays 

Radioactivity analysis is challenging. Accurate analysis of radioactivity requires a 

better understanding of the mechanism of decay, the energy of radiation, and the 

interaction of the radiation with matter. The first biological studies based on 

radioisotopes were performed in the 1930’s on 32P-sodium hydrogen phosphate-fed rats 

by analysis of their urine and feces,20 and rodents using a Geiger-Müller counter that 

monitored 32P-phospholipids in the organs of sample animals.12 Geiger-Müller counter is 

a tube of gas (e.g. He or Ne) that responds to emitted particles from radionuclides 

through ionization of the gas.  

Radioactivity is detected in modern radioassays through the conversion of 

radioactivity to detectable photons. Scintillation, the process of the conversion of 

radioactivity to photons, is based on the interaction of the emitted β-particles with the 

electronic system of conjugated aromatic hydrocarbons or inorganic crystals doped with 

rare earth metals (e.g. Ce). Excitation of the electrons and their relaxation to the ground 

state leads to the emission of photons. Scintillant materials are modified to tune the 

emission wavelength to the highest sensitivity of the photon detector. 

1.3 Liquid Scintillation Analysis 

Liquid scintillation analysis (LSA) is the most common method used to measure 

radioactive decay (mainly α- and β-particles) 21 in chemical, physical, environmental, and 

life sciences.6,8,22 Metabolism studies were performed in cell extracts using radiotracers, 

in the early 1950s.23 Hormone receptors were found in reproductive organs of sample 

animals using 3H-estradiol in the 1960s.24 125I-adrenocorticotropin and 32P-ATP were 

utilized by Lefkowitz et al. in a number of receptor-binding assays in the 1970s.25-27 
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In LSA radioactive decay energy from radioisotopes is absorbed by aromatic 

compounds in liquid scintillation cocktail (LSC),28-29 and converted to detectable light 

which is ultimately converted to current by a photomultiplier tube (PMT) detector in a 

scintillation counter.22 Approximately 10 photons are released per 1 keV of emitted β-

particles using LSC. LSA is efficient for measurement of radioactivity due to the direct 

contact of radiolabeled molecules with scintillating molecules. The LSC efficiency for β-

particles with Emax above 100 keV (e.g. 35S, 33P, and 32P) is more than 80% and that of 

low energy β-emitters (e.g. 3H and 14C) is 10-60%.6 LSA is a highly efficient technique 

with high throughput for measurement of radioactivity, because of the possibility of 

preparing hundreds of samples and analyzing them at the same time with scintillation 

counters. However, using LSA for time-resolved in vitro or in vivo analyses is not 

practical due to the loss of temporal resolution by analyzing aliquots of biological 

samples in LSC. 

Complex biological samples are simplified by incorporation of radiolabels due to 

the selective tracing of radiolabeled analytes that are involved in specific biochemical 

processes, such as post-translational modification (PTM) of proteins, signal transduction, 

metabolic pathways, receptor binding, etc. The main challenge in radioassays, however, 

is to distinguish the bound from free radiolabeled molecules in receptor-binding assays or 

radiolabeled substrates from their products in enzymatic assays, etc. Traditional 

radioassays based on LSA are cumbersome and not automatable due to the requirement 

of separation which is performed using gel filtration, centrifugation,  and charcoal 

precipitation.27,30 Generally, the separation step introduces error in the results and leads to 

poor reproducibility and precision.4 These labor-intensive and time-consuming 
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techniques generate a large volume of radiochemical contaminated flammable LSC 

waste. 

1.4 Solid Scintillation Analysis 

Solid scintillation analysis (SSA), where the energy-absorbing solvents of 

traditional LSCs are replaced by inorganic crystals or scintillant fluorophore doped 

polymers,8 can be used in place of LSA to avoid the obstacles of solubility and toxicity in 

the analysis of radiolabeled analytes in water-based samples and to perform the analyses 

in less time with more reproducible results. SSA is a better choice for time-resolved 

analysis of radioisotopes with low energy and short-range emission. SSA facilitates 

intimate contact of the radioisotopes with the scintillant materials which may be 

separated from the analytes for reuse innumerable times.31 SSA is a better choice for 

analysis of water-based samples with a high salt concentration that is immiscible with 

LSC. 6 However, a separation step is required in SSA prior to analysis, similar to LSA. 

Conveniently, SSA has the further advantage that it can be used for SPA, in which 

binding elements, such as active functional groups, antibodies, charged surface, or 

binding proteins, are attached to the surface of scintillating materials. 

1.4.1 Scintillation Proximity Assay 

SPA was introduced by Hart in 1979 as a new technology applied in 

radioimmunoassays.32-33 Tritiated latex particles and scintillant particles coated with 

antigens were used for sensitive detection of antibodies by binding-induced proximity 

and aggregation of the particles (Figure 1-1). As a radioassay, SPA works based on the 

conversion of energy released from radiolabeled molecules to detectable visible light. In 

the original design of SPA, illustrated in Figure 1-1, the emitted radiation (β-particles) 
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from tritiated particles excited the scintillants in the fluorophore-doped particles, that are 

in close proximity due to binding of antibodies to antigens on the surface of both 

particles. Photons are released with an intensity proportional to the concentration of the 

antibody in solution. 

 
 

Figure 1-1. Schematic of scintillation proximity assay. (A) Tritiated and scintillant latex 

particles coated with antigens in the absence of antibody. Scintillation is absent due to the 

distance of radiolabeled and scintillant particles. (B) The close proximity of the 

radiolabeled and scintillant particles in presence of antibodies, as a result of binding-

induced aggregation, leads to the conversion of radioactivity to light and release of 

photons. Reprinted with permission from Hart and Greenwald.32 

 

Modern SPA platforms are based on scintillant microparticles or microplates with 

the radiolabel incorporated into an analyte or analyte-related compounds (Figure 1-2). 

Radiolabeled analytes serve as energy donors and scintillating molecules as energy 

acceptors. Scintillation cascade occurs upon increased proximity through affinity-based 

interactions. The energy of β-particles emitted from radiolabeled analytes that bind to the 

surface of the SPA platform is subsequently absorbed by the solid scintillant, resulting in 

an increase in photon emission. The binding moiety in SPA makes this procedure more 
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specific and selective, compared to LSA, by facilitating intimate contact between 

radiolabeled compounds with scintillant materials and efficient transfer of energy. 

 
 

Figure 1-2. Modern SPA platforms. (A) Collision and interaction of β-particles emitted 

from bound or free radiolabeled molecules with scintillant particles and emission of 

photons (SPA and NPE, respectively). (B) Dissipation of β-particles that are not directed 

toward the particles. Reprinted with permission from Udenfriend et al.34 

 

In SPA, the signal is enhanced due to the intimate contact of the radiolabeled 

analyte with the scintillant material doped in the solid substrate. Effective transfer of 

energy from decaying analyte into the scintillant material improves the sensitivity of the 

detection.4 Unbound radiolabeled molecules that exist freely in the sample can contribute 

to scintillation counts, though unbound radioisotopes are detected with lower efficiency 

due to the short pathlengths of low-energy β-particles in solution. Nonetheless, depending 

on the radioisotope and the energy of emitted β-particles, randomly directed β-particles 

emitted from free radiolabeled molecules that are close enough to the scintillant particles 

may result in scintillation, which is considered as background and is called the non-

proximity effect (NPE). Figure 1-2 depicts the NPE which depends on the direction and 

distance of the emitted β-particles from the scintillant particles. Thus, bound radiolabeled 
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analyte contributes significantly more to the total emission intensity, compared to 

radiolabeled unbound analyte or interferences that are coincidentally within range of the 

scintillant platform. 

Generally, 3H and 125I are used in SPA experiments and the NPE is not a 

significant problem due to the short pathlengths.4,34-35 3H was used for the first time in 

SPA, however, radiolabeling with tritium requires more elaborate chemical methods. 125I 

is used in radioassays for its γ-rays and the convenience of iodination of biomolecules; 

however, in SPA only the Auger electrons emitted from 125I are detectable and γ-rays are 

not detected because of their longer pathlengths.7 More energetic radioisotopes (35S, 33P, 

and 32P) require strategies to minimize the NPE, as the β-ranges are longer and decay 

from unbound radiolabel may lead to scintillation. 14C has a low specific activity and is 

challenging to use in SPA applications, however, a few reports are available.4,36 There is 

no SPA application reported based on 32P. 

1.4.2 SPA Platforms, Binding Modes, and Instrumentation 

The conversion of energy in SPA occurs using reporter organic fluorophores or 

inorganic crystals. Reporter fluorophores can be doped into solid matrices such as 

polymer microplates or microparticles. SPA microparticles and microplates that are 

manufactured in a variety of platforms are employed as radiotracers to measure biological 

interactions in many different applications. 

FlashPlates (Perkin Elmer, MA) are customized 96- and 384-well microplates 

made of polystyrene (PS) doped or coated with the scintillant dyes. Figure 1-3 shows a 

schematic representation of FlashPlates for discrimination of free from bound 

radioligand. Scintillation response is observed only for the bound radioligand to the well 
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through a binding affinity interaction. Streptavidin-coated FlashPlates were used for 

separation-free analysis of kinase activity by immobilizing a biotinylated peptide 

substrate.37-38  

Radioligands

Visible 
Light

SPA Microplate

 
 

Figure 1-3. Separation-free SPA analysis using a scintillant 96-well microplate. 

Radioligand bound to the scintillant coated surface of well leads to scintillation response. 

Free radioligand is not detected due to its distance from the scintillant-coated walls of the 

well. Black dashed and solid lines represent non-radiative and radiative energy transfer, 

respectively. Adapted from Perkin Elmer. 

  

CytoStar-TTM plates (Amersham Life Science, Arlington Heights, IL) were used 

for cell-based analysis of radiolabeled molecules. Some applications include uptake of 

radiolabeled taurine and glycine by HEK293 cells,39 time-dependent uptake of 

radiolabeled drugs by HEK293 cells that were transfected with transporter proteins,40 and 

apoptosis of mouse tissues and human carcinoma cells by binding of radiolabeled 

annexin V to phosphatidylserine in apoptotic cells.41 1536-well plates are ideally 

employed for drug screening up to 100,000 compounds per day.42 Plates are amenable to 

automation with improved signal to background ratio using plate washing. However, 

microplates suffer from low sensitivity and low binding capacity due to the limited 

surface area and short pathlengths of β-particles. 
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To improve the sensitivity and efficiency of SPA, microparticles were developed. 

Figure 1-4 shows a schematic presentation of SPA microparticles decorated with binding 

moieties for selective and sensitive detection of radioligands. Inorganic SPA 

microparticles with diameter ~2.5 µm and density ~4.0 g/cm3 were fabricated using 

amorphous yttrium silicate (YSi) and yttrium oxide (YOx).43 Organic SPA microparticles 

with diameter ~5 µm and density ~1.05 g/cm3 were prepared from PS and polyvinyl 

toluene (PVT) doped with scintillants such as pTP and 1,4-bis(5-phenyl-2-

oxazolyl)benzene (POPOP).7 SPA microparticles are usually provided in lyophilized 

forms or highly concentrated suspensions (~100 mg/mL). Typically 10s to 100s of µg of 

SPA microparticles are used per sample.16 Higher concentrations of SPA microparticles 

are used in some enzymatic assays (as high as 10 mg/mL).44 Signal to background ratio 

of up to 40-fold can be obtained using SPA microparticles. 

Non-specific adsorption is commonly observed on polymer microparticles. 

Polymer microparticles are also less dense and can disperse and float better for NPE 

minimization. Concentrated CsCl solution is commonly added to mixtures of SPA 

microparticles to minimize the NPE.45-47 β-range in the plastic matrix of polymeric 

microparticles is similar to that of water-based media, due to similar densities. Inorganic 

microparticles show less non-specific adsorption and sediment better, but poor 

dispersibility is a result of their high density which may be resolved by stirring or solvent 

density adjustments using glycerol.7 More sensitive measurements are reported using 

inorganic microparticles which enables sensitive imaging analyses.46,48-49 
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Figure 1-4. Separation-free SPA analysis using scintillant microparticles (blue) with 

binding moieties (pink). Higher surface area and surface area to volume ratio are obtained 

using SPA microparticles, compared to SPA microplates. Black dashed and solid lines 

represent non-radiative and radiative energy transfer, respectively. Adapted from Perkin 

Elmer. 

 

SPA-based analyses mainly include binding moieties on surfaces to minimize the 

distance of the energy-donor radiolabeled analytes and energy-acceptor scintillants 

through specific or non-specific binding. The free radiolabeled species only contribute to 

the NPE. Surface modification of SPA microparticles and microplates is commonly 

achieved, for affinity-based interactions, by coating the surface with a binding moiety, 

including but not limited to wheat germ agglutinin (WGA), streptavidin, immunoglobulin 

G (IgG), protein A, polylysine, polyethyleneimine (PEI), metal-chelates, and 

phospholipids. The surface modifications may directly bind to radioligands or facilitate 

the immobilization of a receptor that binds to radioligands.16,50-52 

The lectin WGA is used in WGA-coated SPA microparticles or plates that are 

usually applied for immobilization of cells or cell membranes, through binding to N-

acetylglucosamine, to screen G protein-coupled receptor (GPCR) pharmaceuticals using 

5'-O-(3-[35S]thio)triphosphate (GTPγ35S),46,52-53 3H-labeled second messengers,54 3H-

labeled drugs,55 and 125I-labeled drugs.56-58 Conveniently, no chemical derivatization is 
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required to immobilize cells or cell membranes on WGA-SPA platforms and many 

applications of this platform have been reported since it was used for the first time in 

1991 in a receptor-binding assay using 125I radioisotope.59 Figure 1-5 illustrates the 

schematic response of WGA-SPA microparticles to the GTPγ35S-bound subunit of 

GPCR, as a consequence of cell membrane receptor binding to an unlabeled GPCR 

agonist. 
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Figure 1-5. Analysis of cell membrane receptor binding using SPA. (A) WGA-SPA 

microparticles used in automated high throughput screening of GPCR agonists bind to 

cell membranes containing GPCR subunits. (B) Scintillation due to GTPγ35S-bound cell 

membrane GPCR subunit is correlated to the concentration and affinity of GPCR 

agonists. Black dashed and solid lines represent non-radiative and radiative energy 

transfer, respectively. Adapted from Johnson et al.50 

 

Various binding affinity interactions are utilized in SPA platforms, in addition to 

WGA-SPA. Figure 1-6 illustrates the schematic platforms and function of SPA based on 

streptavidin-biotin binding, antibody-antigen binding, metal-protein binding, and receptor 

binding. Streptavidin-coated SPA microparticles (Figure 1-6A) 37-38,54,60-75 and 

microplates 17,73,76 are commonly utilized for immobilization of biotinylated radiolabeled 
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molecules. The high binding affinity of streptavidin to biotin (Kd ~ 10-15 M) 77 makes 

detection based on this platform highly sensitive and selective. Streptavidin-coated SPA 

microparticles were used in an RNA synthetase activity study. Inhibitors of the enzyme 

were analyzed and the measured half maximal inhibitory concentration (IC50) values 

were comparable to those obtained using traditional filtration assays.36 Similarly, avidin-

coated SPA platforms are employed, e.g. avidin-coated YSi microparticles for kinase 

analysis.75 

Antibody-coated SPA microparticles (Figure 1-6B) are utilized in 

radioimmunoassays for detection of antigens.7,52,78-83 Incorporation of antibodies in 

radioimmunoassays improves the detection sensitivity, due to selective pre-concentration 

on the SPA surface, and enables automation and miniaturization to 1536-well plates. SPA 

microparticles coated with anti-G protein are used for screening drugs that target 

GPCRs.84 IgG-coated SPA platforms are used, in addition to WGA-SPA, for GPCR 

pharmacology studies by capturing a GTPγ35S-radiolabeled subunit conjugated to a 

secondary antibody.79,84 This platform is more specific than WGA-SPA due to the 

selectivity of antibodies to G protein subtypes.84 

Metal chelate-coated SPA platforms are employed for immobilization of proteins 

with polyhistidine-tag (His-tag).  Metal chelate-coated SPA microparticles 85-87 (Figure 1-

6C) and Ni-coated FlashPlates 88 were utilized to screen a library of inhibitors and 

agonists, with the ability to scale up to 1536 wells with fast reading time. Being a 

sensitive radioassay, SPA overcomes the challenge of low-efficiency purification of 

receptors, by minimizing the required amount of receptors (as low as ng) 15 and analysis 
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time in binding assays. Phospholipid-coated SPA microplates (Figure 1-6D) are used to 

immobilize receptors for sensitive receptor-binding assays. 
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Figure 1-6. Surface modifications for specific and sensitive SPA. (A) Streptavidin-coated 

SPA microparticles to immobilize biotinylated receptors for the screening of receptor-

binding radioligands. Adapted from Hansen et al.51 (B) Antibody-coated SPA 

microparticles to capture antigens, i.e. GTPγ35S-bound protein subunits, conjugated to an 

IgG, as a measure of GPCR-targeting agonists. Adapted from DeLapp.52 (C) Metal 

chelate-coated SPA microparticles for immobilization of His-tag proteins and screening 

of protein-binding radioligands. Adapted from Harder et al.16 (D) Phospholipid-coated 

SPA microplate to immobilize membrane receptors and screen receptor-binding 

radioligands. Adapted from Perkin Elmer. Black dashed and solid lines represent non-

radiative and radiative energy transfer, respectively.  
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Electrostatic attraction of charged molecules to the charged surface of SPA 

platforms enables non-covalent binding and has been efficiently used for immobilization 

of 3H-ligand-proteins on polylysine-coated YSi SPA microparticles resulting in 

scintillation.87 Positively charged YSi microparticles were used for separation-free 

discrimination of inositol phosphates from inositol.89 Alcian Blue scintillant coated 

microplates were employed for immobilization and detection of anionic glycoconjugates 

through electrostatic attractions.90 Hydrophobic interactions are facilitated by 

phospholipid-coated microparticles or plates to discriminate molecules based on their 

hydrophobicity. Phospholipid-coated FlashPlates were used to monitor enzyme activities 

by selective adsorption of the fatty product of the enzymatic reaction.91-92 This platform is 

also useful for phosphatidylinositol 3-kinase and phospholipase activity analysis in a 

turn-off mode. Phospholipid-coated scintillant FlashPlates were utilized for real-time 

kinetics study of farnesyl pyrophosphate synthase (FPPS).92 Other binding modes that are 

utilized in SPA platforms include dimerization, receptor binding, protein-protein 

interactions, protein-DNA interactions, and interaction of small molecules with proteins, 

enzymes, and DNA. 

Membrane-based SPA was developed in 1996 using fluorophore-doped 

microporous membranes with immobilized antibodies for detection of antigens.93  In this 

platform, the captured radiolabeled analyte is surrounded by the fluorophores and 100% 

geometrically favored detection of radioactivity is facilitated, compared to maximum 

50% SPA detection on microparticles or microplates.93 Figure 1-7 shows the detection of 

125I-labeled cyclic adenosine monophosphate (125I-cAMP) 93 with an antibody-
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functionalized scintillant microporous polymeric membrane. A similar platform was 

utilized for detection of 14CO2 using a quaternary amine trapping agent (HyamineTM).94 

Microporous 

scintillant membrane

 
 

Figure 1-7. Membrane-based SPA for detection of 125I-cAMP. Scintillant microporous 

polymeric membrane functionalized with primary antibodies is used for separation-free 

analysis of radiolabeled cAMP conjugated to secondary antibodies. Black dashed and 

solid lines represent non-radiative and radiative energy transfer, respectively. Adapted 

from Mansfield et al.93 

 

Cell-based SPA platform was developed using membrane-soluble scintillants by 

fusing scintillant doped liposomes with cells membranes. Scintillation of these molecules 

is only possible in a hydrophobic environment like cell membranes which enables 

monitoring of time-resolved uptake of radiolabeled molecules by cells. HEK293 cells 

with scintillant doped membranes were used for cell-based SPA and time-dependent 

uptake of 14C-methionine.13 

In an assay that was developed for monitoring small diffusible tritiated molecules, 

PVT SPA microparticles were segregated from macrophases, e.g. cells and vesicles, by 

coating with a layer of gel that was permeable to free radiolabeled molecules, but not to 
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macromolecule-bound ones. The gel thickness was greater than the pathlength of β-

particles emitted from tritiated molecules sequestered by binding macromolecules such as 

antibodies and receptors.95 This assay, that was developed to monitor the uptake of 

molecules by cells, is theoretically useful only for tritiated analytes due to the short 

pathlength of β-particles emitted from 3H. 

SPA is generally a turn-on assay for polymerases, transferases, and receptor 

binding assays. However, there are SPA experiments performed for evaluation of 

hydrolytic enzymes, in which the scintillation response decreases as a result of the 

enzyme activity,67 and label-free screening of protein-binding peptides.96 The 

radiolabeled moiety is removed from the surface of the SPA via the reaction (Figure 1-8) 

and leads to a decrease in signal. As a rule, turn-on sensors are more favored because the 

signal turn-off may change unpredictably. Nonetheless, SPA technology is broadly 

applied to hydrolytic enzymes since the built-in transducer inside the SPA material can 

be employed to follow the activity of such enzymes. 

Streptavidin-SPA

Microparticle

Streptavidin-SPA

MicroparticleHistone deacetylase

 
 

Figure 1-8. A turn-off SPA platform. Histone deacetylase removes tritiated acetate 

groups from the biotinylated peptide, immobilized on streptavidin-coated SPA 

microparticles, and scintillation signal decreases as a measure of enzyme activity. 

Adapted from Nare et al.67 
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To count the emitted photons in SPA experiments PMT-based, liquid scintillation 

analyzers are widely used. Samples are prepared in scintillation vials and the scintillation 

response of SPA is collected using coincident photon counting. Despite the lead shielding 

used around the measurement chamber to block environmental background, two PMT 

detectors are simultaneously utilized to count photons and correct for interference from 

random events such as cosmic rays and electric statics.6 PMT-based analyzers are used 

for radioassays by SPA microparticles and FlashPlates with emission wavelengths 

ranging from 300-500 nm. PMT-imaging is done using TopCount 97-98 (Packard 

Instruments, CT) and Microbeta TriLux 99 (PerkinElmer Life Sciences) analyzers with 

two PMTs above and below microplates. The sensitivity of PMT-based assays is 

compromised in low volumes. Therefore, miniaturization is a challenge using such 

instrumentations. 

Emission wavelengths of SPA microparticles and microplates may be tuned to 

590-660 nm, the maximum sensitivity range of many charge-coupled device (CCD) 

cameras.49 Eu and Tb chelate-doped microparticles are synthesized with emission 

wavelengths of ~615 and 545 nm, respectively.49 Red-shifted SPA imaging 

microparticles or FlashPlates 92 (PerkinElmer Life Sciences) enable imaging using a 

CCD,2 that is quicker than PMT, with higher sensitivity and minimized interference from 

colored species. CCD-imaging is facilitated by LeadSeeker 37,42,47-48,74 and ViewLux 

(PerkinElmer Life Sciences) analyzers.46,48,76 
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Figure 1-9. Polymerase activity SPA experiments performed using europium-doped YOx 

or PS red-shifted imaging SPA microparticles coated with streptavidin. Images obtained 

using LeadSeeker. Higher scintillation signal is observed at higher concentrations of the 

polymerase. Reprinted with permission from Zheng et al.48 

 

An RNA polymerase activity assay was miniaturized using 1536-well plates and 

LeadSeeker imaging of the polymerase activity was performed on red-shifted 

streptavidin-coated YOx and PS SPA microparticles.48 The analysis time was decreased 

15-fold, while a signal to background ratio of 20 was obtained. Figure 1-9 shows images 

that were collected for polymerase activity analysis. Higher scintillation intensity is 

observed at higher concentrations of enzyme. Repeated experiments in smaller volumes 

showed the potential of miniaturization of the assay using 1536-well plates. Inorganic 

SPA microparticles showed higher sensitivity, compared to organic microparticles. SPA 

platforms applied in bioanalytical assays are summarized in Table 1-3.  
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Table 1-3. SPA platforms. 

SPA Platform Surface functionality References 

PS Microparticles Uncoated 32 

 WGA 100-101 

 Streptavidin 48 

 Polylysine 101 

PVT Microparticles Uncoated 15 

 WGA 57,102-105 

 Streptavidin 67,106-107 

 Protein A 14,108-109 

 PEI 110-111 

 IgG 7,14,107,112-113 

YSi Microparticles Uncoated 36 

 Protein A 14 

 IgG 114 

 Cu2+ Chelate 87,115-119 

 Polylysine 36,87,116 

YOx Microparticles Streptavidin 48 

 WGA 101 

Microplates FlashPlate 96,120-121 

 Scintistrip/Scintiplates  122 

 Cytostar-T 123 

Membrane   93-94 
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Despite the separation-free nature of SPA technology, more specific 

measurements may be performed by coupling a separation technique to SPA analyses in a 

mixture of radiolabeled analytes using hyphenated instruments. Microplate scintillation 

counting using TopCount reader coupled to liquid chromatography (LC) and capillary 

electrophoresis (CE) have been developed for selective and sensitive off-line detection of 

radiolabeled parent drugs and their metabolites,97,124 as illustrated in Figure 1-10. The 

separation step greatly improves the potential of SPA in multiplexing and analysis of 

complex biochemical reaction mechanisms through monitoring the transfer of 

radioisotopes in such reactions. 

 
 

Figure 1-10. LC-coupled SPA microplate counting for imaging of radiolabeled parent 

drugs and their metabolites in automated high throughput screening of pharmaceuticals. 

Reprinted with permission from Boernsen et al.97 
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1.4.3 Applications of SPA 

SPA analyses have been reported using low energy radionuclides for the study of 

important biomolecules and processes including but not limited to ion channels, cellular 

signal transduction, and PTMs of proteins. Various SPA platforms are used in receptor 

binding assays (mainly GPCRs),14,46,54,57,60-61,63,66,68,78-79,87,100,112,125-130 high-throughput 

screening of pharmaceuticals,131 targeting proteins such as IGFBP,132 

radioimmunoassays,93,114 protein-peptide binding,76,108 DNA and RNA detection,133-134 

detection of  inserts in cloning vectors,135 detection of cells,60 enzyme activity 

assays,14,17,36-38,45,48,62,64-65,67,70,72,74-75,110-111,121,136-139 mostly kinases,37-38,62,72,74-75,140-141 in 

addition to HIV-1 integrase,44 RNA polymerase,48,142-143 DNA polymerase, primase, and 

helicase,65,144 histone acetyltransferase,120 protein farnesyltransferase,145 and 11-

hydroxysteroid dehydrogenase type 1.146 In enzymatic assays based on SPA only bound 

radiolabeled products of the enzymatic reaction (e.g. 33P-phosphorylated substrates in 

kinase assays) generate a significant signal which is distinguishable from the NPE by 

excess radiolabeled species (e.g. 33P-labeled molecules). 

GPCRs function in many physiological processes and libraries of GPCR agonists 

are quickly growing. As an example, Glucagon receptor is the target of diabetes 

pharmaceuticals to maintain the homeostasis of glucose.100 GTPγ35S, a nonhydrolyzable 

analog of guanosine-5'-triphosphate (GTP), is broadly employed in GPCR pharmacology 

through agonist-stimulated binding to GTP-binding proteins.47,52,58,147-148 Label-free 

pharmaceuticals are screened using GTPγ35S in this assay to obtain more reliable 

association and dissociation constants. Scintillant-coated FlashPlates were further coated 

with Chinese hamster ovary (CHO) cell membrane and utilized for studies of binding test 



55 

 

drugs to cloned Human 5-HTIB using GTPγ35S.148 Thus, GPCR pharmaceuticals may be 

screened in automated assays based on SPA microparticles or microplates.47 

Protein-protein interaction of 3H-GTP-labeled oncogenic Ras with glutathione S 

transferase-conjugated NF1 was studied using scintillant PVT SPA microparticles coated 

with protein A and anti-glutathione S transferase IgG, with a signal to background ratio 

of 40.108 The interaction of p53 protein and 3H-TTP-labeled DNA in free solution was 

detected by immobilizing the complex of DNA-protein on anti-p53 IgG-coated PVT SPA 

microparticles. Sensitivity comparable to enzyme-linked immunosorbent assay (ELISA) 

was obtained using SPA but with shorter incubation times and fewer washing steps.81 

Insulin receptor activity, important in treating insulin resistance and diabetes, has 

been studied using SPA technology to identify inhibitors of enzymes that deactivate 

insulin receptors. Activated insulin receptors are phosphorylated and deactivated through 

binding of enzymes such as phosphatases. Binding of the insulin receptor, immobilized 

on WGA-SPA microparticles, to 35S-labeled phosphatases was investigated to evaluate 

the potential of inhibitors.129 Label-free, real-time, kinetic measurements of receptor-

binding analytes were performed on binding adenosine A1 receptor and the obtained 

association and dissociation rate constants agreed well with traditional assays based on 

filtration.149 Intrinsic binding affinity constants are obtained by competitive binding of 

regular ligands.87 

Glycosyltransferases transfer a fucose to glycoproteins and glycolipids. The 

activity of α3 fucosyltransferase was determined using SPA technology by transferring 

3H-fucose from GDP-3H-fucose to a glycoprotein immobilized on WGA-SPA 

microparticles, with comparable kinetic parameters to those of traditional assays.137 
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Binding of cells to human interleukin-5 through both α and β subunits of its receptors was 

monitored using WGA-SPA microparticles and 125I-human interleukin-5, with 

comparable kinetic results to those of traditional techniques.60 

1.4.4 Summary of Current SPA Approaches 

Although there are safety concerns associated with radioisotopes,150 safe use of 

radiolabeling for research purposes even in the 21st century is beneficial.151-152 SPA 

technology was developed to investigate basic biological processes to address 

fundamental biological questions. Nonetheless, using radioactive materials requires 

special handling and extra caution. The growing number of reported SPA applications in 

bioanalytical assays shows that SPA is drawing attention because of its unique features. 

SPA is a homogeneous assay and offers many advantages including but not limited to 

separation-free analysis,153 simple, robust, sensitive, and time-resolved detection of hard 

to detect small biomolecules, and facilitates miniaturized and amenable to automation 

pharmaceutical screening assays.115 The homogeneity of SPA minimizes the waste 

disposal and analysis time and complexity, which is beneficial for high throughput 

screening of therapeutics,8,154 as opposed to conventional assays that are complex and 

tedious. Traditional techniques make high-volume and fast screening of pharmaceuticals 

prohibitive. 

Binding properties of radiolabeled molecules are preserved, and SPA-based drug 

screenings are more sensitive and accurate. There is no need for a light source in 

radioassays, including SPA, which benefits sensitive and interference-free analyses due 

to minimal background fluorescence. Chemical quenching, which is a consequence of the 

interaction of radiation with a solvent with the release of heat, does not happen in SPA 
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due to the direct penetration of β-particles from bound radiolabeled molecules into the 

scintillant material. Color quenching, due to the absorbance of light by colored species, is 

also less problematic if colorless samples are prepared.8,149 It has been shown that SPA 

can be a complementary technique to fluorescence-based techniques in screening 

pharmaceuticals since different hits are discovered in screening processes of inhibitors of 

enzymes using different technologies, with more false positives in SPA.140,155-156 

1.5 nano Scintillation Proximity Assay 

The commercial scintillant-doped microplates suffer from low efficiency and SPA 

microparticles are dense and large (>2.5 µm dia.) which makes them hard to disperse in 

samples.141 Additionally, coupling functional groups on the surface of the scintillating 

materials adds to the cost and complexity of assay. Fabrication of smaller scintillant 

particles may resolve the problems with the high density of inorganic microparticles. 

While SPA offers a variety of advantages being a single-step, separation-free technique 

because each sensor microparticle has the necessary binding, absorbing, and emitting 

components,8 there is a great demand for sensors with high cell-permeability and low 

interference that can measure intracellular metabolites. The ideal sensor exhibits rapid, 

dynamic, and reversible binding. 

To prepare sensors with the high surface area to volume ratio that can be 

introduced into cells, PS-core silica-shell nanoparticles doped with two reporter 

fluorophores (primary and secondary scintillants) are fabricated for SPA analysis 

(nanoSPA). The polymer core of nanoSPA is comprised of PS doped with scintillants. 

Silica coating of the polymer core is performed to make the nanoparticles more 

hydrophilic and protect the assembly. Additionally, silica coating facilitates decorating 



58 

 

the surface of nanoparticles with specific recognition moieties of biomolecules. The 

radioactive decay from the analyte bound to the recognition element on the nanoSPA 

surface excites the scintillation medium, i.e. PS. Non-radiative transfer of energy from 

excited PS to the primary and secondary scintillant fluorophores leads to the light 

emission that is collected using a photon counter. Nanometer-sized particles provide 

several advantages, including enhanced cellular uptake and sensitivity and specificity 

(unpublished data). Moreover, nanoparticle-based binding assays are more efficient due 

to their higher surface area.157  

PS-core silica-shell scintillant nanoparticles are hydrophilic and easy to disperse 

in aqueous samples, as opposed to SPA microparticles. Scintillant nanomaterials are 

advantageous compared to commercial liquid and solid scintillant materials due to their 

smaller size, higher surface area to volume ratio, and enhanced biocompatibility. The 

following chapters describe the application of nanoSPA technology in bioanalytical 

assays. The surface of nanoSPA may be modified for selective and sensitive recognition 

of specific target molecules. Thiol- and amine-functionalized nanoSPA (NH2-nanoSPA) 

are obtained using corresponding silane reagents. Figure 1-11 shows a schematic 

comparison of the size of nanoSPA to small biomolecules and human cells. 

glucose        nanoSPA       HEK cells 

1                  102 104  nm
 

 

Figure 1-11. Schematic illustration of the size of nanoSPA compared to small 

biomolecules and human cells. 
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Chapter 2 describes the fabrication of nanoSPA and utilization of thiol-responsive 

nanoSPA for analysis of thiols and disulfides and thiol/disulfide ratio. 35S-cysteine (35S-

CyS) and 35S-cystine (35S-CySS) were used as a model for 35S-thiols and 35S-disulfides. 

Thiol-responsive nanoSPA was used for quantification of 35S-thiols and 35S-disulfides in 

synthetic samples and cell lysates by depletion of 35S-thiols using N-ethylmaleimide 

(NEM) followed by reduction of 35S-disulfides to 35S-thiols using NaBH4. The 

scintillation signal enhancement by specific binding of thiol-responsive nanoSPA to 35S-

thiols is approximately one order of magnitude, as compared to the NPE in presence of 

nanoSPA without thiol functional groups. Limit of detection for 35S-CyS analysis using 

thiol-responsive nanoSPA was <1.1 pM (<1.1 nCi) at physiological pH. Limit of 

detection for the NPE of 35S-CyS with NH2-nanoSPA was about 11 pM (11 nCi).  

Chapter 3 describes three nanoSPA platforms that were developed for kinase 

studies with sensitivity to 33P-phosphorylated peptide substrates. Adsorption nanoSPA 

responds to non-specifically adsorbed 33P-phosphorylated peptide substrates. Binding 

nanoSPA and immuno-nanoSPA specifically bind to 33P-phosphorylated peptide 

substrates through their primary amine groups of lysine residues or 33P-phosphorylated 

amino acid residues, respectively. It is unnecessary to separate excess unbound 

radiolabeled reagents (i.e. ATPγ33P and 33P-phosphate) from the mixture of nanoSPA and 

the 33P-phosphorylated peptide substrates. Subtraction of background (NPE) from the 

scintillation response results in corrected signal and resolves the problem of NPE due to 

excess non-target radiolabeled molecules. nanoSPA was used for selective detection of 

phosphorylated amino acids in cell lysates to confirm the incorporation of ATPγ33P in 

cells through phosphorylation and to monitor the impact of a specific kinase inhibitor. 
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Chapter 4 describes nanoSPA platforms prepared as D-glucose nanosensors with 

boronic acids as recognition moieties. nanoSPA functionalized with monoBAs and diBAs 

(monoBA-nanoSPA and diBA-nanoSPA) were utilized for analysis of D-glucose at low 

mM concentration range, by mixing unlabeled and tritiated D-glucose (D-glucose-[6-

3H(N)]). The signal enhancement from the specific binding of boronic acid-

functionalized nanoSPA to 3H-D-glucose was up to 2.2-fold compared to background 

NPE. DiBA4b is sensitive to D-glucose, however, diBA4b-nanoSPA showed poor signal 

to background ratio. 
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CHAPTER 2. FABRICATION AND CHARACTERIZATION OF NANOSPA 

AND APPLICATION OF THIOL-RESPONSIVE NANOSPA FOR ANALYSIS 

OF THIOLS, DISULFIDES, AND THIOL-REACTIVE REAGENTS 

 

2.1 Introduction 

Thiols are the most reduced form of sulfur and are among highly reactive 

biologically active functional groups.158 Endogenous thiols are produced by the 

metabolism of sulfur that is introduced to cells through methionine in the diet.159-160 

Thiols are important components in biological systems and are involved in maintaining 

cellular redox states. Small thiols such as cysteine (CyS) participate in metabolic 

pathways, regulation of enzymes, cellular antioxidant defense, signal transduction, 

protein folding and functions, and coordination of metals.161 CyS is a regulating factor of 

thiol-disulfide exchange,162 plays a key role in the biological activity of proteins,163 and 

regulates glutathione (GSH) synthesis.164 The free thiol group in CyS, which is 

deprotonated at physiological pH,165 makes it one of the most reactive amino acids.166-167 

Elevated levels of this non-essential amino acid are observed in cardiovascular diseases, 

neurotoxicity, and hypoglycemic brain damage, and CyS deficiency is correlated to liver 

damage, muscle and fat loss, slow growth, and lethargy.168-171 Elevated levels of CyS are 

observed in patients with diseases such as Alzheimer’s, Parkinson’s, cystinuria, and 

cystinosis.162 Decreased concentrations of CyS are reported in HIV-infected patients.172 

Intracellular small thiols exist primarily in the form of CyS and GSH along with 

their disulfides, i.e. CySS and GSSG. Other thiols include homocysteine (hCyS), 

cysteinyl-glycine, and peptides and proteins with CyS residues.166-167,173-174 GSH is a 
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ubiquitous tripeptide made of glycine, CyS, and glutamate. The intracellular 

concentration of GSH is reported as 0.1-10 mM which makes it the most abundant small 

thiol in cells. Intracellular GSH level is related to diseases such as Alzheimer’s, cancer, 

and cardiovascular diseases. GSH also provides an indicator of the effectiveness of 

chemotherapy. The ratio of reduced GSH to the disulfide form, GSSG, depends on the 

redox state of the cell.175-176 GSH is considered the primary cellular redox buffer that 

maintains the redox homeostasis of cells. Low GSH/GSSG ratio is an evidence of the 

development of aging diseases,177 inflammation, cancer,178 and lung diseases, such as 

cystic fibrosis.179 

The overall network of thiols and disulfides in cells, including small thiols and 

disulfides and protein thiols and inter/intra-protein disulfides, forms the redox network of 

cells.166,180 The reversible redox reaction between thiols and disulfides is maintained in 

cells and any fluctuations in the ratio of thiol/disulfide content of cells impact protein 

structure, activity, and interactions with DNA and other proteins.166,173 Sulfhydryl group 

in thiols has a low redox potential (about -200 to -300 mV) 181 and is oxidized to 

disulfides in presence of oxidizing agents such as metals and reactive oxygen species 

(ROS), e.g. H2O2.
182 Global thiol/disulfide ratio of cells, including small thiols and 

disulfides, and protein thiols and disulfides, is important in cellular thiol-disulfide redox 

homeostasis and antioxidant defense. Oxidative stress 179,183 is caused by excessive 

intracellular oxidation and initiates the intracellular redox cycles which lead to damage to 

biomolecules and cell signaling pathways and eventually causes a variety of diseases 

such as Alzheimer’s, chronic lung disease, atherosclerosis, age-related macular 

degeneration, and multiple disorders in premature newborns.166,175-176,183-190 There is, 
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therefore, a demand for sensors that can measure thiols and disulfides and their ratio, as it 

gives insight about the network of redox reactions in biosystems.165-166,191 

In a sample of thiols and disulfides, thiols are first analyzed, and disulfides are 

then reduced to thiols to be analyzed while existing thiols are depleted using thiol-

blocking agents. Current methods used for the quantification of biologically important 

thiols and disulfides in erythrocyte, blood, plasma, urine, cerebrospinal fluid, and cell 

extracts include mass spectrometry (MS) 160 and optical or electrochemical detection 

coupled to separation steps such as LC 159-160 and CE.158-160 CE provides better resolution 

than LC and less sample preparation is required in CE due to less susceptibility of the 

capillary to unwanted modification by biomolecules.159 Optical detection typically 

requires derivatization (pre-column, on-column, or post-column) of thiols to make a 

product that can be detected by fluorescence emission or UV-VIS absorption.159-160  

Derivatization of thiols is based on thiol-disulfide exchange, electrophile-

nucleophile reaction, and thiol-ene coupling. A thiolate anion, which is the reactive form 

of a thiol group, approaches a disulfide bond, an electrophile center, or an alkene to start 

the reaction. Monobromobimane (mBrB),192 4-aminosulfonyl-7-fluoro-2,1,3-

enzoxadiazole (ABD-F),171,193-194 ammonium-7-fluoro-2,1,3-benzoxadiazole- 4-sulfonate 

(SBD-F),166,193,195-196 1‐benzyl‐2‐chloropyridinium bromide (BCPB),197-198 2-chloro-1-

methylpyridinium iodide (CMPI),199-200 2-chloro-1-propylpyridinium iodide (CPPI),200 p-

bromophenacyl bromide (pBPB),201 3‐bromomethyl‐propyphenazone (BMP),202 2-

chloro-1-methylquinolinium tetrafluoroborate (CMQT),203 5,5′-Dithio-(bis-2-

nitrobenzoic acid) (DTNB),204-208 2,2′-dipyridyldisulfide (DPDS),209-210 4,4′-

dithiodipyridine (DTDP),211-213 1,1′-thiocarbonyldiimidazole (TCDI),214-215 styryl boron-
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dipyrromethene (BODIPY), 216 and 1,1′-[ethenylidenebis(sulfonyl)]bis-benzene (ESB) 217 

are some of the most common chromogenic and fluorogenic labels used for thiol 

derivatization. LC-electrochemical measurements 218-220 and MS 160,162,221-225 are sensitive 

and selective for the detection of thiols and disulfides and do not require derivatization. 

Table 2-1 shows a summary of common procedures for thiol analysis and the reported 

limits of detection (LOD). 

 

Table 2-1. Summary of common thiol detection methods. 

 

Detection Method Labeling agent LOD References 

UV-VIS/ Fluorescence 

Spectroscopy 

 

mBrB 0.5-50 µM 192 

ABD-F 0.2-2 µM 171,193-194 

SBD-F 0.2-2 µM 166,184,193,195-

196 

BCPB 10 µM 197-198 

CMPI 0.2-20 µM 199-200 

CPPI 0.2-20 µM 200 

pBPB 10 µM 201 

BMP 3 ng in peak 202 

CMQT 0.05-2 µM 203 

DTNB 0.5-50 µM 204-208 

DPDS 5-10 µM 209-210 

DTDP 1-5 µM 211-213 

TCDI 2 pmol/injection 214-215 

ESB 100 µM 217 

BODIPY 1-5 µM 216 

Electrochemical Analysis  1-15 µM 218-220 

Mass Spectrometry  0.1-2 µM 224-225 

 

UV-VIS and fluorescence-based detection methods are simple, and the detector is 

stable with low maintenance required. However, derivatization is required and the 

derivatized thiols have been shown to be unstable and light sensitive.211,226 Most of the 

derivatizing reagents used in thiol and disulfide analyses are not selective to thiols and 

therefore require a separation step prior to quantification by spectrophotometric methods. 
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The detector in electrochemical detection is difficult to stabilize and MS is a destructive 

technique in which quantification of all thiols in a single chromatogram is difficult.159 

Alternatively, radiolabeling of thiols using 35S is highly selective and the mass difference 

introduced by 35S radiolabel to the target analyte is small (3 mass units) as compared to 

chromogenic and fluorogenic labeling, discussed above. Therefore, physicochemical 

properties of analyte molecules are preserved, which makes 35S a good tracer for sensitive 

detection of sulfur-containing (e.g. thiols and disulfides) or sulfur-labeled (e.g. GTPγ35S) 

analytes.227-228 Advantageously, low NPEs are observed with the 35S isotope (compared 

to 33P and 32P) despite its relatively long β-range (compared to 3H). Furthermore, it is 

anticipated that 35S-CyS undergoes thiol-disulfide exchange reactions similar to 

unlabeled CyS, with only a slightly different rate because of limited kinetic isotope 

effect.8 

This chapter describes the fabrication, characterization, and application of solid 

scintillant fluorophore-doped polymer-core silica-shell nanoparticle platforms. Scintillant 

nanoparticles functionalized with thiol groups (thiol-responsive nanoSPA) are used for 

quantification of thiols and disulfides in synthetic and biological samples. Thiol-

responsive nanoSPA is capable of binding to other thiols through disulfide binding. 

Covalent binding of thiol-responsive nanoSPA to 35S-thiols leads to scintillation cascade, 

due to the penetration of β-particles emitted from 35S-thiols into the scintillant core of 

thiol-responsive nanoSPA where scintillant dyes reside, with scintillation intensity 

proportional to the concentration of 35S-thiols.  

Thiol-responsive nanoSPA was used for quantification of 35S-thiols and 35S-

disulfides by depletion of 35S-thiols using NEM followed by reduction of 35S-disulfides to 
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35S-thiols using NaBH4. 
35S-CyS and 35S-CySS were used as a model for 35S-thiols and 

35S-disulfides. The scintillation signal enhancement by specific binding of thiol-

responsive nanoSPA to 35S-thiols is approximately one order of magnitude, as compared 

to the NPE in presence of nanoSPA without thiol functional groups. Thiol-responsive 

nanoSPA was used for measurement of 35S-thiols and 35S-disulfides in synthetic and 

biological samples. Moreover, human serum albumin (HSA) with an exposed thiol on its 

CyS-34 residue was immobilized on NH2-nanoSPA through well-established biotin-

avidin-biotin coupling and binding of 35S-CyS to the exposed thiol on HSA was 

monitored by nanoSPA. Furthermore, thiol-responsive nanoSPA was utilized for analysis 

of thiol-reactive small molecules that are hard to analyze due to lack of optical and 

electrochemical activities. HNO, a small molecule with a short half-life, was captured by 

35S-thiols and inhibition of binding of thiol-responsive nanoSPA to HNO-blocked 35S-

thiols was correlated to the concentration of HNO. 

2.2 Experimental 

2.2.1 Materials 

35S-L-CySS was purchased from American Radiolabeled Chemicals (St. Louis, 

MO) with a specific activity of 1075 Ci/mmol and concentration of 1 mCi/mL. 35S-L-

CySS was stored at -20 ⁰C and was thawed immediately before use. Ultrapure L-CyS was 

obtained from Fluka (Milwaukee, WI). Tris(2-carboxyethyl) phosphine hydrochloride 

(TCEP), NEM, dithiothreitol (DTT), sodium hydrogen phosphate (99%), 

tetraethoxysilane (TEOS, 98%), 3-aminopropyl triethoxysilane (APTS, 99%), 3-

mercaptopropyl trimethoxysilane (MPTS, 97%), 2, 2′-azobis-2-methyl-propanimidamide, 

dihydrochloride (AIBA, 97%), 2,2′-azobis-(2-methylpropionitrile) (AIBN), 
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ethylenediaminetetraacetic acid (EDTA), and diamide were purchased from Sigma 

Aldrich (St. Louis, MO). Styrene (99%), para-terphenyl (pTP, 99%), 4-bis(4-methyl-5-

phenyl-2oxyzolyl) benzene (dmPOPOP, 98%), and alumina were purchased from 

ACROS Organics (Geel, Belgium). Sodium borohydride (NaBH4) was purchased from 

Mallinckrodt (St. Louis, MO). ACS-grade isopropyl alcohol (IPA) was purchased from 

Merck (Kenilworth, NJ). Biocount liquid scintillation cocktail was purchased from 

Research Product International (Mt. Prospect, IL). ACS-grade ammonium hydroxide and 

hydrogen peroxide were purchased from EMD Millipore (Billerica, MA). Sodium 

hydroxide (98.9%) was purchased from Avantor Performance Materials (Center Valley, 

PA). Angeli’s salt (Na2N2O3) was synthesized as described elsewhere.229 Minimum 

essential medium (MEM) and fetal bovine serum (FBS) were purchased from Gibco 

(Grand Island, NY). Biotinylated human serum albumin (biotin-HSA) was purchased 

from Abcam (Cambridge, MA). Biotin N-succinimidyl ester (biotin-NHS) was purchased 

from Alfa (Haverhill, MA). Neutravidin was purchased from Thermo Scientific 

(Waltham, MA). Nanopure H2O (18 MΩcm) was obtained using Easy Pure UV/UF 

Barnstead. 

2.2.2 Fabrication of nanoSPA 

PS-core silica-shell nanoparticles doped with scintillant fluorophores were 

prepared in three steps.230 First, inhibitors were removed from styrene by passing 6 g of 

styrene through a 3 cm-long alumina column, with 0.5 cm diameter. Styrene was then 

polymerized using a surfactant-free emulsion polymerization method. Styrene was 

dispersed in 100 mL degassed nanopure water by stirring in a 500 mL round-bottomed 

flask flushed with Ar. Polymerization was performed at about 80 °C in an oil bath. 10 mg 
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AIBA dissolved in 500 µL water was used to initiate the polymerization of styrene 

(except for an experiment in which AIBN dissolved in 500 µL ethanol was used to 

explore the effect of neutral and ionic initiators on the surface charge of PS 

nanoparticles). The emulsion was stirred continuously for 12 h in an oil bath. Excess 

styrene was removed by evaporation at reduced pressure. The concentration of PS 

nanoparticles was obtained by freeze-drying a known volume of the suspension of 

nanoparticles in H2O and weighing the dried nanoparticles. 

Next, PS nanoparticles were doped with primary (pTP) and secondary 

(dmPOPOP) scintillants. 262 mg (1.14 mmol) pTP and 53 mg (135 μmol) dmPOPOP 

were dissolved in 20 mL mixture of 9:1 chloroform and IPA. A suspension of 500 mg PS 

nanoparticles in 100 mL H2O was combined with the organic mixture of primary and 

secondary scintillants, in a 500 mL round-bottomed flask. The organic-aqueous mixture 

of PS nanoparticles and scintillants was alternatively stirred and agitated by sonication 

for at least 1 h to swell the polymer core and incorporate the primary and secondary 

scintillant dyes. Then, the excess organic solvent was removed from the mixture by a 

rotary evaporator under reduced pressure. 

Finally, the scintillant-doped PS core nanoparticles were coated with silica shells 

using organosilanes, to obtain PS-TEOS, PS-APTS (amine-functionalized), and PS-

MPTS (thiol-functionalized) core-shell nanoparticles. A suspension of 60 mg PS core 

nanoparticles in 40 mL water was combined with 200 mL IPA in a 500 mL round-

bottomed flask. NH4OH was used to adjust the pH of the mixture, prior to addition of 

silane reagents. 7 mL NH4OH for PS-TEOS and PS-MPTS and 5 mL NH4OH for PS-

APTS was used. 2 mL silane reagents (i.e. TEOS, 9:1 TEOS:MPTS, and 9:1 
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TEOS:APTS) was added dropwise to the mixture for production of PS-TEOS, PS-MPTS, 

and PS-APTS, respectively. The combination of PS core nanoparticles and silica 

precursors in the water-alcohol mixture was briskly stirred for 1 h. PS-core silica-shell 

nanoparticles were collected by centrifugation for 5 min at 14000 × g. Excess silica 

precursors and other contaminations were removed by several cycles of rinsing with 

nanopure water and centrifugation. 

2.2.3 Zeta Potential Measurements of Nanoparticles 

PS core nanoparticles, prepared using a neutral (AIBN) and ionic (AIBA) 

initiator, were dispersed in NaCl solutions of varying concentrations. PS core, scintillant-

doped PS core, and PS-core silica-shell (PS-TEOS, PS-APTS, and PS-MPTS) 

nanoparticles were dispersed in 1 mL 100 mM NaCl for zeta potential measurements. 

Zeta potential analyses were done using a dip cell in disposable plastic cuvettes, with a 

Zetasizer Nano (Malvern Instruments Ltd., Malvern, U.K.), based on the Henry equation 

and the Smoluchowski approximation for nanoparticles.231 

2.2.4 Dynamic Light Scattering for Size Measurements of Nanoparticles 

Dynamic light scattering (DLS) using Malvern Zetasizer Nano ZS was employed 

for size measurements of nanoparticles. A dilute suspension of PS core and PS-core 

silica-shell nanoparticles in 3 mL water was used for size measurements by DLS in 

disposable plastic cuvettes. 

2.2.5 Transmission Electron Microscopy of Nanoparticles 

Transmission electron microscopy (TEM) was performed on PS core, and PS-

TEOS, PS-APTS, and PS-MPTS core-shell nanoparticles using a Tecnai G2 Spirit 20-

120 kV transmission electron microscope (FEI Company, Hillsboro, OR) at 100 kV 
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accelerating voltage, to monitor size and surface morphology of the nanoparticles before 

and after silica coating. TEM grid samples were prepared by deposition of 10 µL aliquot 

of a dilute water-based suspension of nanoparticles on carbon-coated copper grids of 300 

mesh (Ted Pella, Inc., Redding, CA; Catalog# CF300-CU). The excess suspension was 

wiped off using a filter paper after 10 min and the grids were dried in a desiccator for at 

least 2 h before electron microscopy. 

2.2.6 Scanning Transmission Electron Microscopy of Nanoparticles 

Scanning transmission electron microscopy (STEM) was performed on PS-TEOS, 

PS-APTS, and PS-MPTS nanoparticles using an Ultra-High Resolution 1-30 kV scanning 

transmission electron microscope SU9000 with energy dispersive X-ray (EDX) detector 

(Hitachi, Ltd., Tokyo, Japan) at 30 kV accelerating voltage, to monitor surface 

topography and elemental composition of the nanoparticles after silica coating. STEM 

grid samples were prepared by deposition of 10 µL aliquot of a dilute water-based 

dispersion of nanoparticles on carbon-coated copper grids of 200 mesh (Structure Probe 

Inc., West Chester, PA; Catalog# 3820C-CF). The excess suspension was wiped off using 

a filter paper after 10 min and the grids were dried in a desiccator for at least 2 h before 

electron microscopy. 

2.2.7 Sample Preparation 

All samples described in this chapter were prepared in degassed phosphate-

buffered saline (PBS 100 mM, pH 7.4) unless otherwise noted, at room temperature 

(25±2 ºC). Ambient O2 was removed from the buffer to prevent oxidation of thiols to 

disulfides. Buffer capacity of PBS in diluted 35S-CySS samples was not affected by the 

addition of 35S-CySS dissolved in 0.01 N HCl, as verified by calculation and 
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measurements using pH paper. All concentrations are reported based on the total assay 

volume including nanoSPA (1 mL, unless otherwise noted). nanoSPA concentration in all 

samples was 1 mg PS core/mL. To measure the concentration of PS core nanoparticles, 1 

mL of a suspension of PS core in H2O was freeze-dried and the mass of resultant powder 

was measured. A minimum of three sample replicates was prepared in all experiments. 

2.2.8 Data Collection, Analysis, and Presentation 

A Beckman Coulter LS 6000IC liquid scintillation analyzer was used for 

scintillation response measurements. Scintillation responses are collected for a minute per 

sample and reported as emitted photon counts per minute (CPM). All results are 

presented as mean ± standard deviation of data collected from at least three sample 

replicates. Error bars in all plots are representative of the standard deviation. LOD was 

defined as 3σ/m, where σ is the standard deviation of the blank and m is the slope of the 

calibration curve. LOD was defined as 3σ/m, where σ is the standard deviation of the 

blank and m is the slope of the calibration curve. 

2.2.9 Detection of 35S-Thiols Through Disulfide Binding of Thiol-Responsive 

nanoSPA to 35S-Thiols and Binding Inhibition by Depletion of 35S-Thiols 

40 μL stock 35S-CySS dissolved in 0.01 N HCl was diluted to 1100 μL in PBS 

buffer. Aliquots of 0, 25, 50, and 100 μL were successively added to 1 mL thiol-

responsive nanoSPA. 35S-CySS stock is a combination of 35S-CyS (i.e. 35S-thiol) and 35S-

CySS (i.e. 35S-disulfide). 35S-CyS concentration in these samples ranged from 0 to 3.85 

nM and the 35S radioactivity ranged from 0 to 2.27 µCi. A similar set of control samples 

was prepared with amine-functionalized (PS-APTS) nanoSPA. 
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Additionally, samples were prepared by addition of excess NEM to further 

confirm specific binding of thiol-responsive nanoSPA to 35S-thiols, by inhibition of 

disulfide binding. Excess NEM (2 mmol) was added to thiol-responsive nanoSPA (1 mg 

PS core/mL) containing approximately 100 nmol thiols on the surface, or 35S-CyS/35S-

CySS mixture (35S-CyS 2.48 nM, 2 µCi) with total 2.48 pmol 35S-thiols, or both. NEM 

treatment was performed before mixing the thiol-responsive nanoSPA with 35S-thiols to 

completely block thiols on thiol-responsive nanoSPA or 35S-CyS or both and inhibit 

disulfide binding and scintillation response. Then inhibition of disulfide binding of thiol-

responsive nanoSPA to 35S-thiols was monitored by measuring the scintillation response 

of thiol-responsive nanoSPA. A control sample with no NEM treatment on thiol-

responsive nanoSPA or 35S-thiols was prepared. Identical concentrations and activities of 

35S-thiols were used in all these samples. 

To investigate NEM concentration-dependent depletion of thiols, a set of identical 

samples of 35S-thiols was treated with varying amounts of NEM. Increasing 

concentrations of NEM (0, 0.85, 4.25, and 8.5 µmole) was added to four identical 

samples of 35S-CyS/35S-CySS (1.28 nM 35S-CyS, 1.04 µCi), to block 35S-thiols. Thiol-

responsive nanoSPA was then added to NEM-treated 35S-CyS/35S-CySS samples to 

monitor the decrease in scintillation response due to binding inhibition. 

2.2.10 Disulfide Cleavage/Exchange to Displace 35S-Thiols from the Surface of 

Thiol-Responsive nanoSPA 

Excess TCEP and DTT (20 µmol) were added to the mixture of 35S-thiol-bound 

thiol-responsive nanoSPA to cleave disulfide bonds formed between thiol-responsive 

nanoSPA and 35S-thiols. Excess unlabeled L-CyS (20 µmol) was added to the 35S-thiol-
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bound thiol-responsive nanoSPA for displacement of 35S-thiols from the surface of thiol-

responsive nanoSPA through disulfide exchange. Scintillation was monitored over time, 

for 24 h with more frequent data collection at the beginning, to follow the disulfide 

cleavage/exchange reaction. The same treatments with TCEP, DTT, and L-CyS were 

performed on mixtures of 35S-thiols in PS-APTS nanoparticles (control group) to monitor 

constant NPE. 

2.2.11 Exploring the pH- and Oxidation State-Dependent Interconversion of 35S-

Thiols and 35S-Disulfides Using Thiol-Responsive nanoSPA 

Thiol-responsive nanoSPA was used to monitor pH- and oxidation state-

dependent concentrations of 35S-thiols in mixtures of 35S-thiol/35S-disulfide, as only 35S-

thiols are expected to bind to thiol-responsive nanoSPA. In the pH-dependent 

experiment, binding of thiol-responsive nanoSPA to 35S-thiols in 2-(N-morpholino) 

ethanesulfonic acid buffer (MES, pH 5), PBS (pH 7), and carbonate (pH 9) buffers was 

performed. For each pH, thiol-responsive nanoSPA was dispersed in the corresponding 

buffer and 35S-CyS/35S-CySS was diluted in the same buffer, separately. 22 μL of stock 

35S-CyS/35S-CySS was diluted in 2 mL of each buffer and 650 μL of this solution (35S-

CyS 3.67 nM, 3.94 µCi) was added to 1.5 mL of thiol-responsive nanoSPA dispersed in 

the selected buffers mentioned above. 

In the oxidation state-dependent scintillation analysis, four representative metal 

cations were used to alter the 35S-thiol/35S-disulfide ratio by oxidizing 35S-thiols to 35S-

disulfides and reduction of metal cations. 1.5 mM Zn2+, Ni2+, Cu2+, and Fe3+ was added to 

four identical samples of 35S-CyS/35S-CySS (35S-CyS 2.48 nM, 2 µCi). A control 35S-

thiol/35S-disulfide sample was prepared without any metal treatment. Thiol-responsive 
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nanoSPA was then added to the 35S-thiol/35S-disulfide samples and oxidation state-

dependent binding of thiol-responsive nanoSPA to 35S-thiols was monitored by 

scintillation counting. Identical 35S-thiol/35S-disulfide samples (with and without metal 

treatment) were analyzed by 1 mL LSC to compare thiol-responsive nanoSPA with LSC 

in recognition of thiols from disulfides. 

2.2.12 Analysis of 35S-Thiols and 35S-Disulfides in a Mixture Using Thiol-Responsive 

nanoSPA 

To evaluate the ratio of 35S-thiol/35S-disulfide, two samples were prepared. A 

sample of 35S-thiol/35S-disulfide (35S-CyS 2.48 nM, 2 µCi), was used for thiol analysis by 

monitoring binding of thiol-responsive nanoSPA to 35S-thiols. To an identical sample of 

35S-thiol/35S-disulfide, excess NEM (15 mM) was added to block the 35S-thiols and 

inhibit binding to thiol-responsive nanoSPA. Thiol-responsive nanoSPA was added to 

both samples to monitor binding of thiol-responsive nanoSPA to 35S-thiols and inhibition 

of binding to NEM-blocked 35S-thiols, respectively. Ultimately, excess NaBH4 (~15 mM) 

was added to both samples, to specifically cleave 35S-disulfides bonds and release new 

35S-thiols to bind to thiol-responsive nanoSPA. 

2.2.13 Cell Culture and Exploring the Incorporation of 35S-Thiols in HEK293 Cells 

Using Thiol-Responsive nanoSPA 

HEK293 cells were purchased from American Type Culture Collection (ATCC; 

Gaithersburg, MD), and were maintained in 25 cm2 flasks at 37 ºC and 5% CO2. MEM, 

supplemented with 100 units/mL penicillin and 100 µg/mL streptomycin, was used to 

maintain cells, that included 10% fetal bovine serum, 0.01 mM CyS, 0.1 mM glycine, and 

2.0 mM glutamine. HEK293 cells were seeded in 5 cm petri dishes (~6000 cells/dish) and 



75 

 

fed with a medium including 35S-CySS (2.1 µCi per dish) and maintained for 5 d by 

addition of more MEM to the dishes. 35S-CySS-fed HEK293 cells were lysed by multiple 

cycles of freezing in a mixture of dry ice and IPA and thawing in a water bath (37 ºC). 

SPA experiments were performed by mixing cell lysates (including small molecules and 

proteins) with thiol-responsive nanoSPA. Negative control HEK293 cells were 

maintained in MEM with no 35S-CySS and processed along with the 35S-CySS-fed cells. 

2.2.14 Application of Thiol-Responsive nanoSPA for Analysis of 35S-Thiols and 35S-

Disulfides in HEK293 Cell Lysates 

HEK293 cells were seeded in 5 cm petri dishes and fed with 35S CySS. Feeding 

cells with MEM spiked with 35S-CyS (~82.8 µCi/dish) was done on three groups of cells 

(3 replicates each) the day after seeding and 35S-CyS-fed HEK293 cells were incubated 

for 5 d, along with a control group (3 replicates) with no 35S-CyS. MEM media was 

added to the dishes during the incubation time to maintain the cells. Media change was 

avoided to preserve the 35S-CyS source in petri dishes. After 5 d cell lysis was performed, 

in which a step of 35S-thiols/35S-disulfides ratio alteration in live cells was planned. First, 

cells were washed with PBS buffer three times to remove excess 35S-CySS that was not 

incorporated in cells. HEK293 cells were then harvested from >90% confluent dishes by 

trypsinization and resuspended in PBS buffer. Sublethal doses of H2O2 or diamide was 

used to induce thiol-disulfide interconversion. One set of 35S-CyS-fed HEK293 cells was 

treated with 50 µM H2O2 for 5 min at 37 °C, followed by centrifugation and removal of 

supernatant. Another set of 35S-CyS-fed HEK293 cells were suspended in PBS containing 

5 mM diamide for 5 min at 37 °C, to specifically oxidize intracellular thiols to disulfides, 

followed by centrifugation and removal of supernatant. To prevent redox reactions and 



76 

 

interconversion of thiols and disulfides during the sample preparation and analysis, 

trichloroacetic acid (TCA) was used to lyse the cells, immediately after removing the 

oxidizing agents from the suspension of cells. TCA quenches the redox reactions and 

aggregates proteins which helps separating them from small thiols in cell lysates.166 Cells 

were washed with PBS buffer and resuspended in 900 µL PBS. A group of 35S-CyS-fed 

HEK293 cells was processed as intact cells and no oxidizing agent was used during the 

lysis process in addition to the set of negative control samples with no 35S-CySS. Cell 

lysis was performed by addition of 100 µL cold 100% TCA to the suspension of cells. 

Cell lysis was done for 30 minutes on ice and the aggregated pellets of proteins were 

separated from the supernatants, that included small thiols and disulfides, by 

centrifugation at 18500 × g for 60 min at 4 °C. To adjust the pH of cell contents to 7.4, 

TCA was neutralized by titrating with 400 µL NaOH 1 M. 35S-thiol/35S -disulfide ratio in 

cell contents were determined by SPA analysis of the supernatants using thiol-responsive 

nanoSPA. Each sample of cell lysates was split in half. Thiols were analyzed in one half 

and disulfides were measured in the other half by depletion of thiols using excess NEM 

(15 mM) and reduction of disulfides NaBH4 (15 mM), followed by addition of 300 µL 

suspension of thiol-responsive nanoSPA in PBS buffer that contained nanoSPA 

equivalent to 1 mg PS core. Protein pellets obtained from each dish were dissolved in 800 

µL 0.4 M citrate (pH 4.5) that contained 1 mM EDTA and 5% SDS by sonication for 60 

minutes. Dissolved protein pellets were analyzed by addition of 200 µL thiol-responsive 

nanoSPA (1 mg PS core) without further treatment for the global 35S content of proteins 

of HEK293 cells, including membrane proteins. 
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2.2.15 Binding of 35S-Thiols to Human Serum Albumin Immobilized on NH2-

nanoSPA 

Human serum albumin with biotin conjugation was immobilized on NH2-

nanoSPA through the well-established biotin-avidin-biotin coupling. First, 17 mg biotin-

NHS was conjugated to NH2-nanoSPA (9 mg PS core) suspended in 9 mL PBS buffer 

overnight. Peptide coupling of the activated carboxyl groups of biotin-NHS to amine 

groups of NH2-nanoSPA resulted in biotinylated nanoSPA (PS-APTS-B). PS-APTS-B 

nanoSPA was centrifuged, and the supernatant was discarded to remove excess biotin-

NHS. After resuspending the PS-APTS-B nanoSPA in PBS buffer, 30 mg neutravidin 

was added for coupling to the immobilized biotins on the surface of PS-APTS-B 

nanoSPA. Biotin-neutravidin coupling was incubated for 1 h to obtain neutravidin-coated 

nanoSPA (PS-APTS-B-N). Centrifugation of the PS-APTS-B-N nanoSPA and removal 

of the supernatant was done to eliminate any excess neutravidin protein from the mixture. 

PS-APTS-B-N nanoSPA were resuspended in 9 mL PBS buffer. One-third of the 

suspension of PS-APTS-B-N nanoSPA was used as a control. To the remaining 

suspension, PS-APTS-B-N nanoSPA in 6 mL PBS buffer, 600 µL solution of 1 µg/µL 

biotin-HSA in PBS was added for immobilization of HSA. PS-APTS-HSA nanoSPA 

were collected by three cycles of centrifugation and rinsing with PBS. PS-APTS-HSA 

nanoSPA was resuspended in 6 mL PBS buffer. One-half of the suspension was treated 

with 10 mM NEM to block the free thiol groups on immobilized HSA protein. The other 

half of the suspension of PS-APTS-HSA nanoSPA was used with no further treatments. 

Each set of nanoSPA (PS-APTS-B-N, NEM-treated PS-APTS-HSA, and untreated PS-

APTS-HSA) was used to make three replicates of samples containing 1 mg PS core in 1 
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mL PBS buffer. SPA experiment was performed by titrating nanoSPA samples with 

increasing concentrations of 35S-CyS. Total assay concentration of 35S-CyS ranged from 

0 to 8.69 nM and 35S activity ranged from 0 to 2.34 µCi. 

2.2.16 Indirect Measurement of Nitroxyl Captured by 35S-Thiols (Inhibition of 

Binding of Thiol-Responsive nanoSPA to HNO-Blocked 35S-Thiols) 

Angeli’s salt was added to four identical samples of 35S-thiol/35S-disulfide (1.28 

nM 35S-CyS, 1.04 µCi), to block the 35S-thiols. Angeli’s salt decomposed to provide 

HNO (0, 3.75, 7.5, and 15 nmol) to produce 35S-sulfinamide by reacting with 35S-thiols. 

35S-thiol-blocking with HNO was performed on ice to slow the decay of HNO. Thiol-

responsive nanoSPA was then added to HNO-treated 35S-thiol/35S-disulfide samples to 

monitor the decrease in scintillation due to binding inhibition. 

2.3 Results and Discussion 

Novel, optical-sensing, nanoparticles were fabricated for analysis of thiols and 

disulfides. Scintillant PS-core silica-shell nanoparticles with a high specific area (larger 

than 100 m2/g PS core), high surface to volume ratio (ca. 2x107 m-1), and surface-thiol 

functional groups, facilitate selective and sensitive detection of 35S-thiols. 35S-disulfides 

were analyzed by reduction to 35S-thiols while a thiol-modifying agent depleted existing 

35S-thiols. 

2.3.1 Fabrication and Characterization of nanoSPA 

The energy of β-particles, emitted from common radioisotopes employed in 

bioanalysis, translates into short wavelengths in the electromagnetic spectrum (ca. 7.4 pm 

for 35S). Analysis of radiolabeled biomolecules requires an energy converting platform to 

turn the energy of β-particles to visible light that is easy to detect with conventional 
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photon detectors. Scintillant nanomaterials are developed for conversion of radioactive 

energy to photons in the visible range of the spectrum (400-700 nm). 
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Figure 2-1. The fabrication process of nanoSPA. (A) Polymerization of styrene using a 

cationic initiator (AIBA), (B) incorporation of primary (pTP) and secondary (dmPOPOP) 

scintillant dyes into PS core, and (C) coating of scintillant-doped PS core with silica shell 

using organosilanes. (D) Schematic presentation of nanoSPA. SPA signal is observed 

upon binding of nanoSPA to a radioligand. NPE background is observed for unbound 

radioligands. Dashed and solid lines represent non-radiative and radiative energy transfer. 

 

Figure 2.1A shows the fabrication of PS core from styrene monomer, using a 

surfactant-free emulsion polymerization.232 AIBA, a cationic initiator, is used to start the 

polymerization through a free radical chain reaction. The resultant polymer spheres are 

the cores of nanoSPA and are further processed to optimize the scintillation cascade 

inside nanoSPA. The solid polymer core of nanoSPA resembles the liquid organic 

solvent in traditional LSC and facilitates absorption of radioactive decay energy upon 
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collision of β-particles with nanoSPA. However, the low quantum yield of PS core (~7%) 

and its short emission wavelength (~310 nm)233 requires incorporation of more efficient 

scintillants, such as hydrophobic fluorophores. 

PS core of nanoSPA provides a hydrophobic matrix to incorporate organic 

fluorophore dyes with conjugated electronic systems, such as pTP and dmPOPOP (Figure 

2.1B). Scintillant fluorophores increase the scintillation efficiency by absorption of 

energy from β-particles in addition to absorption of energy from excited PS core. Non-

radiative energy transfer inside the PS core nanoparticles leads to the emission of photons 

with an intensity proportional to the concentration of radiolabeled target analyte. The 

emission wavelength of nanoSPA may be tuned by employing various scintillant dyes.234-

236 Doping PS nanoparticles with fluorophores such as pTP (primary scintillant), enables 

absorption of β-particles in UV region of the spectrum (~270 nm). Additional red-shifted 

fluorophores such as dmPOPOP (secondary scintillant in “blue” nanoSPA), tunes the 

emission of light to ~430 nm, the peak sensitivity of the PMT detector in a liquid 

scintillation analyzer.49 Eu(dbm)3(phen) chelate dye may be used as the secondary 

scintillant to produce “red” nanoSPA with more red-shifted emission wavelength (~630 

nm), suitable for analysis with the CCD camera. Figure 2-2A shows the structures of 

pTP, dmPOPOP, and Eu(dbm)3(phen) dyes. The corresponding fluorescence excitation 

and emission spectra of pTP and dmPOPOP are presented in Figure 2-2B.  
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Figure 2-2. Blue and red nanoSPA. (A) Structure of primary (pTP) and secondary 

(dmPOPOP and Eu(dbm)3(phen)) scintillant dyes used to dope blue and red nanoSPA, 

respectively. (B) Normalized fluorescence excitation (hollow) and emission (filled) 

spectra of pTP (blue squares) and dmPOPOP (red circles). (C) Fluorescence emission of 

red nanoSPA excited at 270 nm. Nonradiative energy transfer from pTP to dmPOPOP in 

blue nanoSPA, or Eu(dbm)3(phen) in red nanoSPA, results in the emission of photons 

from the secondary scintillants (at 430 and 630 nm for blue and red nanoSPA, 

respectively) that is recorded as the scintillation response. 

 

The overlap between the emission spectrum of pTP and the excitation spectrum of 

dmPOPOP improves the efficiency of nonradiative energy transfer through the 

scintillation cascade in blue nanoSPA. Figure 2-2C shows the fluorescence emission of 
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red nanoSPA excited at 270 nm. In this chapter and the following ones, the blue 

nanoSPA was used for development of bioanalytical assays. 

Scintillant-doped PS core nanoparticles were coated with silica, to obtain 

scintillant-doped PS-core silica-shell nanoparticles (nanoSPA). Silica coating of PS core 

nanoparticles (Figure 2.1C) protects the assembly of the PS matrix by isolating the 

organic scintillant dyes from water-based biological samples and protects the samples 

from the organic core of nanoparticles. Silica-coated nanoparticles are more hydrophilic 

and less prone to aggregation in aqueous media compared to polymer cores. Moreover, 

the silica surface of core-shell nanoparticles makes them amenable for further surface 

functionalization through well-established silane coupling reactions. Additionally, the 

phospholipid coating of silica-coated PS nanoparticles (phospholipid-nanoSPA) 

minimizes non-specific adsorption of biomolecules such as proteins (Chapter 3). 

Furthermore, proteins may be incorporated in the phospholipid coating of nanoSPA to 

develop sensors for a variety of biomolecules based on phospholipid-nanoSPA. Silica 

coating of PS core is initiated by nucleation of silica monomers and oligomers on the 

surface of PS core. Nucleation of silica precursors on the hydrophobic surface of polymer 

core is possible in basic pH.237  

Zeta potential measurements of PS core prepared using a cationic initiator (AIBA) 

shows a slightly positive charge (ca. 5.2 mV) on the surface (Figure 2-3) which facilitates 

the nucleation of anionic silica precursors on PS core nanoparticles. Although scintillant-

doped PS core shows a slightly negative zeta potential (ca. -3 mV), silica coating is not 

hindered, as confirmed by further characterization of PS-core silica-shell nanoparticles 

using zeta potential measurements, electron microscopy, and elemental analyses. Silica 
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beads grow on the surface of PS core through hydrolysis reactions and full coverage of 

the PS core is obtained by condensation and polymerization of silica precursors. 
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Figure 2-3. Zeta potential of native and scintillant-doped PS core and PS-core silica-shell 

(PS-TEOS, PS-APTS, and PS-MPTS) nanoparticles, dispersed in 100 mM NaCl. 

 

Zeta potential measurements of PS-core silica-shell nanoparticles show negative 

surface charge for PS-TEOS (ca. -16 mV) and PS-MPTS (ca. -8 mV) nanoparticles, while 

PS-APTS nanoparticles show a positively charged (ca. 32 mV) surface (Figure 2-3). The 

observed dramatic change in surface zeta potential upon silica coating supports 

nucleation and condensation of silica precursors on PS core nanoparticles. Furthermore, 

the sign of zeta potentials measured for different PS-core silica-shell nanoparticles is 

attributed to the surface chemistry of these nanoparticles. PS-TEOS core-shell 

nanoparticles show the most negative zeta potential due to the presence of ionizable 
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silanol groups. Zeta potential becomes less negative for PS-MPTS core-shell 

nanoparticles due to the presence of thiol groups on the surface in addition to silanol 

groups. Thiol groups are partially protonated, which makes the surface less negative 

compared to PS-core silica-shell nanoparticles without thiol groups (PS-TEOS). Amine 

functionalized core-shell nanoparticles (PS-APTS) show positive zeta potential since the 

primary amine groups are fully protonated. 

Zeta potential measurements are performed in stable suspensions of nanoparticles 

in an electrolyte solution. An electric field is applied using a dip cell and the velocity of 

moving nanoparticles through the electrolyte solution is measured by laser Doppler 

velocimetry. The velocity of particles per unit applied field, which is defined as 

electrophoretic mobility (µep), is related to the zeta potential (ζ) of nanoparticles through 

Equation 2-1.231  

µep = 2ɛζƒ(κa)/3η                                                 (2-1) 

In this equation, which is Henry’s correction to Smoluchowski’s and Huckel’s 

equations, η is the viscosity and ε is the dielectric constant of the electrolyte solution. 

f(κa), i.e. Henry’s function, relates to the contribution from nanoparticles radius (a) and 

the thickness of the dielectric double layer (inverse of κ) around the nanoparticles.  f(κa) 

approximates to 1.5 for PS core and PS-core silica-shell nanoparticles in aqueous 

media.231 

PS core nanoparticles were fabricated, in a comparative experiment, using a 

neutral initiator (AIBN). Zeta potential measurements for PS core nanoparticles prepared 

using AIBA and AIBN showed significantly different surface charge, due to the exposure 

of cationic initiators in PS core prepared using AIBA. Figure 2-4 shows the structures of 
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AIBA and AIBN and the zeta potential of PS core nanoparticles prepared using these 

initiators in NaCl solutions of varying concentrations. Silica coating on PS core 

nanoparticles prepared using AIBN was not possible due to the highly negatively charged 

surface of PS core. Nucleation of negatively charged silica precursors is compromised 

because of electrostatic repulsion.230 
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Figure 2-4. Structure of (A) cationic initiator AIBA and (B) neutral initiator AIBN. (C) 

Zeta potential of native PS core nanoparticles prepared using AIBA and AIBN initiators, 

dispersed in varying concentrations of NaCl solutions. 

 

Size measurements of nanoparticles suspended in water using DLS provided some 

insight into the diameter of nanoparticles and their potential hydrophobic/hydrophilic 

interactions with water. A HeNe laser source (633 nm) is used to illuminate the 

nanoparticles and scattered light is detected at 173º, to minimize interference from dust 

within the dispersant.238 Hydrodynamic diameter (Dh) of nanoparticles and polydispersity 

index (PDI) are obtained by DLS analysis. A polynomial is fit to the correlation data 
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produced by DLS. PDI, a dimensionless number, is calculated through cumulant analysis 

as presented in Equation 2-2.239 

PDI = 2c/b2                                                         (2-2) 

PS core nanoparticles were measured to be 247.2±3.7 nm. PDI values for PS core 

nanoparticles were obtained to be 0.019 ± 0.004. PDI values smaller than 0.05 

demonstrate that PS core nanoparticles are highly monodisperse. Conversely, PDI values 

greater than 0.7 are obtained for PS-core silica-shell nanoparticles, which means DLS is 

not appropriate for size measurement in such cases.239 

Further analyses of PS core and PS-core silica-shell nanoparticles were performed 

by electron microscopy, to monitor the diameter, size distribution, shell thickness, surface 

morphology, and elemental composition of the nanoparticles. Electron microscopy is 

based on the interaction of an incident beam of electrons with objects and provides a 

greater resolution (~1 nm) than optical microscopy due to the shorter de Broglie 

wavelength of the electron compared to photons.240 TEM and STEM were utilized for 

characterization of scintillant PS core and PS-core silica-shell nanoparticles. TEM works 

based on the transmission of an incident beam of electrons through a thin object, under 

ultra-high vacuum (UHV) in the range of 10-7 to 10-9 Pa. Transmitted electrons are 

collected into an image using a detector, such as a CCD camera. Figure 2-5 shows TEM 

images of PS core, PS-TEOS core-shell, PS-APTS core-shell, and PS-MPTS core-shell 

nanoparticles on carbon-coated copper grids. 
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Figure 2-5. TEM images of (A) PS core, (B) PS-TEOS, (C) PS-APTS, and (D) PS-MPTS 

core-shell nanoparticles. PS-APTS and PS-MPTS nanoparticles are decorated with amine 

and thiol functional groups on the surface, respectively. Morphology of thiol-

functionalized (raspberry-like) nanoparticles demonstrates a rough surface as compared 

to that of amine-functionalized nanoparticles. 

 

TEM image of PS core nanoparticles shows uniformly made nanoparticles with a 

narrow distribution of size and a diameter of about 200 nm (Figure 2-5A). TEM images 

of PS-core silica-shell nanoparticles show the narrow distribution of size and full 
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coverage of PS cores with silica shell of uniform thickness, ca. 50 nm (Figure 2-5B to D). 

The diameter of scintillant core-shell nanoparticles makes them potentially a better 

choice for sensitive analysis of radiolabeled analytes in live cells, due to their smaller size 

(<300 nm and <14 aL) compared to commercial microparticles (>2.5 µm and >8.2 fL), 

based on ongoing experiments in the Aspinwall lab and unpublished data. Nonetheless, 

PS core size may be tuned to a larger size (µm) by increasing the amount of starting 

styrene monomer and the initiator and copolymerizing, e.g. with polyvinylpyrrolidone 

(PVP) (Chapter 4). 

The surface area of nanoSPA is maximized due to the smaller size of scintillant 

core-shell nanoparticles as compared to commercial SPA microparticles, which 

potentially improves the sensitivity of detection by maximizing the number of receptor 

moieties that may be immobilized on the surface of scintillant core-shell nanoparticles. 

The surface area to volume ratio is improved from 2.4×106 m-1 for commercial SPA 

microparticles to 2.0×107 m-1 for nanoSPA. Scintillant core-shell nanoparticles are 

potentially useful for bioanalytical assays in live cells (>102 fL) due to minimal 

perturbation of intracellular environment upon uptake of nanoparticles. Preliminary 

studies are ongoing for incorporation of nanoSPA in live cells and imaging.  

TEM images presented in Figure 2-5 show smooth surface morphology for PS 

core nanoparticles, whereas PS-TEOS and PS-APTS core-shell nanoparticles are not 

smooth. However, PS-TEOS and PS-APTS nanoparticles are relatively smooth compared 

to PS-MPTS nanoparticles which show a rough raspberry-like surface. It is hypothesized 

that PS-MPTS nanoparticles have a greater surface area due to the roughness of the 

surface. 
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STEM analysis of PS-core silica-shell nanoparticles was performed using an 

ultra-high-resolution scanning transmission electron microscope, equipped with an EDX 

detector. STEM is primarily based on the transmission of electrons through a thin object 

under UHV, upon interaction of an incident beam of electrons. However, STEM takes 

advantage of detection of other electrons, such as secondary electrons and X-rays emitted 

or backscattered from the surface of the object.240 The image obtained by collection of 

secondary electrons depends on the surface topography of the object. Elemental analysis 

is performed by collecting the emitted X-rays with a characteristic energy of the 

elemental composition of the specimen. Figures 2-6 to 2-8 show STEM images of PS-

TEOS, PS-APTS, and PS-MPTS core-shell nanoparticles. Surface topography of PS-

TEOS is smooth, similar to that of PS-APTS core-shell nanoparticles. Surface 

topography of PS-MPTS nanoparticles is rougher as compared to that of PS-TEOS and 

PS-APTS nanoparticles. Elemental composition of core-shell nanoparticles shows a 

uniform distribution of carbon throughout the image, due to the emission of X-rays from 

K shell of carbon in the polymer core of nanoparticles. However, the elements forming 

the silica shell (Si, O, S, and N) are observed more on the surface of nanoparticles, which 

further confirms the core-shell architecture of nanoparticles. Although the same 

concentration of amine-functionalized silane reagent (APTS) as that of thiol-

functionalized silane reagent (MPTS) was used to coat the nanoparticles, the results of 

elemental analysis using STEM show greater signal from S in PS-MPTS than N in PS-

APTS nanoparticles, due to greater atomic number of S and higher sensitivity of this 

technique to this element. 
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Figure 2-6. Electron microscopy of PS-TEOS nanoparticles. (A) STEM image of PS-

TEOS nanoparticles. STEM-EDX mapping of PS-TEOS nanoparticles for elemental 

analysis of (B) C, (C) O, and (D) Si. 
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Figure 2-7. Electron microscopy of PS-APTS nanoparticles. (A) STEM image of PS-

APTS nanoparticles. STEM-EDX mapping of PS-APTS nanoparticles for elemental 

analysis of (B) C, (C) O, (D) Si, and (E) N. 
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Figure 2-8. Electron microscopy of PS-MPTS nanoparticles. (A) STEM image of PS-

MPTS nanoparticles. STEM-EDX mapping of PS-MPTS nanoparticles for elemental 

analysis of (B) C, (C) O, (D) Si, and (E) S. 

 

The organic core of nanoparticles contains the scintillant dyes and makes the 

core-shell nanoparticles lighter than commercial crystal microparticles, which helps with 

the dispersion of nanoparticles in aqueous samples. Sedimentation is not a problem with 
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scintillant polymer-core silica-shell nanoparticles during the SPA experiments because of 

small weight (ca. 22 fg/nanoparticle) and relatively low density (~ 1.6 g/cm3), as opposed 

to commercial inorganic scintillant microparticles. The hydrophilic composition of 

nanoparticles on the surface prevents aggregation, as opposed to commercial polymer 

scintillant microparticles, and enables dispersion in aqueous biological samples. 

PS-TEOS core-shell nanoparticles lack specific binding moieties; however, PS-

TEOS core-shell nanoparticles are capable of scintillation analysis in presence of 

radiolabeled analytes without specific binding (nanoSCINT),230 and through non-specific 

adsorption (Chapter 3). These nanoparticles are the best choice for lipid coating in 

sensors designed based on liposome-coated PS-silica nanoparticles.241 PS-APTS and PS-

MPTS core-shell nanoparticles are amine- and thiol-functionalized, respectively. These 

reactive functional groups can bind radiolabeled analyte molecules and improve the 

scintillation response due to the intimate contact of β-particle emitting radioisotopes with 

scintillant nanoparticles (nanoSPA). Both nanoSCINT and nanoSPA platforms are 

amenable for further surface modification to fabricate a variety of advanced nanoSPA 

platforms, through immobilization of chemically synthesized binding moieties such as 

boronic acid (Chapter 4), or biomolecules such as DNA, aptamers, proteins, and 

antibodies (Chapter 3). 

2.3.2 Detection of 35S-Thiols Using Thiol-Responsive nanoSPA  

To illustrate that thiol-responsive nanoSPA could be used for SPA-based 

detection of 35S-thiols, 35S-CyS was employed as a model thiol compound. The 

scintillation upon binding of thiol-responsive nanoSPA to 35S-thiols was monitored. 35S-

CyS has a thiol group that can be oxidized to form a disulfide bond, that is stable until a 
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stronger reducing agent is added. 35S-CySS represents the disulfide form of 35S-CyS. A 

binding experiment was performed to investigate the binding of thiol-responsive 

nanoSPA to 35S-thiols. It is hypothesized that in a sample of 35S-thiols and 35S-disulfides, 

thiol-responsive nanoSPA can only bind to 35S-thiols through disulfide binding. The 

specific binding of thiol-responsive nanoSPA to 35S-thiols is facilitated through the thiol 

groups on the surface of thiol-responsive nanoSPA. Scintillation cascade starts upon 

covalent binding of thiol-responsive nanoSPA to 35S-CyS (35S-thiol). On the other hand, 

35S-CySS (35S-disulfide) remain unbound in solution with no contribution to the SPA 

signal. Thiol-functionalized scintillant PS-core silica-shell nanoparticles (PS-MPTS) are 

referred to as thiol-responsive nanoSPA, because of their capacity to bind to thiols and 

scintillate upon binding. Figure 2.9 shows the disulfide binding of thiol-responsive 

nanoSPA to 35S-thiols. 

+ + H+

 
 

Figure 2-9. Specific binding of thiol-responsive nanoSPA to 35S-thiols. Pink S represents 
35S. 

  

Scintillation response of thiol-responsive nanoSPA to increasing concentration of 

35S-thiols was evaluated by adding 35S-CyS to thiol-responsive nanoSPA dispersed in 

degassed PBS buffer. To account for the NPE, same amounts of 35S-CyS was added to 

NH2-nanoSPA. Figure 2-10 shows the scintillation response as a function of the 

concentration of added 35S-CyS to thiol-responsive and NH2-nanoSPA. While amine-



95 

 

functionalized nanoparticles are not expected to bind to 35S-thiols, the NPE is expected. 

A 10-fold enhancement in scintillation response was observed for thiol-responsive 

nanoSPA, as compared to NH2-nanoSPA, which is a strong evidence for specific binding 

of thiol-responsive nanoSPA to 35S-CyS.  
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Figure 2-10. Scintillation of thiol-responsive nanoSPA (red squares) upon specific 

binding to 35S-thiols and NPE on NH2-nanoSPA (blue diamonds). 

 

The background scintillation counts observed for NH2-nanoSPA results from the 

non-proximity scintillation due to the energy transfer from 35S-CyS decay close to NH2-

nanoSPA without specific binding. The signal enhancement from the specific binding of 

thiol-responsive nanoSPA to 35S-thiols was up to 10 times the background NPE, with no 

separation step required. Limit of detection for 35S-CyS analysis with thiol-responsive 
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nanoSPA was obtained as <1.1 pM (<1.1 nCi). Limit of detection for the NPE of 35S-CyS 

with NH2-nanoSPA was obtained as 11 pM (11 nCi). The assay developed for thiol 

analysis using thiol-responsive nanoSPA has the lowest LOD in comparison to current 

techniques of thiol analysis (Table 2-1). 

To further investigate the specific binding of thiol-responsive nanoSPA to 35S-

thiols through disulfide bonds, a thiol-reactive agent was used to block 35S-thiols in 35S-

CyS, thiols on PS-MPTS nanoparticles, or both. Thiol depletion was performed to inhibit 

binding of thiol-responsive nanoSPA to 35S-thiols. The thiol-reactive agent selected for 

this purpose was NEM, a highly reactive cyclic alkene that alkylates thiols to form a 

thioether through thiol-ene click chemistry. Thiols add to the ene group in maleimides 

through a highly orthogonal click reaction 242 and NEM is commonly used in protein 

chemistry as a thiol-blocking reagent, which benefits from its small size.165-166,175,242-243 

The free-radical chain reaction of NEM with thiols is a type of Michael addition and is 

facilitated by the weak thiol-hydrogen bonds.244 Furthermore, alkylation of thiols 

quenches the thiol-disulfide status and helps with the analysis of disulfides in presence of 

depleted thiols.27 Upon NEM addition specific binding of thiol-responsive nanoSPA to 

NEM-blocked 35S-thiols is inhibited (Figure 2-11).  

No binding expected
+

 
 

Figure 2-11. Binding of thiol-responsive nanoSPA to NEM-blocked 35S-thiols inhibited. 
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NEM treatment was performed on thiols before mixing thiol-responsive nanoSPA 

with 35S-CyS. The reduction in scintillation response in the NEM-treated samples was 

normalized to the scintillation response from a sample with no NEM treatment. Figure 2-

12 shows the results of these experiments and further supports the specific binding of 

thiol-responsive nanoSPA to 35S-thiols. Complete inhibition of disulfide binding of thiol-

responsive nanoSPA to 35S-thiols was observed in all three NEM-treated samples with 

scintillation response equivalent to NPE (background). 
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Figure 2-12. Inhibition of binding of thiol-responsive nanoSPA to 35S-thiols through 

blocking thiols with NEM. Thiol-blocking was performed on thiol-responsive nanoSPA 

(blue), 35S-CyS (red), or both (purple). Scintillation responses of all samples are 

normalized to the control sample without NEM treatment (green). 
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To investigate the dependence of thiol-depletion extent on the NEM 

concentration, treatment of 35S-thiols was performed using different concentrations of 

NEM. NEM was added to four identical samples of 35S-thiols (fixed concentration of 35S-

CyS) at varying concentrations. Higher binding inhibition was observed with increasing 

concentrations of NEM, and scintillation response decreased with increasing 

concentration of NEM (Figure 2-13).  
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Figure 2-13. Inhibition of binding of thiol-responsive nanoSPA to 35S-thiols through 

blocking 35S-thiols with NEM. Scintillation of thiol-responsive nanoSPA (red triangles) 

decreased by increasing concentration of NEM and approached the NPE (blue dotted 

line). Scintillation responses of all samples are normalized to the control sample (without 

NEM treatment). 

 

These data illustrate the successful blocking of thiol groups on 35S-CyS, which 

provides additional evidence for specific binding of thiol-responsive nanoSPA to 35S-CyS 

via disulfide binding. Additionally, these results suggest the capability of thiol-responsive 
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nanoSPA for measurement of disulfides in samples of thiol-disulfide by depletion of 

thiols followed by reduction of disulfides to new thiols. Moreover, it is possible to 

indirectly measure thiol-reactive reagents by depletion of thiols. 

2.3.3 Disulfide Cleavage/Exchange to Displace 35S-Thiols from the Surface of 

Thiol-Responsive nanoSPA 

To test the reversibility of disulfide binding on thiol-responsive nanoSPA, 

disulfide exchange/cleavage was performed on thiol-responsive nanoSPA bound to 35S-

thiols. Disulfide bonds formed between 35S-thiols and thiol-responsive nanoSPA can be 

cleaved by reducing agents, such as TCEP and DTT.245-246 TCEP and DTT were both 

used since they exhibit different reducing potential and chemistry. DTT is a disulfide 

reducing agent which converts disulfide bonds to free thiol groups and becomes an 

intramolecular cyclic disulfide.247-248  TCEP is an odorless disulfide reducing agent which 

is soluble in water and highly stable in both acidic and basic solutions.249 Also, disulfide 

exchange using unlabeled L-CyS can dynamically displace bound radiolabeled L-CyS 

molecules (35S-thiols) from the surface of thiol-responsive nanoSPA, which decreases the 

scintillation response. 

To aliquots of mixtures of thiol-responsive and NH2-nanoSPA with 35S-CyS, 

excess TCEP, DTT, and L-CyS were added and scintillation response was measured as a 

function of time. It is hypothesized that a decrease in the scintillation response of thiol-

responsive nanoSPA will be observed by displacing 35S-thiols from the surface of thiol-

responsive nanoSPA, whereas the NPE will be unaffected. 

Figure 2-14 shows the time-dependent displacement of bound 35S-thiols from the 

surface of thiol-responsive nanoSPA by addition of excess unlabeled CyS, TCEP, and 
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DTT (the markers red circles, blue triangles, and green squares). The scintillation 

decrease presented in Figure 2-14 provides additional evidence of disulfide bond 

formation between thiol-responsive nanoSPA and 35S-thiols. The impact of TCEP and 

DTT and unlabeled CyS in displacing 35S-thiols from the surface of thiol-responsive 

nanoSPA is similar at early times after addition of the reducing reagents (i.e. up to about 

100 min). However, they show different displacement impacts with proceeding time. 

DTT presents a higher rate of decrease in scintillation by reducing the disulfide bonds 

formed between 35S-thiols and thiol-responsive nanoSPA, as expected due to the higher 

reducing activity of DTT compared to TCEP.245-246  
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Figure 2-14. Displacement of 35S-thiols bound to thiol-responsive nanoSPA through 

disulfide exchange and cleavage. Disulfide exchange was performed using L-CyS (red 

circles). Disulfide cleavage was performed using TCEP (blue triangles) and DTT (green 

squares). Scintillation of thiol-responsive nanoSPA decreased because bound 35S-thiols 

were exchanged by CyS or removed through reduction of disulfide bonds by TCEP or 

DTT. NPE on NH2-nanoSPA stayed constant with the same treatments: CyS (solid red 

line); TCEP (dashed blue line); and DTT (dotted green line). 
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The slow rate of the disulfide exchange of CyS with 35S-CyS-bound nanoSPA (k < 1 M-

1s-1) 250 and the instantaneous binding of thiol-responsive nanoSPA to 35S-CyS shows that 

the thiol analysis in a real biological sample, comprised of CyS and 35S-CyS, would not 

be affected during the analysis time. The lines (red solid, blue dashed, and green dotted) 

in Figure 2-14 show the impact of L-CyS, TCEP, and DTT, respectively, on scintillation 

counts on NH2-nanoSPA due to NPE. The NPE remained constant as expected because 

there is no disulfide binding of the NH2-nanoSPA to 35S-thiols and addition of reducing 

agents did not affect it. 

2.3.4 Exploring the pH- and Oxidation State-Dependent Interconversion of 35S-

Thiols and 35S-Disulfides Using Thiol-Responsive nanoSPA 

CySS comprises approximately 40% of total CyS equivalent in plasma and CyS is 

known to undergo a pH-dependent oxidation to CySS.180 Figure 2-15 shows the pH-

dependent interconversion of 35S-thiols and 35S-disulfides. It is important to monitor 

thiols and disulfides in biological samples as a function of pH. Scintillation response of 

thiol-responsive nanoSPA to 35S-thiols at different pH values was monitored to evaluate 

the effect of pH on the concentration of 35S-thiols, as the extent of binding and 

scintillation response depends on 35S-thiols since 35S-disulfides are not capable of binding 

to thiol-responsive nanoSPA. 

2
Ox

Red
+  2 H+ +  2 e-

 
 

Figure 2-15. pH-dependent interconversion of 35S-thiols and 35S-disulfides. 
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Figure 2-16 demonstrates the change in scintillation response of thiol-responsive 

nanoSPA to samples of 35S-thiols and 35S-disulfides as a function of pH. Scintillation 

intensity on thiol-responsive nanoSPA depends on the concentration of 35S-thiols in the 

mixture of 35S-thiols and 35S-disulfides. Higher scintillation is expected at lower pH. 

Interestingly, scintillation response due to binding of thiol-responsive nanoSPA to 35S-

thiols at pH 5 is lower than that of pH 7, due to a higher concentration of protonated 35S-

thiols and hinderance of binding to thiol-responsive nanoSPA.189 At pH 7 which is closer 

to pKa of the thiol in 35S-CyS (pKa~8.3),161,165,174,251 a greater fraction of the amino acid is 

deprotonated and active 35S-thiolate ions predominate the mixture, which can form 

disulfide bonds with thiol-responsive nanoSPA. Finally, at pH 9 the 35S-disulfide form of 

this amino acid is dominant and consequently binding-dependent scintillation response 

decreases. These results show the highest extent of binding at physiological pH due to the 

highest ratio of 35S-thiols to 35S- disulfides. Advantageously, higher sensitivity of thiol-

responsive nanoSPA to 35S-thiols is observed at physiological pH, which makes nanoSPA 

a useful sensor for thiol-disulfide analysis in biological samples.  

pH-dependent interconversion of thiols and disulfides, presented in Figure 2-15, is 

correlated to the potential state of the sample according to the Nernst equation (Equation 

2-3): 

E = E° - 0.059/2 ln [RSSR][H+]2/[RSH]2                                                   (2-3) 

where E° is the standard potential and E is the concentration-dependent potential 

of the half-reaction. The driving force of the reaction is defined by Equation 2-4 in which 

n=2 is the number of exchanged electrons in the half-reaction and F is Faraday’s 

constant. 
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ΔG = -nFE                                                         (2-4) 

Thus, the interconversion of thiols and disulfides are impacted by other factors 

such as oxidizing agents. Transition metals can oxidize amino acids via Fenton reaction 

by forming hydroxyl radicals.169 To study the impact of metal cations on interconversion 

of 35S-thiols and 35S-disulfides, metal treatment of identical samples of 35S-CyS and 35S-

CySS was performed and scintillation response of thiol-responsive nanoSPA was 

monitored. Four representative metal cations with different oxidizing potentials were 

used to investigate the oxidation of 35S-thiols to 35S-disulfides. Figure 2-17 shows the 

oxidation of 35S-thiols to 35S-disulfides by an oxidizing metal cation (e.g. Fe3+). 
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Figure 2-16. Scintillation of thiol-responsive nanoSPA in samples of 35S-thiols/35S-

disulfides at different pH values. Highest scintillation observed at pH 7.0 due to the 

highest concentration of free 35S-thiols that bind to thiol-responsive nanoSPA. Lower 

scintillation observed at pH 5.0 due to protonation of 35S-thiols, and pH 9.0 due to the 

conversion of 35S-thiols to 35S-disulfides which lowers covalent binding to thiol-

responsive nanoSPA. 
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Scintillation response is expected to decrease, as a function of the oxidizing 

potential of the metal cations. Since scintillation response of thiol-responsive nanoSPA 

results from binding of thiol-responsive nanoSPA to 35S-thiols, highly oxidizing metals 

should lower this response due to less available 35S-thiols in highly oxidized mixtures of 

35S-thiols and 35S-disulfides. Conversely, a constant intensity of scintillation is expected 

from LSC because scintillation in LSC is not due to specific binding but rather dispersion 

of 35S radioisotope in LSC. LSC can monitor the total radioactivity (35S-thiols and 35S-

disulfides) which is constant throughout the mixtures of 35S-thiols and 35S-disulfides, 

with and without metal treatment and at any redox status. 

2
Redox

+  2 H+ +  2 Fe2++  2 Fe3+ 

 
 

Figure 2-17. Oxidation of 35S-thiol to 35S-disulfide by an oxidizing agent (e.g. Fe3+). 

 

Figure 2-18 shows the normalized scintillation response of thiol-responsive 

nanoSPA (filled columns) to 35S-thiols in presence of identical concentrations of the 

selected metal cations. Scintillation response decreases with increasing oxidizing 

potential of metals. Lower scintillation response represents a lower concentration of 35S-

thiols due to oxidation to 35S-disulfides. The trend is consistent with the oxidizing 

potential of the metals, i.e. Fe3+ +0.771, Cu2+ +0.337, Ni2+ -0.25, and Zn2+ -0.763 V vs. 

standard hydrogen electrode (SHE).252 Fe3+ has the highest oxidative activity among these 

metals and samples treated by Fe3+ show the lowest scintillation response by thiol-

responsive nanoSPA. 
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Figure 2-18. Scintillation of thiol-responsive nanoSPA in samples of 35S-thiols/35S-

disulfides treated with metal cations (filled pink columns). Less binding to thiol-

responsive nanoSPA and lower scintillation response was observed due to oxidation of 
35S-thiols to 35S-disulfides by metal cations. The trend of decrease in scintillation 

response was in accordance to the oxidizing potential of metal cations. Liquid 

scintillation analysis of same samples using LSC (checked columns) showed no 

significant difference between the untreated sample and samples treated with metal 

cations because scintillation in LSC is not based on specific binding and total 35S is 

monitored. Data are normalized to the sample with no metal treatment in each set (LSC 

or thiol-responsive nanoSPA). 

 

Analysis of the same mixtures of 35S-thiols and 35S-disulfides using LSC (checked 

columns in Figure 2-18) shows no significant difference between the metal-treated and 

untreated samples. LSC cocktail is a mixture of scintillant dyes in organic solvents and its 

response to the mixture of 35S-thiols and 35S-disulfides corresponds to the total 35S-

content of the mixture (i.e. including both species) which is not based on specific 
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binding. LSC thus cannot differentiate 35S-thiols from 35S-disulfides and the redox status 

of these mixtures does not affect the scintillation response of LSC. Scintillation responses 

of samples were normalized to the sample without metal treatment in either set of 

samples. 

2.3.5 Thiol-Responsive nanoSPA for Analysis of 35S-Thiols, 35S-Disulfides, and 35S-

Thiol/35S-Disulfide Ratio 

To obtain the thiol/disulfide ratio, thiols were first analyzed, and disulfides were 

then reduced to thiols to be analyzed while existing thiols were depleted using thiol-

blocking agents. Disulfide analysis is more challenging than thiol analysis, due to 

potential cross-reaction of thiol-blocking agents with disulfide-reducing agents. 

Therefore, these agents should be selected with extra caution. NEM is the most 

commonly used alkylating agent that protects thiols from oxidation to disulfides through 

a rapid and effective addition to thiol groups.175,186,211 For intracellular thiol-disulfide 

analyses, NEM can penetrate cell membranes to block intracellular thiols and it also 

inhibits glutathione reductase to prevent any fluctuation in the intracellular network of 

thiol-disulfide during the analysis.175,186 NaBH4 is an effective and selective reducing 

agent that reduces disulfides to thiols in presence of NEM-blocked thiols, without any 

cross-reaction with the NEM-protected thiols. Advantageously, NaBH4 inactivates any 

excess NEM and prevents any modification of newly released thiols from the reduction 

of disulfides.166,211 

The ratio of thiols to disulfides is a factor of the redox status in biological samples 

and is affected by a variety of factors such as ROS.179 Binding of thiol-responsive 

nanoSPA to 35S-thiols facilitates quantitative analysis of 35S-thiols in a mixture of 35S-
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thiols and 35S-disulfides (Figure 2-9). To account for the 35S-disulfides, the existing 35S-

thiols must be blocked first. Selective reduction of 35S-disulfides to new 35S-thiols 

provides additional binding events on the surface of thiol-responsive nanoSPA and the 

scintillation response represents the concentration of 35S-disulfides. Therefore, the ratio 

of 35S-thiols to 35S-disulfides can be quantified by taking the ratio of the scintillation 

response of nanoSPA to existing 35S-thiols to half of the scintillation response of 

nanoSPA to 35S-thiols resulted from the reduction of 35S-disulfides. 

Thiol-responsive nanoSPA was used to quantify the ratio of 35S-thiols to 35S-

disulfides in a sample of 35S-CyS/35S-CySS. Thiol-responsive nanoSPA was added to a 

sample of 35S-CyS/35S-CySS to quantify the concentration of 35S-thiols (35S-CyS). NEM 

was added to an identical sample of 35S-CyS/35S-CySS to block the 35S-thiols on 35S-CyS 

and inhibit binding of thiol-responsive nanoSPA to 35S-thiols. Then NaBH4 was added to 

both samples to selectively cleave the 35S-disulfides in 35S-CySS and produce more 35S-

thiols (35S-CyS). NaBH4 is a selective reducing agent that cleaves the disulfide bonds in 

35S-CySS and leaves the NEM-blocked 35S-thiols intact. Moreover, NaBH4 inactivates 

excess NEM 166,253 to prevent depletion of newly formed 35S-thiols from the reduction of 

35S-disulfides.  

Figure 2-19 shows the results for analysis of 35S-thiols and 35S-disulfides using 

two samples with the identical content of 35S-CyS/35S-CySS. One sample was used for 

quantification of existing 35S-thiols and the other sample was used for quantification of 

35S-disulfides while existing 35S-thiols were depleted. The sample without NEM 

treatment (filled green column, Figure 2-19) was prepared for measurement of 35S-thiols 

through specific binding of thiol-responsive nanoSPA to 35S-thiols in the mixture. 
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Scintillation response observed for this sample was due to specific binding of thiol-

responsive nanoSPA to existing 35S-thiols, with no contribution from 35S-disulfides. The 

identical 35S-CyS/35S-CySS sample that was NEM-treated (filled black column, Figure 2-

19) was monitored with thiol-responsive nanoSPA which showed no scintillation due to 

depletion of 35S-thiols. Binding of thiol-responsive nanoSPA to NEM-treated 35S-thiols 

was inhibited and scintillation decreased to levels equivalent to NPEs. 35S-disulfides that 

were present in this sample did not bind to thiol-responsive nanoSPA and did not 

contribute to SPA response. However, once NaBH4 was added to both samples, additional 

binding and scintillation counts were observed, attributed to newly released 35S-thiols 

from the reduction of 35S-disulfides present in the mixture (striped green and black 

columns, Figure 2-19). 

NaBH4 was added to the sample with no NEM treatment to further show the 

release of 35S-thiols from the selective reduction of 35S-disulfides by NaBH4 (striped 

green column, Figure 2-19). NaBH4 was added to the sample with NEM treatment to 

release 35S-thiols from the selective reduction of 35S-disulfides (striped black column, 

Figure 2-19) as a measure of 35S-disulfides. 

The first (filled green) and the last (striped black) columns in Figure 2-19 were 

used for quantitative analysis of 35S-thiols and 35S-disulfides, respectively. The 35S-

CyS/35S-CySS samples contained 78.8 ± 0.4 mole percent 35S-thiols (35S-CyS) and 21.2 ± 

0.4 mole percent 35S-disulfides (35S-CySS). The ratio of 35S-thiols to 35S-disulfides was 

calculated as 3.7 ± 0.1. This ratio is representative of the 35S content of the mixture in 

mostly 35S-thiol form. The result of this analysis is a strong evidence that thiol-responsive 
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nanoSPA can be used to measure thiols and disulfides in a mixture to evaluate the thiol-

disulfide ratio, as a factor of the redox status of the mixture. 
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Figure 2-19. Scintillation of thiol-responsive nanoSPA in samples of 35S-thiols and 35S-

disulfides with no NEM (green) and with NEM (black), before (filled), and after (striped) 

NaBH4 treatment. The first (filled green) column (nor NEM neither NaBH4) represents 

specific binding of thiol-responsive nanoSPA to existing 35S-thiols in the sample. The last 

(striped black) column (with NEM and NaBH4) represents specific binding of thiol-

responsive nanoSPA to 35S-thiols released from the reduction of 35S-disulfides using 

NaBH4. The ratio of the first column to half of the last column represents the 

thiol/disulfide ratio in the sample. Data are normalized to the sample with no NEM and 

no NaBH4 treatment (first column). 

 

2.3.6 Evaluation of 35S-Thiol Incorporation in HEK293 Cells Using Thiol-

Responsive nanoSPA 

To explore the utility of thiol-responsive nanoSPA for the analysis of 35S-thiol 

content in HEK293 cells, cultured cells were fed with MEM spiked with 35S-CySS (2.1 
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µCi per dish) and nanoSPA was applied for 35S-thiol analysis. The cells were fed with 

35S-CySS-spiked MEM the day after seeding in the dishes and maintained in the 

incubator for 5 d so that 35S was incorporated in the sulfur content of cells. Control 

HEK293 cells were cultured in regular MEM (with no 35S-CySS) and maintained and 

processed similarly to the cells fed with 35S-CyS. HEK293 cells were harvested and 

washed with PBS buffer to remove excess 35S-CyS and lysed using multiple freeze-thaw 

cycles. Cell lysates were monitored for 35S-thiols by adding thiol-responsive nanoSPA. 

Scintillation response in 35S-CySS-fed HEK293 cell lysates was significantly different 

from that of the negative control group (Figure 2-20) due to binding of thiol-responsive 

nanoSPA to 35S-thiols and probably non-specific adsorption of 35S-labeled proteins on 

nanoSPA which confirmed the incorporation of 35S radioisotope in cells.  

Incorporation of 35S in the sulfur content of HEK293 cells enables radiolabeling 

of thiols and disulfides for further analysis with thiol-responsive nanoSPA. These results 

suggest that thiol-responsive nanoSPA may be used for analysis of 35S-thiols in cell 

lysates. Additionally, it is possible to do 35S-disulfide analysis using thiol-responsive 

nanoSPA, to obtain the 35S-thiol/35S-disulfide ratio. 
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Figure 2-20. Scintillation response of thiol-responsive nanoSPA to HEK293 cell lysates. 

Cells lysed after 5 d of growth in MEM media spiked with 2.1 µCi 35S-CySS (right blue 

column). Control samples were prepared similarly with no 35S-CySS (left pink column). 

 

2.3.7 Application of Thiol-Responsive nanoSPA for Analysis of 35S-Thiols and 35S-

Disulfides in HEK293 Cell Lysates 

Based on the feasibility of utilizing thiol-responsive nanoSPA for in vitro analysis 

of 35S-thiol/35S-disulfide ratio, and its capability to monitor incorporated 35S in cell 

lysates, the determination of 35S-thiol/35S-disulfide ratio in HEK293 cell lysates was 

investigated. Four groups of HEK293 cells were prepared. Three groups were fed with 

35S-CyS-spiked MEM (~82.8 µCi/dish) and a control group was fed with regular MEM. 

In the lysis process, the control group and a group of 35S-CyS-fed cells were lysed by 

addition of TCA, while the other two groups of 35S-CyS-fed cells were treated with 
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sublethal doses of oxidizing agents to alter the 35S-thiol/35S-disulfide ratio before lysis 

with TCA. Oxidizing agents can convert thiols to disulfides in cells.179 Further processing 

of HEK293 cell lysates was performed as described before based on a report by Hansen 

and colleagues.166 

All cell lysate samples were split in half. 35S-thiols in HEK293 cell lysates were 

analyzed by addition of thiol-responsive nanoSPA to one half of each sample. The other 

portion of each cell lysate was used for 35S-disulfide analysis, by blocking the existing 

35S-thiols with NEM, followed by reduction of 35S-disulfides to new 35S-thiols using 

NaBH4. The 35S-thiol/35S-disulfide ratio in cell lysates was calculated using the 

scintillation response of nanoSPA to existing 35S-thiols and released 35S-thiols from the 

selective reduction of 35S-disulfides. Figure 2-21A shows the scintillation response of 

thiol-responsive nanoSPA to 35S-thiols (filled columns) in supernatants obtained from 

processed HEK293 cell lysates.  

A significant difference was observed between the scintillation response of 

nanoSPA to the treated and untreated cells in both 35S-thiol and 35S-disulfide analysis. 

Untreated cells mostly contain 35S-thiols, as opposed to the treated cells in which more 

35S-disulfides are observed. Diamide specifically oxidizes thiols to disulfides, while H2O2 

induces a highly oxidative status in cells with a global impact on all biomolecules that 

contribute to the redox network of cells.166,254 However, the overall oxidative impact of 

diamide is not significantly different from H2O2 and both dramatically alter the 

distribution of 35S from 35S-thiols to 35S-disulfides, through oxidation. 
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Figure 2-21. 35S-thiol and 35S-disulfide analysis of HEK293 cell lysates using thiol-

responsive nanoSPA. (A) Scintillation response of thiol-responsive nanoSPA to cell 

lysates for 35S-thiol analysis (filled columns) and cell lysates treated with NEM and 

NaBH4 for 35S-disulfide analysis (striped columns). The calculated 35S-thiol/35S-disulfide 

ratio is presented with pink circles. (B) Scintillation response of nanoSPA to protein 

pellets (green circles) and a calculated ratio of global protein content to small 

biomolecule content of 35S (blue squares). 

 

A 

B 
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The results of this analysis show that most of the 35S content of small molecules 

in cell lysates is in the form of 35S-thiols, which convert to 35S-disulfides in highly 

oxidative states. The absolute response of thiol-responsive nanoSPA to 35S-thiols and half 

of the response in the 35S-disulfide analysis was used for calculation of 35S-thiol/35S-

disulfide ratio. Thiol/disulfide ratio of untreated cells is significantly higher than those of 

cells treated with oxidizing agents, which indicates the dramatic interconversion of thiols 

to disulfides. Cells undergo such interconversions to resist the oxidative stress and protect 

their active thiol groups from further modifications.179 

Despite the capability of thiol-responsive nanoSPA for analysis of small thiols 

and disulfides in cell lysates, this technology is only feasible for analysis of global 35S 

content in proteins. Specific binding of thiol-responsive nanoSPA to 35S-thiol groups of 

proteins or nonspecific adsorption of proteins on nanoSPA results in scintillation. 

However, the thiol-disulfide ratio in proteins cannot be determined using thiol-responsive 

nanoSPA due to the challenging analysis of more than one free thiol groups and 

intramolecular disulfides in proteins with nanoSPA. Binding of thiol-responsive 

nanoSPA to proteins through more than one exposed thiol group on proteins is not 

feasible due to steric hinderance. Moreover, the unexposed thiols that are buried in the 

3D structure of proteins cannot directly bind to thiol groups of nanoSPA. Denaturation 

and chopping of proteins into smaller pieces may solve the problem of buried free thiols 

by exposing them and making them available to bind to nanoSPA. However, disulfide 

bonds are impacted through such harsh processes which alter the thiol-disulfide ratio. 

Analysis of protein pellets for the global 35S content of proteins was done by 

mixing dissolved protein pellets with thiol-responsive nanoSPA (Figure 2-21B). 
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Scintillation response of nanoSPA to proteins is depicted in green circles. These values 

are used along with the total response of nanoSPA to 35S-thiols and 35S-disulfides in cell 

lysates, to calculate the ratio of the 35S content of proteins to small thiols and disulfides 

(Figure 2-21B, blue squares). This ratio increases by inducing oxidative stress to cells, 

through treatment with H2O2 or diamide, which may be indicative of oxidation of free 

thiol groups of proteins to disulfides by binding to 35S-CyS.179 Proteins participate in 

reactions under oxidative stress to protect their active thiol groups from oxidation. It has 

been reported that the ratio of the global 35S content of proteins to small thiols in 

HEK293 cells is about 2.57 and proteins are mostly in their thiol status.166 However, a 

lower ratio is obtained by nanoSPA (0.65 to 1.65), which may be due to loss of some of 

35S during the processing steps to dissolve protein pellets. 

These results show that thiol-responsive nanoSPA may be used for the analysis of 

35S-thiol/35S-disulfide ratio in complex biological samples such as cell lysates, without 

any need for purification. Thiol-responsive nanoSPA is a robust mix-and-measure assay 

that can simply be applied to cell lysates obtained from cells fed with 35S-CyS. There is 

no need for calibration since the ratio of two species (35S-thiols and 35S-disulfides) is 

characterized. Nonetheless, high activity of 35S-CyS is required for sensitive and selective 

detection of 35S-thiols and 35S-disulfides, which requires special and cautious handling. 

2.3.8 Binding of 35S-Thiols to Human Serum Albumin Immobilized on NH2-

nanoSPA 

Human serum albumin has an exposed thiol group on its CyS residue 34. To 

monitor the exposed thiol groups of proteins, HSA was selected as a model and it was 

immobilized on NH2-nanoSPA through biotin-avidin-biotin chemistry. Biotin-HSA was 
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coupled with neutravidin coated nanoparticles and the thiol group was monitored through 

binding to 35S-CyS. Hypothetically, the exposed thiol group of cystein34 residue on HSA 

binds to 35S-CyS through disulfide binding. Blocked thiols of HSA by NEM are not 

expected to bind to 35S-CyS. The results are presented in Figure 2-22. 
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Figure 2-22. Binding of 35S-thiols to HSA immobilized on scintillant amine-

functionalized nanoparticles (red triangles). The NPE is observed with neutravidin-coated 

nanoparticles (green squares) and HSA-coated nanoparticles treated with NEM (blue 

circles). 
 

Significantly higher scintillation response was observed with nanoparticles with 

immobilized HSA in comparison to the nanoparticles without HSA and nanoparticles 

with immobilized HSA that were treated with NEM for 35S-thiol modification. These data 

illustrate specific binding of 35S-thiols to the exposed free thiol group of HSA that is 

immobilized on the scintillant nanoparticles and is inhibited in the case of NEM-treated 

samples. These results suggest that nanoSPA may be used as a nanosensor for 
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immobilization of proteins and monitoring of their exposed thiols. Proteins undergo PTM 

to protect their exposed thiols from ROS which may be characterized by nanoSPA. 

2.3.9 Indirect Measurement of Nitroxyl by Depletion of 35S-Thiols and Inhibition 

of Binding of Thiol-Responsive nanoSPA to 35S-Thiols 

Angeli’s salt decomposes into a variety of nitrogen oxide species depending on 

pH. Nitric oxide, NO, is the dominant product of the decomposition of Angeli’s salt at pH 

values less than 4.0. The protonation of N in Angeli’s salt produces nitroxyl (HNO) in the 

pH range 4.0-8.0 as follows: 

 ONNOO2- + H+ → HNO+ NO2
- 

HNO has shown promising characteristics as a treatment for cardiovascular 

disorders.255 HNO is also a potential drug for breast cancer due to its adverse impact on 

the proliferation of breast cancer cell lines 256 and is used as a treatment for alcoholism.257 

HNO has a short half-life and converts to nitrous oxide, N2O, through dimerization and 

decomposition.258 Therefore, detection of HNO is difficult and most often relies on 

trapping agents. As a thiophil, HNO rapidly reacts and modifies thiols to sulfinamides 259-

262 as follows: 

HNO + RSH → RSONH2 

The fast reaction of HNO with thiols may be manipulated for development of 

assays that work based on capturing this unstable molecule by thiols. It is anticipated that 

35S-sulfinamides (35S-thiols modified by HNO) are not capable of binding to thiol-

responsive nanoSPA (Figure 2-23). Therefore, HNO may be indirectly measured with 

thiol-responsive nanoSPA assay, presented in this chapter, by blocking the 35S-thiols and 

following the decrease in scintillation response as a function of HNO concentration. 
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Figure 2-23. Binding of thiol-responsive nanoSPA (PS-MPTS nanoparticles) to 35S-

sulfinamide (HNO-blocked 35S-thiol) inhibited. 

 

35S-CyS/35S-CySS samples were treated with Angeli’s salt to block 35S-thiols 

through the production of HNO and reaction with 35S-thiols. 35S-thiol depletion by HNO 

was performed at a fixed concentration and activity of 35S-CyS/35S-CySS and increasing 

concentration of HNO, by adding increasing concentrations of Angeli’s salt to degassed 

35S-CyS/35S-CySS samples on ice. Thiol-responsive nanoSPA was then mixed into HNO-

treated 35S-CyS/35S-CySS samples to monitor the inhibition of specific binding of thiol-

responsive nanoSPA to modified 35S-thiols as a function of HNO concentration. Less 

binding was observed with a higher concentration of Angeli’s salt as it decomposed to 

produce a higher concentration of HNO, Figure 2-24. 
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Figure 2-24. Binding of thiol-responsive nanoSPA (PS-MPTS nanoparticles) to 35S-thiols 

is inhibited through blocking 35S-thiols with HNO. Scintillation of thiol-responsive 

nanoSPA decreased by increasing concentration of HNO (pink triangles). Scintillation 

responses of all samples are normalized to the control sample (without HNO treatment). 

NPE is presented in dotted blue line. 

 

2.4 Summary, Conclusions, and Future Directions 

Fabrication, characterization, and utilization of scintillant PS-core silica-shell 

nanoparticles were described. Quantification of sulfur-containing analytes, i.e. thiols and 

disulfides, was done using 35S, a commonly used radioisotope in bioanalytical assays. 

Thiol-responsive nanoSPA is responsive to 35S-thiols and can detect 35S-CyS at sub-

nanomolar levels at physiological pH. Limit of detection for 35S-CyS analysis with thiol-

responsive nanoSPA was <1.1 pM (<1.1 nCi). Limit of detection for the NPE of 35S-CyS 

with NH2-nanoSPA was 11 pM (11 nCi). The signal enhancement from the specific 

binding of thiol-responsive nanoSPA to 35S-thiols was up to 10-fold compared to 
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background NPE. Thiol-responsive nanoSPA was utilized for the analysis of 35S-thiols 

and 35S-disulfides, by protecting the 35S-thiols followed by reduction of 35S-disulfides to 

more 35S-thiols, to obtain 35S-thiol/35S-disulfide ratio in synthetic samples and cell 

lysates. 

Thiol-responsive nanoSPA is not selective to specific thiols; however, quantifying 

the ratio of thiol/disulfide does not require specificity as global thiol and disulfide 

concentrations are used. Nonetheless, coupling a separation step to nanoSPA would 

enable detection and differentiation of thiols in biological samples. Thiol-responsive 

nanoSPA is useful for indirect measurement of thiol-reactive reagents that are hard to 

analyze due to their short half-lives. Thiol-responsive nanoSPA is a candidate for thiol 

quantification in acetyltransferase assays, where thiols are generated as products of 

enzyme activity.263 Binding of 35S-thiols to HSA, immobilized on NH2-nanoSPA, may be 

employed as a new technology in analysis of exposed thiols on proteins by immobilizing 

the proteins on nanoSPA. 
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CHAPTER 3. APPLICATION OF NANOSPA FOR ANALYSIS OF KINASE 

ACTIVITY 

 

3.1 Introduction 

Prokaryotic and eukaryotic cells chemically modify proteins after translation in 

response to environmental changes.264 This chemical process is called PTM and is 

catalyzed by enzymes that are activated through similar modifications.264 

Phosphorylation is one of the most important PTMs that contribute to cell signaling 

cascades.264-265 Phosphorylation is catalyzed by kinases, regulatory bi-substrate enzymes, 

and may alter the function of a protein substrate. Protein kinases are the largest enzyme 

family in the human genome, modify one-third of all human proteins, and regulate 

cellular processes. Dysregulation of kinases, through overexpression, mutation, and 

fusion of kinases to a partner protein,266 contributes to cancer and other diseases.267 

Phosphorylation involves the transfer of a phosphate group from ATP or metal-

bound ATP (M-ATP) to target substrates to produce adenosine diphosphate (ADP) or 

metal-bound ADP (M-ADP) and phosphorylated substrates with phosphoester bonds.268-

270 The divalent metal (Mg or Mn) is needed for catalysis. The cellular concentration of 

free ATP is low (<10 mM depending on cell type and organelle),271 due to the high 

affinity of divalent cations to ATP.269 Dephosphorylation, on the other hand, is catalyzed 

by phosphatases that hydrolyze the phosphoester bonds, Figure 3-1. 

Majority of protein phosphorylation in cells occurs on the hydroxyl group of 

serine, threonine, and tyrosine. Based on the phosphorylated amino acid residue, kinases 

are classified as serine/threonine or tyrosine kinases,75,264 with phosphorylation more 
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prevalent on serine and threonine compared to tyrosine.272 There are approximately 90 

tyrosine kinase genes and 43 tyrosine kinase-like genes in the human genome,266 small 

percentage of the kinome (less than 20%),273 however, a large number of inhibitors are 

investigated for tyrosine kinases.274 Inhibition of kinases is possible through 

pharmacological mechanisms, mostly based on the competitive binding of small inhibitor 

molecules to the ATP and/or substrate binding domains of the kinases.266 

Kinase

Phosphorylated Peptide Substrate

Phosphatase 

+   ATP ADP   +

Peptide Substrate
 

 

Figure 3-1. Schematic presentation of phosphorylation reaction catalyzed by kinase 

(forward reaction), and dephosphorylation catalyzed by phosphatase (reverse reaction). 

 

Tyrosine kinases are categorized into receptor and non-receptor kinases, 

depending on their locations in cells. Receptor tyrosine kinases that reside in the cell 

membrane have an extracellular ligand-binding domain and an intracellular catalytic 

domain. These kinases are activated upon binding to a ligand through their extracellular 

binding domain which restructures the alignment of critical amino acids and is 

responsible for the catalytic activity of the enzyme.266 Non-receptor kinases are inactive 

in the presence of cellular inhibitors and become activated by dissociation of the 

inhibitors upon signaling processes.266 Sarcoma (SRC) kinase, also known as ASV, 

SRC1, THC6, c-SRC, p60-SRC, is a non-receptor cytoplasmic tyrosine kinase that 
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catalyzes phosphate transfer from M-ATP to a tyrosine residue in its peptide 

substrates.275-277 The active form of SRC kinase is phosphorylated and dephosphorylation 

inactivates this kinase and blocks regulation of cell growth.272 SRC kinase plays key roles 

in cell motility, morphology, differentiation, proliferation, and bone resorption.278-279 

Overexpression or increased specific activity of SRC kinase is observed in many types of 

human cancer including but not limited to breast, colon, lung, and ovarian cancer.75,280 

SRC kinase inhibitors are investigated as potential treatments of malignancies.281 

Assays for kinase activity are needed to screen drugs that may inhibit kinases. The 

growing library of pharmaceuticals demands high throughput screening assays with 

minimal waste and amenability to miniaturization and automation. Various techniques 

are used to study kinases due to their importance as therapeutic targets for cancer 

treatment. ELISA is broadly used for kinase activity studies, but require expensive 

reagents and multiple washing steps.75 Therefore, ELISA is costly and tedious. 

Fluorescence-based assays 282-287 are useful for kinase studies, but they are susceptible to 

interference and artifacts.288 MS has been frequently used for kinase activity analysis by 

mapping the phosphorylation sites. However, MS is destructive and expensive and is only 

suitable for in vitro analyses.289-290 Electrochemical assays are also used for kinase 

studies based on the release of an electrochemical signal through phosphorylation of a 

substrate that is conjugated to an electrochemically active moiety immobilized on the 

electrode.291 

Radioactive assays require radiolabeled materials, but they are sensitive, robust, 

and less prone to artifacts compared to fluorescence-based assays and provide a better 

indicator of kinase activity.75 ATPγ33P and ATPγ32P are used in radioactive assays for 



124 

 

kinase studies. 33P in comparison to 32P has a longer half-life (25.4 vs 14.3 d) and lower 

energy (249 vs 1710 keV) which make 33P a better tracer for kinase activity studies due to 

the lower NPE, longer storage time, and fewer safety issues for analysts.6,292 Upon 

phosphorylation, the radioactive phosphorous (33P) on the γ-phosphate group of ATPγ33P 

is transferred to the peptide substrate to produce 33P-phosphorylated peptide substrate.293 

The activity of the kinase correlates to the amount of 33P-phosphorylated peptide 

substrate. In addition, the concentration of ADP produced in the phosphorylation reaction 

may be followed as a measure of kinase activity.294-295 LSA is applied in filtration 

binding assays for kinase studies using phosphocellulose or polyethyleneimine-coated 

cellulose filter papers and is considered the “gold standard” of radiometric kinase 

assays.293,296-297 LSA is based on the interaction of ionizing β-particles emitted from the 

33P-phosphorylated peptide substrates bound to filter paper with LSC. LSA is time-

consuming and labor-intensive and is not environment-friendly due to the many washing 

steps and high volume of radioactive contaminated LSC waste.268 Moreover, LSC is not 

biocompatible and biomolecules denature upon direct contact with this toxic mixture 

which limits this technique to a single time-point measurement. 

A description of the SPA is provided in Chapter 1. This chapter describes the 

development and application of nanoSPA for cost-effective and high throughput analysis 

of kinase activity in a “mix-and-measure” fashion. nanoSPA was fabricated and utilized 

for the SRC kinase activity analysis. Three nanoSPA platforms were developed for 

kinase studies that are sensitive to the 33P-phosphorylated peptide substrates. Adsorption 

nanoSPA responds to non-specifically adsorbed 33P-phosphorylated peptide substrates. 

Binding nanoSPA and immuno-nanoSPA specifically bind to 33P-phosphorylated peptide 
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substrates through their lysine residues or 33P-phosphorylated amino acid residues, 

respectively. 

3.2 Experimental 

3.2.1 Materials 

ATPγ33P was purchased from Perkin Elmer (Waltham, MA) with a specific 

activity of 3000 Ci/mmol and concentration of 10 mCi/mL. SRC kinase and the peptide 

substrate were purchased from Promega Corporation (Madison, WI). 1,2-dioleoyl-sn-

glycero-3-phosphocholine (DOPC) was purchased from Avanti Polar Lipids, Inc. 

(Alabaster, AL). Protein G (protG), anti-phosphotyrosine (pYAb), anti-phosphoserine 

(pSAb), and anti-phosphothreonine (pTAb) antibodies were purchased from Thermo 

Fisher Scientific (Waltham, MA). Sodium hydrogen phosphate (99%), tetraethoxysilane 

(TEOS, 98%), 3-mercaptopropyl trimethoxysilane (MPTS, 97%), 2, 2′-azobis-2-methyl-

propanimidamide, dihydrochloride (AIBA, 97%), ethylenediaminetetraacetic acid 

(EDTA), and adenosine 5′-triphosphate (ATP) disodium salt hydrate were purchased 

from Sigma Aldrich (St. Louis, MO). Maleimide-PEG2-succinimidyl ester crosslinker 

was purchased from Quanta Biodesign Ltd. (Plain City, OH). Styrene (99%), para-

terphenyl (pTP, 99%), and 4-bis(4-methyl-5-phenyl-2oxyzolyl) benzene (dmPOPOP, 

98%), chloroform, and alumina were purchased from ACROS Organics (Geel, Belgium). 

ACS-grade isopropyl alcohol (IPA) was purchased from Merck (Kenilworth, NJ). 

Biocount liquid scintillation cocktail was purchased from Research Product International 

(Mt. Prospect, IL). ACS-grade ammonium hydroxide was purchased from EMD 

Millipore (Billerica, MA). Sodium hydroxide (98.9%) was purchased from Avantor 

Performance Materials (Center Valley, PA). Minimum essential medium (MEM), 
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Roswell Park Memorial Institute (RPMI) 1640 Medium, and fetal bovine serum (FBS) 

were purchased from Gibco (Grand Island, NY). Nanopure H2O (18 MΩcm) was 

obtained using Easy Pure UV/UF (Barnstead). 

3.2.2 Fabrication of nanoSPA Platforms for Kinase Activity Analysis 

a) nanoSPA 

Scintillant PS-core silica-shell nanoparticles were prepared and characterized, as 

described in Chapter 2. PS-TEOS and PS-MPTS nanoparticles were utilized for enzyme 

activity analyses. Further modifications of nanoparticles were performed to optimize the 

architecture of nanoSPA for specific and selective analysis of the products of the 

phosphorylation reaction as a measure of the kinase activity. 

b) Phospholipid-nanoSPA 

PS-TEOS nanoparticles were coated with DOPC to validate the reduction of non-

specific adsorption of 33P-phosphorylated peptide substrate onto the silica coating of 

nanoSPA. Phospholipid coating was performed by using 6 mg DOPC for PS-TEOS 

nanoparticles containing 6 mg PS core. 240 µL solution of 25 µg/µL DOPC in 

chloroform was dried with Ar. Residual chloroform was removed by lyophilizing for at 

least 4 h. 3 mL H2O was added to the dried DOPC and the mixture was sonicated. The 

resulting multilamellar vesicles were broken into smaller vesicles by sonication in a glass 

vial for 40 min. Sonication was performed in four, 10-min sonication/10-min rest cycles 

and the suspension of DOPC vesicles was divided into 6 plastic scintillation vials. 500 µL 

DOPC (2 mg/mL) resided in each vial. 25 µL suspension of PS-TEOS nanoparticles in 

H2O, containing 1 mg PS core, was added to each vial. Mixtures of PS-TEOS 

nanoparticles and DOPC vesicles were incubated overnight, for at least 12 h, at room 
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temperature to obtain PS-TEOS-DOPC nanoparticles (phospholipid-nanoSPA). Fusion of 

vesicles formed by DOPC phospholipids on the surface of PS-TEOS nanoparticles 

resulted in phospholipid-nanoSPA, that were collected by centrifugation for 15 min at 

3000 rpm. The supernatant was removed, and phospholipid-nanoSPA was resuspended in 

kinase buffer, without further rinsing or sonication. 

c) nanoSPA with Carboxyl-Activated Surface 

To specifically bind 33P-phosphorylated peptide substrates to nanoSPA, PS-MPTS 

nanoparticles were further functionalized with a maleimide-PEG2-succinimidyl ester 

crosslinker (Mal-PEG2-NHS). 10 mg Mal-PEG2-NHS crosslinker was added to the 

suspension of PS-MPTS nanoparticles in citrate buffer (pH 6.5), containing 10 mg PS 

core. Thiol-ene coupling of the maleimide end group of the crosslinker to thiol groups on 

the surface of PS-MPTS nanoparticles for 30 min at room temperature resulted in 

nanoSPA with the carboxyl-activated surface (binding nanoSPA). The succinimidyl ester 

end of the linker provided activated carboxyl groups on the surface of binding nanoSPA 

to facilitate immobilization of the peptide substrates through primary amine groups of 

lysine amino acid residues (i.e. peptide coupling). Binding nanoSPA was collected by 

three cycles of centrifugation and rinsing with PBS buffer, followed by resuspension in 

10 mL PBS buffer. 

d) Immuno-nanoSPA 

To specifically detect 33P-phosphorylated amino acids, peptides, or protein 

substrates through a specific 33P-phosphorylated amino acid residue, PS-TEOS 

nanoparticles were further functionalized with mouse monoclonal pYAb, pSAb, or 

pTAb.298 ProtG powder was reconstituted in PBS buffer (pH 7.4) to obtain a solution of 
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1.25 µg/µL. To a suspension of PS-TEOS nanoparticles (40 mg PS core), 2.7 mL solution 

of protG was added. The mixture was incubated at room temperature with shaking for at 

least 2 h. ProtG-coated nanoSPA (protG-nanoSPA) was collected by centrifugation and 

rinsing with citrate buffer (pH 5) and resuspended in 40 mL citrate buffer. The protG-

nanoSPA suspension was used for immobilization of pYAb, pSAb, or pTAb. 50 µL 

solution of 0.5 µg/µL pYAb, pSAb, or pTAb in PBS buffer (pH 7.4) was added to 12 mL 

suspension of protG-nanoSPA in citrate buffer containing 12 mg PS core. The mixtures 

of PS-TEOS-protG nanoparticles with individual antibodies were incubated at room 

temperature for at least 1 h with shaking to obtain pYAb-, pSAb-, and pTAb-decorated 

nanoSPA. Three cycles of rinsing with PBS buffer and resuspension in 12 mL PBS buffer 

was used to obtain immuno-nanoSPA sensor platforms with sensitivity to 

phosphotyrosine (pY), phosphoserine (pS), or phosphothreonine (pT). Immuno-nanoSPA 

was prepared freshly and immediately before analysis to preserve the structure and 

function of the proteins utilized in the architecture of these sensor platforms. The 

remaining suspension of PS-TEOS-protG nanoparticles was centrifuged and resuspended 

in PBS buffer to be used as a control. 

3.2.3 Sample Preparation 

All synthetic kinase mixtures described in this chapter were prepared in 

tris(hydroxymethyl)aminomethane (Tris) buffer (40 mM, pH 7.4). The kinase buffer 

contained 20 mM MgCl2, 0.1 mg/mL bovine serum albumin (BSA), 2 mM MnCl2, and 50 

µM DTT. Positive control samples included all three components needed for 

phosphorylation reactions (peptide substrate, ATPγ33P, and kinase) and negative control 

samples did not include the kinase. All concentrations are reported based on the kinase 
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assay volume (25 µL, unless otherwise noted). Kinase mixtures were prepared and 

incubated at room temperature (25±2 ºC), however, SRC kinase and its peptide substrate 

were kept on ice until immediately before mixing. Kinase activity analyses were 

performed by combining a pre-incubated kinase mixture (substrate + ATPγ33P ± kinase) 

with 1 mL suspension of nanoSPA and measuring the scintillation signal using a liquid 

scintillation analyzer. However, in the time-resolved experiment, 1 mL suspension of 

nanoSPA was added to the kinase mixtures at the same time as preparing the kinase 

mixtures and the scintillation response was monitored as a function of time. nanoSPA 

concentration in all samples was 1 mg PS core/mL. To measure the concentration of PS 

core nanoparticles a 1-mL suspension of PS core in H2O was freeze-dried and the mass of 

resultant powder was measured. A minimum of three sample replicates was prepared in 

all experiments. 

3.2.4 Data Collection, Analysis, and Presentation 

A Beckman Coulter LS 6000IC liquid scintillation analyzer was used for 

scintillation response measurements. Scintillation responses are collected for a minute per 

sample and reported as emitted photon counts per minute (CPM). All results are 

presented as mean ± standard deviation of data collected from at least three sample 

replicates. Error bars in all plots are representative of the standard deviation. LOD was 

defined as 3σ/m, where σ is the standard deviation of the blank and m is the slope of the 

calibration curve. 

3.2.5 Analysis of SRC Kinase Activity Using Liquid Scintillation Analysis 

An ATP-MIX was prepared by combining 1 µL stock ATPγ33P (8.72 µCi) with 

20 µL 0.13 mM ATP. A positive control sample was prepared by mixing 5 µL 2 ng/µL 
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SRC kinase (10 ng) and 10 µL 0.1 µg/µL peptide substrate (1 µg) and 10 µL ATP-MIX 

(25 µL total volume). The ATP-MIX was used to raise the total concentration of ATP in 

kinase mixtures to 50 µM. Negative controls were prepared using the mixture of peptide 

substrate and ATP-MIX, with no SRC kinase. 5 µL buffer was added to the negative 

control samples to compensate for the volume (Table 3-1). The activity of ATPγ33P in 

both samples was 4.15 µCi. Kinase mixtures were incubated at room temperature for 30 

min. Phosphocellulose filter paper-based LSA was performed for evaluation of the 

phosphorylation reaction. The kinase mixtures were deposited on filter papers and dried 

filter papers were rinsed by three cycles of 500 mL 0.85% phosphoric acid and one cycle 

of 500 mL acetone to remove excess 33P. The dried filter papers were submerged in 3 mL 

LSC to monitor the enzyme activity based on the immobilized 33P-phosphorylated 

peptide substrates on filter papers. 

3.2.6 Analysis of SRC Kinase Activity by Non-Specific Adsorption of 33P-

Phosphorylated Peptide Substrate to Adsorption nanoSPA 

Kinase mixtures were prepared using ATP (COLD-ATP), ATPγ33P (HOT-ATP), 

and a mixture of ATPγ33P and ATP (ATP-MIX). The COLD-ATP contained 0.13 mM 

ATP. The ATP-MIX was prepared by combining 3 µL stock ATPγ33P (25.5 µCi) with 57 

µL 0.13 mM ATP. HOT-ATP was prepared by combining 1 µL ATPγ33P (7.82 µCi) with 

59 µL Tris buffer. Positive control kinase mixtures in each experiment were prepared by 

combining 5 µL 2 ng/µL (10 ng) SRC kinase with 10 µL 0.1 µg/µL (1 µg) peptide 

substrate and 10 µL aliquots of corresponding ATP solutions (ATP-MIX, COLD-ATP, or 

HOT-ATP). Negative control samples were prepared in each experiment by omitting the 

SRC kinase from the mixture and replacing it with 5 µL Tris buffer. The kinase mixtures 
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prepared using COLD-ATP and ATP-MIX contained total assay concentration of 50.0 

µM ATP and were incubated for 30 min at room temperature before SPA analysis. Mole 

percentage of ATPγ33P to ATP in samples prepared using ATP-MIX was 0.11% and the 

activity was 4.24 µCi. The kinase mixtures prepared with HOT-ATP (100% ATPγ33P) 

contained total assay concentration of 17.4 nM (1.30 µCi) ATPγ33P and were incubated 

overnight before SPA analysis. Detailed concentrations of the components of kinase 

mixtures are listed in Tables 3-2 and 3-3. Adsorption nanoSPA suspended in 1 mL PBS 

buffer was used to evaluate the kinase activity in SPA measurements. 

3.2.7 Inhibition of Non-Specific Adsorption of 33P-Phosphorylated Peptide 

Substrate to Phospholipid-nanoSPA 

Positive control kinase mixtures were prepared by combining 5 µL 2 ng/µL (10 

ng) SRC kinase with 10 µL 0.1 µg/µL (1 µg) peptide substrate and 10 µL diluted 

ATPγ33P (1 µL stock ATPγ33P combined with 119 µL Tris buffer).  Negative control 

samples were prepared by omitting the SRC kinase and replacing it with 5 µL Tris buffer. 

ATPγ33P concentration and activity in all samples was 8.00 nM and 0.600 µCi, 

respectively (Table 3-4). Kinase mixtures were incubated overnight at room temperature. 

To demonstrate the inhibition of non-specific adsorption of 33P-phosphorylated peptide 

substrates to phospholipid-nanoSPA, the decrease in scintillation response was collected 

using phospholipid-nanoSPA. Adsorption nanoSPA suspended in 1 mL PBS buffer was 

used for non-specific adsorption of 33P-phosphorylated peptide substrates, as a control. 

3.2.8 Analysis of SRC Kinase Activity at Varying Concentrations of SRC Kinase 

Using Adsorption nanoSPA 
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Kinase mixtures were prepared at varying concentrations of SRC kinase and 

constant concentration of ATPγ33P and peptide substrate. Six samples were prepared by 

mixing 10 µL 0.1 µg/µL (1 µg) peptide substrate with 10 µL diluted ATPγ33P to obtain 

assay concentration of 13.6 nM (1.02 µCi) ATPγ33P. The amounts of SRC kinase used in 

these samples were 1, 10, 50, 100, 500, and 1000 ng and the total assay volume (25 µL) 

was adjusted throughout the samples by addition of Tris buffer. Kinase mixtures were 

incubated overnight and adsorption nanoSPA suspended in 1 mL PBS buffer was used to 

measure the activity of SRC kinase. 

3.2.9 Analysis of SRC Kinase Activity at Varying Concentrations of Peptide 

Substrate Using Adsorption nanoSPA 

Six kinase mixtures were prepared using varying concentrations of peptide 

substrate at a constant concentration of ATPγ33P and SRC kinase. Increasing 

concentrations of the peptide substrate were added to aliquots of 13.6 nM (1.02 µCi) 

ATPγ33P. The peptide substrate concentration in kinase assays ranged from 2.4 to 480 

µM (0.1 to 20 µg). Positive control samples included 10 ng SRC kinase (5 µL 2 ng/µL) 

which was replaced by 5 µL Tris buffer in negative control samples. The total assay 

volume (25 µL) was adjusted throughout the samples by addition of a proper amount of 

Tris buffer. Kinase mixtures were incubated overnight, and scintillation analysis was 

performed using adsorption nanoSPA suspended in 1 mL PBS buffer. 

3.2.10 Analysis of SRC Kinase Activity at Varying Concentrations of ATPγ33P 

Using Adsorption nanoSPA 

Kinase mixtures were prepared using varying concentrations of ATPγ33P at a 

constant concentration of SRC kinase and its peptide substrate. To a mixture of 2 µg 
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peptide substrate (10 µL 0.2 µg/µL) and 10 ng SRC kinase (5 µL 2 ng/µL), increasing 

volumes of a diluted solution of ATPγ33P was added. The total assay concentration of 

ATPγ33P ranged from 0.0 to 12.0 nM with the activity of 0.0-1.70 µCi. Total volumes of 

the kinase mixtures were 50 µL in this experiment and it was adjusted throughout the 

samples by addition of a proper amount of Tris buffer. Kinase mixtures were incubated 

overnight, and scintillation analysis was performed using adsorption nanoSPA suspended 

in 1 mL PBS buffer. 

3.2.11 Time-Course Analysis of SRC Kinase Activity by Non-Specific Adsorption of 

33P-Phosphorylated Peptide Substrate to Adsorption nanoSPA 

Several identical kinase mixtures were prepared by combining 5 µL 2 ng/µL (10 

ng) SRC kinase with 10 µL 0.1 µg/µL (1 µg) peptide substrate and 10 µL diluted 

ATPγ33P such that assay concentration of ATPγ33P and its activity was 3.46 nM and 259 

nCi, respectively. 200 µL 10 mM EDTA in PBS buffer was added to three replicates of a 

kinase mixture as a quenching buffer to stop the phosphorylation reactions at different 

time points. The stopped reactions were stored at room temperature until all kinase 

mixtures were quenched. SPA analysis was performed on the quenched kinase mixtures 

by addition of adsorption nanoSPA suspended in 800 µL PBS buffer. Scintillation 

counting was performed after overnight sedimentation of adsorption nanoSPA, with no 

washing steps, to minimize the NPE due to excess 33P. 

3.2.12 Investigating the Impact of Inhibitors and Heat-Deactivation on SRC Kinase 

Activity Using Adsorption nanoSPA 

Kinase mixtures were prepared by combining 5 µL 2 ng/µL (10 ng) SRC kinase 

with 10 µL 0.1 µg/µL (1 µg) peptide substrate and 10 µL diluted ATPγ33P such that assay 
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concentration of ATPγ33P and activity was 8.2 nM, 614 nCi, respectively. SRC kinase 

used in the kinase mixtures was deactivated by treating with heat (for 8 h in a 69 °C 

water bath) or 1.0 µM kinase inhibitor, i.e. staurosporine or SRC Inhibitor-1. Positive and 

negative control samples (with and without SRC kinase) were included in the experiment 

as references. Kinase mixtures were incubated overnight, and SPA analysis was 

performed by addition of adsorption nanoSPA suspended in 1 mL PBS buffer. 

3.2.13 Analysis of SRC Kinase Activity by Covalent Binding of nanoSPA with 

Carboxyl-Activated Surface to 33P-Phosphorylated Peptide Substrate 

Kinase mixtures were prepared by combining 5 µL 2 ng/µL (10 ng) SRC kinase 

with 10 µL 0.1 µg/µL (1 µg) peptide substrate and 10 µL diluted ATPγ33P to obtain assay 

concentration of 17.4 nM ATPγ33P with the activity of 1.30 µCi (Table 3-5). Kinase 

mixtures were incubated overnight, and binding nanoSPA suspended in 1 mL PBS buffer 

were added to the vials containing the kinase mixtures for SPA analysis. 

3.2.14 Analysis of SRC Kinase Activity by Specific Binding of Immuno-nanoSPA to 

33P-Phosphotyrosine in Peptide Substrate 

Kinase mixtures were prepared by combining 5 µL 2 ng/µL (10 ng) SRC kinase 

with 10 µL 0.1 µg/µL (1 µg) peptide substrate and 10 µL diluted ATPγ33P to obtain assay 

concentration of 5.21 nM ATPγ33P and activity of 391 nCi (Table 3-6). Kinase mixtures 

were incubated overnight at room temperature. Adsorption nanoSPA, protG-nanoSPA, 

and immuno-nanoSPA suspended in 1 mL PBS buffer were added to the kinase mixtures 

for SPA analysis. 

3.2.15 Time-Resolved Scintillation Response of Immuno-nanoSPA to 33P-

Phosphorylation of Peptide Substrate 
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Kinase mixtures were prepared by combining 5 µL 2 ng/µL (10 ng) SRC kinase 

with 10 µL 0.1 µg/µL (1 µg) peptide substrate and 10 µL diluted ATPγ33P to obtain assay 

concentration of 3.27 nM ATPγ33P and activity of 245 nCi. Immuno-nanoSPA (PS-

TEOS-protG-pYAb) suspended in 1 mL PBS buffer were added to the kinase mixtures, 

immediately after addition of the kinase, and scintillation response was monitored with 

time for 8 h. 

3.2.16 Incorporation of 33P in HEK293 cells Using Adsorption nanoSPA 

HEK293 cells were purchased from American Type Culture Collection (ATCC; 

Gaithersburg, MD), and were maintained in 25 cm2 flasks at 37 ºC and 5% CO2. MEM, 

supplemented with 100 units/mL penicillin and 100 µg/mL streptomycin, was used to 

maintain cells, that included 10% fetal bovine serum, 0.01 mM CyS, 0.1 mM glycine, and 

2.0 mM glutamine. HEK293 cells were seeded in 5 cm petri dishes (~6000 cells/dish) and 

maintained for up to 2 d in ATPγ33P-spiked MEM (1.78 nM, 5.33 µCi/dish). Cells were 

washed with PBS buffer and harvested by trypsinization. Cell lysis was performed at 

varying times, i.e. 6, 19, and 30 h after feeding cells with ATPγ33P, by four cycles of 

freezing in a mixture of dry ice and IPA and thawing in a water bath (37 ºC). Cell lysates 

were stored in the freezer until immediately before analysis. SPA experiments were 

performed by mixing cell lysates with adsorption nanoSPA suspended in PBS buffer. 

Negative control samples were prepared by culturing and processing HEK293 cells in 

regular MEM (with no ATPγ33P). 

3.2.17 Application of Adsorption nanoSPA and Immuno-nanoSPA for Analysis of 

33P-Phosphorylation in HEK293 Cell Lysates 



136 

 

HEK293 cells were seeded in petri-dishes and cultured for 3 d in MEM, followed 

by media exchange using inhibitor-free or inhibitor-spiked MEM, with total inhibitor 

concentration of 6.7 µM in the dishes. Staurosporine and SRC Inhibitor-1 were used in 

this experiment. ATPγ33P-spiked MEM was added to the cultured cells (in presence or 

absence of the inhibitors) after 8 h with total assay activity of 10.1 µCi per dish. Cell 

culture was continued for 2 d. Cell lysis was performed using four cycles of freezing in a 

mixture of dry ice and IPA and thawing in a water bath (37 ºC). All HEK293 cell lysates 

were divided into 4 parts for analysis using adsorption nanoSPA or immuno-nanoSPA 

with selectivity to pY, pS, and pT. 

3.3 Results and Discussion 

Homogeneous scintillation proximity assays were developed for analysis of 

enzyme activity. nanoSPA with high specific areas (larger than 100 m2/g PS core) and 

surface to volume ratio (ca. 2×107 m-1) decorated with chemical or biological binding 

moieties facilitate selective and sensitive detection of 33P-phosphorylated peptide 

substrates as a measure of kinase activity. Three different platforms of nanoSPA were 

developed for the analysis of kinase activity. Importantly, these platforms are applicable 

to other enzyme assays useful for other PTMs of proteins. nanoSPA possesses 

hydrophilic and charged surfaces that can be directly used for immobilization of peptide 

substrates through electrostatic interactions (adsorption nanoSPA). Further modification 

of the surface of nanoSPA with recognition moieties, such as heterogeneous crosslinkers 

or antibodies (binding nanoSPA and immuno-nanoSPA), facilitates more specific 

detection of 33P-phosphorylated peptide substrates.  

3.3.1 Analysis of SRC Kinase Activity Using Liquid Scintillation Analysis 
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Recombinant full-length human SRC kinase, expressed in E. coli, was utilized as 

a model kinase system. SRC kinase has a molecular mass of 83 kDa and was used 

throughout the experiments in this chapter along with its peptide substrate 

KVEKIGEGTYGVVYK-amide peptide, derived from human p34cdc2 (amino acid 6–

20).277 The peptide substrate of SRC kinase has a molecular mass of 1668.9 Da and the 

Km value of 353 µM for SRC kinase.277 Km value of ATP is reported to be <10 µM for 

SRC kinase.299 The amount of SRC kinase that phosphorylates 1 pmol of a peptide 

substrate in the presence of 100 μM ATP at 30 °C per min is defined as one unit of 

activity for this kinase. Phosphorylation of peptide substrate is catalyzed by SRC kinase 

and is predominantly, if not exclusively, on tyrosine residue 15.277 Figure 3-2 illustrates 

33P-phosphorylation of KVEKIGEGTYGVVYK-amide peptide substrate by SRC kinase 

in presence of ATPγ33P. In this reaction, the gamma 33P-phosphate group of ATPγ33P is 

transferred to the hydroxyl group of tyrosine residue 15 in the peptide substrate. Using 

radiolabeled ATP, with 33P in the gamma phosphate group, enables radiolabeling of 

peptide substrates through phosphorylation. 

This reaction follows the general mechanism proposed for enzymatic reactions, as 

shown in Equation 3-1, where, E and S represent the enzyme (kinase) and substrate (both 

peptide and ATP), respectively. E and S form a ternary complex (ES) before forming the 

products (P), i.e. ADP and phosphorylated peptide. 

                

E + S ES E + P
k2k1

k-1
 

(3-1) 

Kinases are biological catalysts that are used throughout the reaction catalog to 

increase the rate without contributing to the composition of products. The rate of reaction 
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is defined based on the second step which is the rate-limiting step and depends on the 

concentrations of the enzyme and substrates, as depicted in Equation 3-2: 

Rate = k2[ES] = k1k2[E][S]/k-1                                          (3-2) 

The order of kinase binding to ATP or substrate and the rate-limiting step 

(phosphoryl transfer, ADP release, and etc.) depends on the specific kinase and reaction 

conditions.269 SRC kinase shows processive enzyme properties, thus product release is 

the rate-limiting step.269 

ATPγ33P

Peptide Substrate

(KVEKIGEGTYGVVYK-amide)
SRC Kinase

33P-phosphorylated Peptide

ADP

 
 

Figure 3-2. 33P-phosphate transfer from ATPγ33P to tyrosine residue 15 in the peptide 

substrate, catalyzed by SRC kinase, and production of 33P-phosphorylated peptide and 

ADP. Pink P represents 33P. 

 

ADP and 33P-phosphorylated peptide substrate are produced in this reaction and 

depending on the reaction conditions (concentration of reactants, phosphorylation 

quenching time, temperature, etc.) there may be excess reactants in the kinase mixture, 

including ATPγ33P. It is important to distinguish the radioactivity of the products (33P-

phosphorylated peptide substrate) from excess reactants (ATPγ33P and 33P-phosphate 
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from the hydrolysis of ATPγ33P)300 in radioassays, to accurately account for kinase 

activity by scintillation analysis. In liquid scintillation analysis, kinase mixtures are 

prepared and deposited on filter papers, followed by evaluation of kinase activity using 

LSC. The radiolabeled molecules in kinase mixtures deposited on filter papers (i.e. the 

33P-phosphorylated peptide substrate and excess 33P) are in direct contact with LSC, 

requiring removal of excess 33P from the kinase mixture prior to scintillation counting. 

To evaluate the activity of newly purchased SRC kinase, two samples of kinase 

mixtures (peptide substrate + ATPγ33P ± SRC kinase) were prepared. In the positive 

control sample (+SRC), all three components of the phosphorylation reaction were mixed 

(i.e. peptide substrate, ATPγ33P, and SRC kinase). Whereas, the negative control sample 

(-SRC) lacked the SRC kinase. Negative control samples may also be prepared by 

omitting either substrate for measurement of background.268 The enzyme was excluded 

from the negative control samples throughout the experiments reported in this chapter.  

The rate of phosphorylation reaction depends on the concentration of ATP and 

peptide substrate, based on Equation 3-2. Since a limited amount of ATPγ33P (HOT-

ATP) is allowed in research labs based on federal regulations, unlabeled ATP (COLD-

ATP) is used to dilute ATPγ33P. An ATP-MIX (a mixture of ATP and ATPγ33P) was 

used to prepare the kinase mixtures in order to raise the total concentration of ATP to 

50.0 µM.  Kinase mixtures were prepared in 25 µL total volume and incubated for 30 min 

at room temperature. Reaction conditions in the positive and negative control samples are 

presented in Table 3-1. The phosphorylation reaction was stopped after 30 min by 

depositing the kinase mixtures on filter papers. 
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Table 3-1. Experimental design for liquid scintillation analysis of SRC kinase activity 

using phosphocellulose filter papers. Samples prepared using ATP-MIX (25 µL kinase 

mixture volume; 30 min kinase mixture incubation time at room temperature). 

 

Sample ID Substrate 

(µM) 

ATP 

(µM) 

ATPγ33P 

(nM) 

ATPγ33P 

(µCi) 

Kinase 

(ng) 

Positive Control (+SRC) 25.0 50.0 55.4 4.15 10 

Negative Control (-SRC) 25.0 50.0 55.4 4.15 0 

 

The radioactive components of kinase mixtures deposited on the papers included 

the resultant 33P-phosphorylated peptide substrates and excess 33P. Since 

KVEKIGEGTYGVVYK-amide peptide substrate (and its 33P-phosphorylated form) is 

partially positively charged at physiological pH due to the presence of three lysine 

residues, it is attracted to negatively charged phosphocellulose filter papers. Electrostatic 

attraction of the peptide substrate to filter papers leads to non-specific adsorption and 

immobilization of the peptide substrates (non-phosphorylated, phosphorylated, and 33P-

phosphorylated) on the surface of the paper. Immobilization of 33P-phosphorylated 

peptide on filter papers is the base of its separation from ATPγ33P because the latter 

radiolabeled molecule does not adsorb on filter papers.  

To remove the excess 33P that was deposited on filter papers, three cycles of rinse 

with phosphoric acid and one cycle of acetone wash was performed on the filter papers. 

Ultimately, the dried filter papers with immobilized 33P-phosphorylated peptide 

substrates were immersed in 3 mL LSC to monitor the radioactivity of the adsorbed 33P-

phosphorylated peptide, as a measure of SRC kinase activity. Scintillation counts 

collected for the positive and negative control samples are presented in Figure 3-3. A 

significant difference was observed between the scintillation counts collected from these 

samples that confirmed the activity of SRC kinase. The high scintillation response 
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collected for the positive control sample (+SRC) is due to the 33P-phosphorylated peptide 

substrates immobilized on filter papers. The scintillation response observed for the 

negative control sample (-SRC) is considered as background and is due to the 

radioactivity of residual ATPγ33P that was not completely removed by washing the filter 

papers. Signal to background ratio of 11.5 was obtained using LSA. 
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Figure 3-3. SRC kinase activity evaluation by liquid scintillation analysis. Positive (red) 

and negative (blue) control samples were prepared using ATP-MIX (ATPγ33P=0.11%) 

with and without SRC kinase (±SRC), respectively. Scintillation signal in the positive 

control sample is due to non-specific adsorption of 33P-phosphorylated peptide substrate 

on phosphocellulose filter papers. The background observed in the negative control 

sample is due to remaining ATPγ33P on filter papers. The number of sample replicates 

was 1. 

 

LSA of SRC kinase activity was performed as a test for the functionality of the 

newly purchased SRC kinase kit using the “gold standard” liquid scintillation analysis 

before trying nanoSPA. LSA of SRC kinase involved many washing steps in open 

containers with a large volume of radiochemical waste disposal that makes this technique 
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tedious and prone to contamination. Development of miniaturized and contained 

radioassays for in vitro kinase activity studies may resolve such pitfalls. The results of 

LSA approved the activity of SRC enzyme and the standard protocol for preparation of 

kinase mixtures was used for development of kinase activity assays using nanoSPA. 

3.3.2 Analysis of SRC Kinase Activity by Non-Specific Adsorption of 33P-

Phosphorylated Peptide Substrate on Adsorption nanoSPA 

Proteins nonspecifically adsorb onto silica particles.241 A simple assay was 

developed for the analysis of kinase activity based on the non-specific adsorption of 

radiolabeled cationic peptide substrates on adsorption nanoSPA. Hypothetically, the 

electrostatic attraction of 33P-phosphorylated peptide substrate to phosphocellulose filter 

papers would be possible on the silica coating of adsorption nanoSPA because of its 

negative surface potential. The peptide substrate is positively charged at physiological pH 

due to the presence of lysine residues. Advantageously, zeta potential measurements 

(Chapter 2) demonstrated negative zeta potential on the surface of nanoSPA. On the other 

hand, excess 33P is less attracted to the surface of adsorption nanoSPA and should 

contribute less to scintillation response. Solution-based analysis using adsorption 

nanoSPA eliminates the need to separate excess 33P, as opposed to filtration assays in 

which the whole kinase mixture, including the excess 33P, resides on filter paper prior to 

rinsing steps. 

To evaluate the sensitivity of adsorption nanoSPA to 33P-phosphorylated peptide 

substrate, SRC kinase mixtures were prepared. Table 3-2 presents the composition of 

kinase mixtures in positive and negative control samples. An ATP-MIX (a mixture of 

ATP and ATPγ33P) was used to prepare the kinase mixtures with the purpose of raising 
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the concentration of ATP to 50.0 µM. Additional controls were prepared using regular 

ATP (COLD-ATP) as listed in Table 3-2. After 30 min incubation of kinase mixtures, 1 

mL suspension of adsorption nanoSPA in PBS buffer (pH 7.4) was added to the 

scintillation vials containing the kinase mixtures for evaluation of the kinase activity. 

 

Table 3-2. Experimental design for analysis of SRC kinase activity using adsorption 

nanoSPA. Samples prepared using ATP-MIX and COLD-ATP (25 µL kinase reaction 

volume; 30 min kinase mixture incubation time at room temperature). 

 

Sample ID Substrate 

(µM) 

ATP 

(µM) 

ATPγ33P 

(nM) 

ATPγ33P 

(µCi) 

Kinase 

(ng) 

A
T

P
-M

IX
  

Positive Control (+SRC) 

 

25 

 

50.0 

 

56.6 

 

4.24 

 

10 

Negative Control (-SRC) 25 50.0 56.6 4.24 0 

C
O

L
D

-

A
T

P
 

 

Positive Control (+SRC) 

 

25 

 

50.0 

 

0 

 

0 

 

10 

Negative Control (-SRC) 25 50.0 0 0 0 

 

Scintillation counts are illustrated in Figure 3-4A. Scintillation responses of the 

samples prepared using COLD-ATP were almost zero, as expected because no 33P was 

present in the kinase mixtures. The scintillation counts for the positive (+SRC) and 

negative (-SRC) control samples prepared using ATP-MIX were significantly higher than 

those of the samples prepared using COLD-ATP. However, the scintillation counts of the 

positive and negative control samples were not significantly different from each other. 

Hypothetically, scintillation counts for the positive control sample are based on the non-

specific adsorption of 33P-phosphorylated peptide substrate on the silica surface of 

adsorption nanoSPA in addition to the NPE from excess 33P (signal + background) which 

resides in the solution phase of the mixtures. Scintillation counts for the negative control 
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sample are only due to NPE from excess 33P (background). Furthermore, ATPγ33P can 

adsorb to silica surface through non-specific adsorption or hydrogen binding.301 The 

observed high NPE is due to the long β-range of 33P (~600 µm in aqueous media) which 

is a challenge for separation-free analysis of kinase activity. 
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Figure 3-4. SRC activity analysis using adsorption nanoSPA. (A) Scintillation response 

of adsorption nanoSPA to kinase mixtures prepared using ATP-MIX (ATPγ33P=0.11%) 

and COLD-ATP (ATPγ33P=0.0%). Positive and negative control samples were prepared 

with and without SRC kinase (±SRC), respectively. A significant difference between the 

scintillation responses of samples prepared using ATP-MIX (gray columns) and COLD-

ATP (black columns) is observed. Scintillation response in samples prepared using 

COLD-ATP is almost zero due to lack of radioactivity in samples. Scintillation response 

in the positive control sample prepared using ATP-MIX is due to non-specific adsorption 

of 33P-phosphorylated peptide substrate on silica shell of adsorption nanoSPA. The high 

NPE observed for the negative control sample prepared using ATP-MIX is due to excess 
33P. (B) Scintillation response of the same samples after centrifugation to minimize the 

NPE by removing excess 33P. Poor signal/background ratio (< 3) is observed. 

 

33P is a relatively high-energy radionuclide and significant NPEs are reported for 

SPA applications using 33P (compared to 35S and 3H).6 To minimize the NPE and 

maximize the signal to background ratio, removal of excess unbound radiolabeled 

molecules from the mixture is recommended using centrifugation, overnight 

sedimentation, or floatation of SPA microparticles.62 Centrifugation is not compatible 

with automation, however, microparticle floatation or sedimentation is amenable to 

A B 



145 

 

automation.302 Concentrated CsCl solution is commonly added to the mixture of SPA 

microparticles in kinase samples to minimize the NPE by floating the SPA 

microparticles.45 

Alternatively, subtraction of background would help to reduce the impact of 

excess radiolabeled interferents (i.e. excess ATPγ33P and 33P-phosphate).75 The corrected 

signal (Scorr) is obtained by subtraction of the scintillation responses collected for the 

positive and negative control samples. In this experiment, the corrected signal was 

calculated as: 

Scorr. = S – B = 22083 – 21127 = 956 CPM 

Where, S and B represent the scintillation responses of the positive and negative 

control samples, respectively. The significant difference between S and Scorr. shows that 

most ATPγ33P is unused and contributes to background through NPE. β-range of 33P in 

aqueous media is about 600 µm which is a challenge for separation-free analysis of 

kinase activity. To better demonstrate the impact of excess 33P and to confirm the non-

specific adsorption of 33P-phosphorylated peptide substrate on the silica coating of 

adsorption nanoSPA, a separation step was performed by centrifugation, although these 

assays are developed with the eventual goal of homogenous or separation-free analyses. 

It is crucial to make these assays separation-free to facilitate automation and 

miniaturization in high throughput pharmaceutical screenings. 

To remove the excess 33P and minimize the NPE, samples were centrifuged, and 

the supernatant was replaced with 1 mL PBS buffer. Scintillation responses of the 

processed samples are presented in Figure 3-4B. Scintillation counts for both positive and 

negative control samples prepared using ATP-MIX reduced dramatically, which 
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confirmed the removal of excess 33P. After removal of excess 33P, the scintillation signal 

collected from the positive control sample was distinguishable from the background 

collected from the negative control sample which confirmed the non-specific adsorption 

of 33P-phosphorylated peptide substrates to the surface of adsorption nanoSPA. However, 

since phosphorylation in positive control samples also occurred mostly by ATP (rather 

than ATPγ33P) the signal in the positive control sample was low and poor 

signal/background ratio was observed (ca. 2.6). The corrected signal after removal of 

excess 33P was calculated as: 

Scorr. = S – B =1068 – 404 = 664 CPM 

This value agrees well with the samples before removal of excess 33P and further 

confirmed the minimization of NPE. It may be concluded that adsorption nanoSPA can 

be applied for kinase activity analyses. However, poor signal to background ratio is 

obtained. To improve the signal to background ratio in radioassays based on adsorption 

nanoSPA a similar experiment was performed by preparing the kinase mixtures using 

only ATPγ33P (HOT-ATP). The hypothesis was that using only ATPγ33P in 

phosphorylation reactions would lead to the production of 33P-phosphorylated substrates 

using exclusively ATPγ33P since ATPγ33P is the only source of 33P-phosphate in the 

kinase mixtures (mole percentage of ATPγ33P to total ATP = 100%). Therefore, lower 

excess ATPγ33P and NPE were expected. Since ATPγ33P (HOT-ATP) was used to 

prepare the kinase mixtures, the total assay concentration of ATP was about 3 orders of 

magnitude lower than that of kinase mixtures prepared using ATP-MIX and much lower 

than the Km value of ATP. Therefore, to assure enough products of the phosphorylation 

would form, kinase mixtures were incubated for a longer time and adsorption nanoSPA 
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suspended in PBS buffer was added to the scintillation vials next day. Overnight 

incubation of kinase mixtures (for at least 8 h) facilitated phosphorylation over a longer 

time to compensate for the low concentration of ATPγ33P. Table 3-3 presents the total 

concentration of the components of kinase mixtures in positive and negative control 

samples. 

 

Table 3-3. Experimental design for analysis of SRC kinase activity using adsorption 

nanoSPA. Samples prepared using HOT-ATP (25 µL kinase reaction volume; overnight 

kinase mixture incubation at room temperature). 

 

Sample ID Substrate 

(µM) 

ATP 

(nM) 

ATPγ33P 

(µCi) 

Kinase 

(ng) 

Positive Control (+SRC) 25 17.4 1.30 10 

Negative Control (-SRC) 25 17.4 1.30 0 

 

Figure 3-5A shows the scintillation response upon addition of adsorption 

nanoSPA into vials containing the kinase mixtures prepared using HOT-ATP. 

Scintillation counts for positive and negative control samples were significantly different. 

Using ATPγ33P to prepare the kinase mixtures helps to discriminate between the positive 

and negative controls. Scintillation counts for the positive control sample (+SRC) are 

based on non-specific adsorption of 33P-phosphorylated peptide substrate on the silica 

surface of nanoSPA and NPE from excess 33P (signal + background). Scintillation counts 

for the negative control sample (-SRC) are due to NPE from excess 33P (background). 

The corrected signal (Scorr) is obtained by subtraction of the scintillation responses 

collected for the negative (B) from the positive (S) control samples. Scorr. was calculated 

as 3014 CPM which is enhanced because of using ATPγ33P. Nonetheless, samples were 
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centrifuged, and the supernatant was replaced with PBS buffer to minimize the NPE 

caused by excess 33P, Figure 3-5B. 
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Figure 3-5. SRC activity analysis using adsorption nanoSPA. (A) Scintillation response 

of adsorption nanoSPA to kinase mixtures prepared using HOT-ATP. Positive and 

negative control samples were prepared with and without SRC kinase (±SRC), 

respectively. Scintillation signal in the positive control sample is due to non-specific 

adsorption of 33P-phosphorylated peptide substrate on the silica shell of adsorption 

nanoSPA. The NPE is observed in the negative control sample due to excess 33P. (B) 

Scintillation response of the same samples after removal of excess 33P to minimize the 

NPE. Signal/background ratio is improved to >14 by using HOT-ATP in kinase mixtures. 

 

Although the signal decreased dramatically upon centrifugation because of 

removal of excess 33P, the positive and negative control samples became more 

distinguishable, with a greatly improved signal/background ratio (ca. 14.1) compared to 

that of the experiment performed using ATP-MIX. Scorr. was calculated as 1848 CPM. 

Scorr. was 39% different from that of the samples before centrifugation and replacement 

of the supernatant with buffer. The lower Scorr. obtained for the centrifuged samples 

might be due to the removal of some of the non-specifically adsorbed 33P-phosphorylated 

peptide substrates from the surface of adsorption nanoSPA. It is expected that non-

specific adsorption on the silica surface of nanoSPA is not tight and 33P-phosphorylated 

peptide substrates adsorbed to nanoSPA may desorb from the surface of adsorption 

A B 



149 

 

nanoSPA during the ATPγ33P removal steps. Successive rinsing of adsorption nanoSPA 

was performed using H2O, MeOH, and Tween 20 to monitor the desorption of 33P-

phosphorylated peptide substrates. The gradual decrease in the scintillation response of 

adsorption nanoSPA through rinsing (18, 65, and 74%, respectively) further confirmed 

this hypothesis. 

These results show that the removal of excess 33P is unnecessary if kinase 

mixtures are prepared using only ATPγ33P, which makes adsorption nanoSPA a truly 

separation-free radioassay. Positive and negative control samples must be prepared and 

the difference of scintillation responses in positive and negative control samples should 

be used as a measure of kinase activity. The longer incubation time required for kinase 

mixtures is due to the limited concentration of ATPγ33P (HOT-ATP), which is a 

disadvantage of the radioassays developed using nanoSPA. Nonetheless, the incubation 

time for phosphorylation reactions in high throughput screening assays may be 

worthwhile to avoid successive tedious and labor-intensive washing steps required in 

“gold standard” filter paper-based radioassays. 

The scintillation response of adsorption nanoSPA to 33P-phosphorylated peptide 

substrates was measured as a function of time to investigate the progress of 

phosphorylation reaction in kinase mixtures that were combined with adsorption 

nanoSPA. The scintillation responses of the positive control samples were monitored for 

about 8 h. More frequent measurements were obtained in the first hour of combining 

adsorption nanoSPA with kinase mixtures. Addition of nanoSPA stopped the 

phosphorylation reaction as illustrated in Figure 3-6, due to immobilization of peptide 

substrates on the surface of adsorption nanoSPA. Immobilized peptide substrates are no 
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longer available for binding to SRC kinase for phosphorylation, analogous to nonspecific 

adsorption of peptide substrates on phosphocellulose filter papers. 
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Figure 3-6. Scintillation response of adsorption nanoSPA to kinase mixtures prepared 

using HOT-ATP stayed constant over time. Data are normalized to the highest 

scintillation counts observed over time. 

 

Adsorption nanoSPA may be used for in vitro analysis of kinases as targets of 

pharmaceuticals. Kinase mixtures may be prepared using potential inhibitors, and the 

inhibition of kinase activity can be monitored simply by the addition of nanoSPA into the 

same vials. Negative control samples must be included for mathematical correction of 

background. The homogeneity of this assay makes it favorable to analysts due to its 

simplicity and low chance of contamination. Minimal analysis time, labor, and waste 

disposal are other advantages of adsorption nanoSPA compared to “gold standard” filter 

paper-based analysis. 
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3.3.3 Inhibition of Non-Specific Adsorption of 33P-Phosphorylated Peptide 

Substrate to Phospholipid-nanoSPA 

Coating of PS core nanoparticles with silica adds many advantages to the 

nanoSPA sensor platforms. One of the main advantages of silica coating of PS 

nanoparticles is the hydrophilic surface of nanoSPA, which makes them suitable for 

water-based analyses. Additionally, nanoSPA can be further coated with phospholipids 

303 to obtain phospholipid-nanoSPA. Phospholipid coating is usually done to improve the 

utility of sensors for bioanalytical assays free from non-specific adsorption of proteins to 

the surface of sensors. Non-specific adsorption of proteins on silica surfaces is 

problematic in such assays. For the preparation of nanoSPA with specific binding motifs, 

the inherent non-specific adsorption must be overcome. 

Non-specific adsorption is the base of adsorption nanoSPA. To minimize non-

specific adsorption of 33P-phosphorylated peptide substrate to the surface of nanoSPA, an 

inhibition experiment was performed using phospholipid-nanoSPA. Kinase mixtures 

were prepared and evaluated using adsorption nanoSPA and phospholipid-nanoSPA. 

Table 3-4 presents the composition of kinase mixtures in positive and negative control 

samples and Figure 3-7 shows the scintillation responses collected for the samples listed 

in Table 3-4, along with the schematic presentation of detection mechanism in adsorption 

nanoSPA and inhibition in phospholipid-nanoSPA. As expected, the scintillation 

response of adsorption nanoSPA for the positive control was significantly different from 

the negative control, due to the non-specific immobilization of 33P-phosphorylated 

peptide substrate. However, the scintillation response for the positive control for 

phospholipid-nanoSPA was not significantly different from the negative control, due to 
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the inhibition of non-specific adsorption of 33P-phosphorylated peptide substrates on 

phospholipid-nanoSPA. The electrostatic interaction of the 33P-phosphorylated peptide 

substrates with silica coating of nanoSPA is compromised through phospholipid coating. 

 

Table 3-4. Experimental design for analysis of SRC kinase activity using adsorption 

nanoSPA and phospholipid-nanoSPA. Samples prepared using HOT-ATP (25 µL kinase 

reaction volume; overnight kinase mixture incubation at room temperature). 

 

Sample ID Substrate 

(µM) 

ATP 

(nM) 

ATPγ33P 

(µCi) 

Kinase 

(ng) 

Adsorption 

nanoSPA 

Positive Control (+SRC) 25 8.00 0.600 10 

Negative Control (-SRC) 25 8.00 0.600 0 

Phospholipid-

nanoSPA 

Positive Control (+SRC) 25 8.00 0.600 10 

Negative Control (-SRC) 25 8.00 0.600 0 

 

These results further support the non-specific adsorption of the 33P-

phosphorylated peptide substrates on adsorption nanoSPA. It is concluded that adsorption 

nanoSPA is a strong candidate for separation-free in vitro analysis of kinase activity 

through non-specific adsorption of 33P-phosphorylated peptide substrate on the surface of 

nanoSPA, but with sacrificed specificity. 
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Figure 3-7. Scintillation response of adsorption nanoSPA (filled columns) and 

phospholipid-nanoSPA (striped columns) to kinase mixtures prepared using HOT-ATP. 

Positive and negative control samples were prepared with and without SRC kinase 

(±SRC), respectively. Scintillation response in positive control samples is due to non-

specific adsorption of 33P-phosphorylated peptide substrate on the silica shell of 

adsorption nanoSPA, which is inhibited on phospholipid-nanoSPA. The NPE is observed 

in negative control samples due to excess 33P. 

 



154 

 

3.3.4 Analysis of SRC Kinase Activity at Varying Concentrations of SRC Kinase 

Using Adsorption nanoSPA 

Kinases are biological catalysts that improve the rate of phosphorylation 

reactions. The rate and the extent of the reaction depend on the concentration of kinase, 

based on Equation 3-2. To explore the impact of the concentration of SRC kinase on the 

extent of phosphorylation reaction, a set of kinase mixtures were prepared using different 

amounts of this enzyme at constant concentrations of peptide substrate and ATPγ33P. The 

amount of kinase in the assays ranged from 1 to 1000 ng. The kinase mixtures prepared 

in scintillation vials were incubated overnight and monitored by addition of adsorption 

nanoSPA into the same vials.  

Figure 3-8 shows scintillation responses of adsorption nanoSPA to the kinase 

mixtures prepared using varying amounts of SRC kinase. Increasing scintillation 

response was observed with increasing amount of SRC kinase, up to 100 ng kinase per 

assay. Increasing the concentration of kinase results in an increased rate of 

phosphorylation at initial times and leads to a higher extent of the reaction. The 

scintillation response is expected to plateau at higher concentrations of the enzyme. 

However, the scintillation response of adsorption nanoSPA declined with further increase 

in 500 and 1000 ng SRC kinase per assay. It may be that the impact at higher 

concentrations of the kinase is not as expected, due to instability and loss of activity over 

time. Additionally, depletion of substrates and possibly enzyme dimerization at higher 

concentrations of the kinase may lead to decrease in 33P-phosphorylation yield.268 In 

addition, the declining scintillation response at higher concentrations of SRC kinase, 

instead of a plateau trend, might be partially due to the unwanted non-specific adsorption 
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of SRC kinase proteins on adsorption nanoSPA, in competition with the adsorption of 

33P-phosphorylated peptide substrates. 

Optimal kinase concentrations are required for maximum extent of 

phosphorylation.62,268 Based these results 100 ng SRC kinase results in the highest extent 

of phosphorylation. However, 10 ng SRC kinase was selected for all further experiments 

to obtain comparable results and to preserve the enzyme for as many experiments as 

possible. This value is 5-10 x higher than the recommended amount suggested by the 

vendor (1-2 ng per assay) and successfully catalyzes the reaction, while not interfering 

with quantification. HOT-ATP (ATPγ33P) was used to prepare kinase mixtures for the 

rest of the investigations described in this chapter and overnight incubation of kinase 

mixtures was performed, followed by addition of nanoSPA. 
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Figure 3-8. Effect of SRC kinase concentration on scintillation response. Scintillation 

response of adsorption nanoSPA to kinase mixtures prepared using HOT-ATP with 

varying concentrations of SRC kinase. Optimal scintillation response was observed at 

100 ng SRC kinase per assay. 
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3.3.5 Analysis of SRC Kinase Activity at Varying Concentrations of Peptide 

Substrate Using Adsorption nanoSPA 

To further demonstrate the sensitivity of adsorption nanoSPA to 33P-

phosphorylated peptide substrate, kinase mixtures were prepared using varying 

concentrations of the peptide substrate (0.1-20 µg/assay) at constant concentrations of 

ATPγ33P (13.6 nM, 1.02 µCi) and SRC kinase (10 ng/assay) in 25 µL assay volume. 

Negative controls were prepared with no SRC kinase to monitor the NPE. Kinase 

mixtures were incubated overnight followed by addition of adsorption nanoSPA 

suspended in 1 mL PBS buffer. 

Figure 3-9A shows the scintillation response of adsorption nanoSPA to kinase 

mixtures prepared using varying concentrations of the peptide substrate, with and without 

the SRC kinase. Scintillation counts increased in positive control samples (with SRC, red 

squares) by raising the concentration of peptide substrate because more 33P-

phosphorylated peptide substrates were produced through the phosphorylation reaction 

and immobilized on the silica surface of adsorption nanoSPA. As expected, the negative 

control samples (no SRC, blue circles) showed lower scintillation responses in 

comparison to their corresponding positive control samples. The background in negative 

control samples stayed constant among these samples due to the constant concentration 

and activity of ATPγ33P. 
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Figure 3-9. Effect of substrate concentration on scintillation response. (A) Scintillation 

response of adsorption nanoSPA to kinase mixtures prepared using HOT-ATP at varying 

concentrations of its peptides substrate. (B) Presentation of the linearity of the same data 

set at lower concentrations of the peptide substrate. Positive and negative control samples 

were prepared with and without SRC kinase for all concentrations of the peptide 

substrate. Scintillation response of adsorption nanoSPA in positive control samples is due 

to non-specific adsorption of 33P-phosphorylated peptide substrates to the surface of 

adsorption nanoSPA. The NPE in the negative control samples is because of excess 33P. 
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The corrected signal (Scorr., purple triangles) is calculated by subtracting the 

background (no SRC, blue circles) from the signal (with SRC, red squares). The 

increasing trend of Scorr. is linear at lower concentrations of the peptide substrate which 

shows that the extent of phosphorylation is linearly proportional to peptide substrate 

concentration, as depicted in Figure 3-9B. The linear response at lower concentrations of 

the substrate is in accordance to Equation 3-2 based on a first-order reaction with respect 

to the substrate. Increasing the concentration of peptide substrate increases the rate of 

phosphorylation and the extent of reaction. More 33P-phosphorylated peptide substrates 

are produced which leads to higher scintillation response due to immobilization of more 

33P-phosphorylated peptide substrates on adsorption nanoSPA. The linear region of the 

plot was used to calculate the LOD for the 33P-phosphorylated peptide substrates using 

adsorption nanoSPA and 1.28 µM (53.4 ng) was obtained. 

At higher concentrations of the peptide substrate, however, the increasing trend of 

scintillation response of adsorption nanoSPA approaches a plateau (Figure 3-9A). The 

less steep rise of scintillation response at higher concentrations of the peptide substrate is 

partially due to the saturation of the substrate binding domains of the kinase, which limits 

the rate and extent of the 33P-phosphorylation reaction. The kinase is saturated at higher 

concentrations of the peptide substrate and the second step in Equation 3-1 becomes the 

rate-limiting step which defines the overall rate of the reaction. Once the kinase is 

saturated, the rate of phosphorylation becomes independent of the concentration of the 

peptide substrate, in a zero-order fashion with respect to the peptide substrate. 

Additionally, saturation of adsorption sites on adsorption nanoSPA may 

contribute to the slower rise of scintillation response because there is a competition 
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between the non-phosphorylated peptide substrates and the 33P-phosphorylated peptide 

substrates for nonspecific adsorption on nanoSPA. The electrostatic attractions are more 

favored for the more cationic non-phosphorylated peptide substrates than 33P-

phosphorylated substrates. Moreover, in such low ratio of ATPγ33P to peptide substrate 

(nM to µM), there is a limited incorporation of 33P in the peptide substrates which is more 

pronounced at higher concentrations of the peptide substrate. The overall trend of the 

corrected signal is logarithmic, a typical trend observed in all enzymatic reactions. 

3.3.6 Analysis of SRC Kinase Activity at Varying Concentrations of ATPγ33P 

Using Adsorption nanoSPA 

To investigate the impact of ATPγ33P concentration on phosphorylation, kinase 

mixtures were prepared using varying concentrations of ATPγ33P (0.0 to 12.0 nM) at 

constant concentrations of SRC kinase (10 ng/assay) and peptide substrate (2 µg/assay). 

Negative control samples were prepared with no SRC kinase. The activity of ATPγ33P in 

samples ranged from 0.0 to 1.70 µCi. Kinase mixtures were incubated overnight and 

mixed with adsorption nanoSPA for scintillation analyses. 

Figure 3-10 shows the scintillation responses of adsorption nanoSPA to samples 

prepared using varying concentrations of ATPγ33P. Scintillation counts in positive control 

samples (with SRC, red squares) increased upon increased ATPγ33P concentration as 

more 33P-phosphorylated peptide substrate was produced and adsorbed on the surface of 

adsorption nanoSPA. The negative control samples (no SRC, blue circles) showed lower 

scintillation responses compared to equivalent positive control samples. The background 

due to NPEs in negative control samples also increased with increasing concertation of 

ATPγ33P. The corrected signal (Scorr., purple triangles) may be calculated by subtracting 
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the background (no SRC, blue circles) from the signal (with SRC, red squares) which 

practically simplifies the assay.  
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Figure 3-10. Scintillation response of adsorption nanoSPA to kinase mixtures prepared 

using HOT-ATP. Positive control samples were prepared with SRC kinase (+SRC) at 

varying concentrations of ATPγ33P. Negative control samples were prepared with no 

kinase (-SRC) and the same concentrations of ATPγ33P as their corresponding positive 

control samples. Scintillation signal in positive control samples is due to non-specific 

adsorption of 33P-phosphorylated peptide substrate to the surface of adsorption nanoSPA 

and NPE. The NPE in the negative control samples results from excess 33P. 

 

The trend observed for the corrected scintillation signal illustrates a linear 

proportionality to the concentration of ATPγ33P, in accordance with Equation 3-2. Since 

the kinase mixtures in this chapter are prepared using HOT-ATP (ATPγ33P), to maximize 

the signal to background ratio, there is always a limited amount of ATPγ33P in the kinase 

mixture and increasing the concentration of ATPγ33P results in a linear increase of the 
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rate and extent of 33P-phosphorylation reaction. The linear plot of the corrected signal 

(Scorr.) was used to calculate the LOD for ATPγ
33P (0.6 pM) using adsorption nanoSPA. 

LOD was also calculated using the plots of the positive and negative control samples 

(±SRC) and 0.40 pM was obtained using the plot of the positive control samples and 5.2 

pM was calculated using the plot of the negative control samples which is the LOD for 

the NPE due to the 33P. Signal enhancement exceeds 10-fold. 

3.3.7 Time-Course Analysis of SRC Kinase Activity by Non-Specific Adsorption of 

33P-Phosphorylated Peptide Substrate to Adsorption nanoSPA 

The yield of enzymatic reactions increases with time and plateaus after the 

limiting reagent is consumed. More 33P-phosphorylated peptide substrates are expected 

with increasing time, as SRC kinase forms a ternary complex with the peptide substrate 

and ATPγ33P followed by phosphorylation. To monitor the progress of phosphorylation 

with time, kinase mixtures were prepared and aliquots of kinase mixtures were stopped at 

varying times followed by determination of product concentration.62 Time-course 

experiments based on filter paper-based assays are performed by depositing the kinase 

mixtures on filter papers at different times. In SPA assays, however, a quenching buffer 

is used to scavenge the metals using EDTA to stop the phosphorylation reaction. Time 

course studies may also be performed by addition of SPA microparticles suspended in 

stop buffer to kinase mixtures.74-75 

To investigate the utility of adsorption nanoSPA for time-course studies of 

kinases several kinase mixtures were prepared and quenched at different times. Although 

adsorption nanoSPA stops the phosphorylation reaction, a quenching buffer was used in 

this experiment before the addition of nanoSPA. The kinase mixtures were identical and 
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contained SRC kinase (10 ng), peptide substrate (1 µg), and ATPγ33P (3.46 nM, 259 nCi) 

in 25 µL total kinase mixture volume. Quenching was done for about 2 d from the mixing 

time, using 200 µL of a solution of 10 mM EDTA in PBS buffer (pH 7.4), and the 

quenched phosphorylation reactions (kinase mixtures combined with the quenching 

buffer) were stored at room temperature until analysis. Adsorption nanoSPA suspended 

in 800 µL PBS buffer was added to all quenched kinase mixtures. All scintillation vials 

were stored for overnight sedimentation to minimize the NPE due to excess 33P. Figure 3-

11 shows the scintillation responses of adsorption nanoSPA to the quenched SRC kinase 

mixtures at different times.  

The phosphorylation reaction proceeded slowly and the time axis in this plot 

corresponds to days of sample preparation due to the extremely low concentration of 

ATPγ33P in kinase mixtures. Scintillation response increased with time, approaching a 

maximum value after about 2 d. Nonetheless, the initial times of the phosphorylation 

reaction are useful to obtain kinetic parameters and these data points may be collected in 

less than a working day. These data suggest that adsorption nanoSPA may be useful for 

automated assays for time-course studies of kinase activity. Sedimentation of nanoSPA to 

minimize the NPE is compatible with automation and simplifies the analysis of several 

samples. The initial change in scintillation response with time is defined as the initial 

velocity (V0) of the phosphorylation reaction, which may vary based on other factors, 

including the concentration of enzyme, the concentration of substrates, pH, and 

temperature. 
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Figure 3-11. Scintillation response of adsorption nanoSPA to SRC kinase mixtures 

prepared using HOT-ATP and quenched at different times using EDTA. Scintillation 

response (based on nonspecific adsorption of 33P-phosphorylated peptide substrate to the 

surface of PS-TEOS nanoparticles) increased with time due to the increased 33P-

phosphorylation of the peptide substrate with time. Data collected after overnight 

sedimentation of nanoparticles without removal of excess 33P. 

 

3.3.8 Impact of Inhibitors and Heat-Deactivation on SRC Kinase Using 

Adsorption nanoSPA 

Kinases are the most important pharmaceutical drug targets, after GPCRs, with 

over 100 kinase inhibitors approved for clinical use.274,304 Tyrosine kinases have a C-

terminus activation loop, an N-terminus M-ATP binding lobe, and a cleft to bind to 

peptide substrates.266 Inhibitors compete for the binding pockets on kinases which 

inhibits kinase activity through blockage of the binding domains. Staurosporine is a 

nonspecific type 1 inhibitor which binds to the ATP-binding site on all kinases 305 with an 

IC50 value of 6 nM to SRC kinase.306 SRC Inhibitor-1, however, is specific to SRC kinase 
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and as a dual-site inhibitor binds to both the substrate binding and the ATP binding 

domains of SRC kinase, with an IC50 value of 180 nM.307 Figure 3-12 illustrates the 

structure of staurosporine and SRC Inhibitor-1. 

 

 

 

 

 

Figure 3-12. Structure of (A) staurosporine and (B) SRC Inhibitor-1. 

 

To demonstrate the feasibility of adsorption nanoSPA for the screening of 

pharmaceuticals, a set of kinase mixtures were prepared using SRC kinase aliquots 

treated with staurosporine and SRC Inhibitor-1. Additionally, a heat-deactivated aliquot 

of SRC kinase was used as a control sample. Moreover, positive and negative control 

samples were prepared with and without SRC kinase (±SRC). Kinase mixtures were 

incubated overnight and then mixed with adsorption nanoSPA for evaluation of the 

inhibitory impact of the selected inhibitors.  

Figure 3-13 shows the scintillation response of adsorption nanoSPA to the kinase 

mixtures prepared using SRC, staurosporine-treated SRC, SRC Inhibitor-1-treated SRC, 

heat-deactivated SRC, and no SRC. Significant differences (p-values <0.0001) were 

observed between the positive control sample (+SRC) and other samples prepared using 

no SRC or treated SRC with heat or inhibitors and show that 33P-phosphorylation of 

peptide substrates only occurred in the positive control sample (+SRC). Scintillation 

A B 
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response of the negative control sample was not significantly different from those of 

samples prepared using SRC treated with staurosporine, SRC Inhibitor-1, or heat (p-

values 0.271, 0.483, and 0.770, respectively). The scintillation responses collected from 

all samples are presented in striped columns in Figure 3-13. Subtraction of the 

scintillation response of the negative control sample (-SRC) resulted in corrected signal 

values, as depicted in filled columns in Figure 3-13. 

0

3

6

9

C
P

M
 (
 

1
0

-3
)

 
                      +SRC           Staurosporine  SRC Inhibitor-1  Heated SRC         -SRC 

 

Figure 3-13. Scintillation response of adsorption nanoSPA to inhibition of SRC kinase 

activity using kinase inhibitors and heat. Positive and negative control samples were 

prepared with and without SRC kinase (±SRC). Striped columns represent the raw 

scintillation responses and filled columns present the corrected signal by subtracting the 

scintillation counts of the negative control sample (-SRC) from the scintillation counts of 

each sample. Kinase mixtures prepared using HOT-ATP. 
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3.3.9 Analysis of SRC Kinase Activity by Covalent Binding of 33P-Phosphorylated 

Peptide Substrate to Binding nanoSPA 

To improve the sensitivity and specificity of nanoSPA to 33P-phosphorylated 

peptide substrates, further functionalization of the nanoSPA may be done to attach a 

variety of binding moieties to the surface, through established silane chemistry, cross-

linkers, or functionalized phospholipids. Linker-based immobilization of 33P-

phosphorylated peptide substrates is possible through carboxyl groups to facilitate 

binding of nanoSPA to 33P-phosphorylated peptide substrates by peptide coupling.  

A binding-based nanoSPA platform was developed using a heterogeneous 

crosslinker (maleimide-PEG2-succinimidyl ester) on thiol-functionalized (PS-MPTS) 

nanoparticles to obtain nanoSPA with the carboxyl-activated surface. The maleimide end 

group of the crosslinker was coupled to the thiol groups on the surface of PS-MPTS 

nanoparticles through thiol-ene click chemistry. Kinase mixtures with and without SRC 

kinase were prepared, as listed in Table 3-5. Binding nanoSPA was used for the 

evaluation of kinase activity by covalent binding to 33P-phosphorylated peptide 

substrates. Figure 3-14A shows the results of the assessment of kinase activity in these 

samples using binding nanoSPA. 

 

Table 3-5. Experimental design for analysis of SRC kinase activity using binding 

nanoSPA. Samples prepared using HOT-ATP (25 µL kinase reaction volume; overnight 

kinase mixture incubation at room temperature). 

 

Sample ID Substrate 

(µM) 

ATP 

(nM) 

ATPγ33P 

(µCi) 

Kinase 

(ng) 

Positive Control (+SRC) 25 17.4 1.30 10 

Negative Control (-SRC) 25 17.4 1.30 0 
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Scintillation counts collected from the positive and negative control samples are 

both high, however, they are significantly different. Scorr. was 2589 CPM. To further 

confirm the contribution of excess 33P to the observed background in both samples, 

removal of excess 33P was done by centrifugation and replacement of the supernatant 

with PBS buffer. Figure 3-14B shows the collected scintillation responses for the positive 

and negative control samples after removal of excess 33P. Scintillation responses of both 

samples decreased significantly upon centrifugation and the positive and negative control 

samples became more distinguishable, with a high signal/background ratio (ca. 23.5). 

Scorr. for the centrifuged samples was 2242 CPM. This value was close to that of the 

samples prior to the removal of excess 33P, which confirmed the reduced NPE. 

Centrifugation of binding nanoSPA did not affect Scorr. because of the tighter affiliation 

of 33P-phosphorylated peptide substrates with binding nanoSPA. 

These results demonstrated that binding nanoSPA is more specific and robust in 

comparison to adsorption nanoSPA, though there is one more step of surface 

modification in binding nanoSPA which adds to the cost and complexity of this assay in 

comparison to adsorption nanoSPA. The removal of excess 33P is unnecessary if kinase 

mixtures are prepared using only ATPγ33P, which makes binding nanoSPA a simple mix-

and-measure technique. Binding nanoSPA may be used for immobilizing peptide 

substrates using a crosslinker with a longer spacer for time-resolved analysis of 33P-

phosphorylation. A longer spacer provides enough space between the peptide substrates 

and the surface of nanoSPA such that the kinase can approach, bind, and phosphorylate 

the immobilized substrate. Phosphorylation of the peptide substrates on the surface of 

nanoSPA may be investigated using Mal-PEG24-NHS crosslinker. 
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Figure 3-14. Effect of substrate immobilization on nanoSPA. (A) Scintillation response 

of nanoSPA with activated carboxyl groups (PS-MPTS-Mal-PEG2-NHS) to kinase 

mixtures prepared using HOT-ATP. Positive and negative control samples were prepared 

with and without SRC kinase (±SRC), respectively. Scintillation response in the positive 

control sample is due to specific binding of the lysine residues of the 33P-phosphorylated 

peptide substrates to the activated carboxyl end group of the crosslinker on the surface of 

nanoSPA and NPE. The high NPE observed for the negative control sample is due to the 

excess 33P. (B) Scintillation response of the same samples after centrifugation to 

minimize the NPE through the removal of excess 33P. Signal/background ratio is over 23. 

 

3.3.10 Analysis of SRC Kinase Activity by Specific Binding of Immuno-nanoSPA to 

33P-Phosphorylated Peptide Substrate 

Adsorption nanoSPA is a non-specific sensor that is incapable of time-resolved 

monitoring of phosphorylation reactions due to the non-specific immobilization of 

peptide substrates (33P-phosphorylated and non-phosphorylated). Further modification of 

adsorption nanoSPA could resolve this problem and provide a more advanced sensor 

architecture for more delicate analyses. The inhibition of non-specific adsorption of non-

phosphorylated peptide substrates on nanoSPA in addition to a dynamic interaction of 

nanoSPA with the radiolabeled products of the phosphorylation reaction (33P-

phosphorylated peptide substrates) would facilitate monitoring of such reactions with 

A B 



169 

 

proceeding time. Immuno-nanoSPA was fabricated for detection of 33P-phosphorylated 

peptide substrates with a more specific and controlled binding strategy. 

A kinase activity assay was developed using nanoSPA with an antibody-coated 

surface, referred to as immuno-nanoSPA. Immuno-nanoSPA was fabricated using 

monoclonal pYAb,298  that specifically binds to pY. ProtG was utilized to coat the surface 

of nanoSPA, through non-specific adsorption, to obtain a surface with high affinity to 

IgG (Ka>108 M)308 and facilitate the immobilization of pYAb on the surface of immuno-

nanoSPA, to fabricate nanosensors with the capability for selective detection of 33P-pYs 

in a time-resolved fashion. Non-specific adsorption of protG on the silica surface of 

adsorption nanoSPA was expected based on the electrostatic interaction of proteins with 

the charged surface of adsorption nanoSPA. To evaluate the specific binding of immuno-

nanoSPA to pY, 33P-phosphorylated peptide substrates of SRC kinase were utilized since 

the phosphorylation occurs on its tyrosine residue 15 (Figure 3-2). SRC kinase mixtures 

were prepared and incubated overnight followed by evaluation of kinase activity using 

three architectures of nanoSPA. Adsorption nanoSPA, protG-nanoSPA, and immuno-

nanoSPA were used to evaluate the kinase activity in kinase mixtures listed in Table 3-6. 

Adsorption nanoSPA was added to the first pair of positive and negative control 

samples for the evaluation of kinase activity by non-specific adsorption of 33P-

phosphorylated peptide substrate to the surface of adsorption nanoSPA. A suspension of 

protG-nanoSPA was added to kinase mixtures, as a control, to verify the successful 

immobilization of protG on adsorption nanoSPA, by monitoring the inhibition of 

adsorption of 33P-phosphorylated peptide substrates. Finally, immuno-nanoSPA was 
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added to kinase mixtures to evaluate the kinase activity through specific binding of 

pYAb-immuno-nanoSPA to 33P-pY residues of the phosphorylated peptide substrates. 

 

Table 3-6. Experimental design for analysis of SRC kinase activity using adsorption 

nanoSPA and immuno-nanoSPA. ProtG-nanoSPA was used as a control. Samples 

prepared using HOT-ATP (25 µL kinase reaction volume; overnight kinase mixture 

incubation at room temperature). 

 

Sample ID Substrate 

(µM) 

ATP 

(nM) 

ATPγ33P 

(nCi) 

Kinase 

(ng) 

Adsorption 

nanoSPA 

Positive Control (+SRC) 25 5.21 391 10 

Negative Control (-SRC) 25 5.21 391 0 

protG-

nanoSPA 

Positive Control (+SRC) 25 5.21 391 10 

Negative Control (-SRC) 25 5.21 391 0 

Immuno-

nanoSPA 

Positive Control (+SRC) 25 5.21 391 10 

Negative Control (-SRC) 25 5.21 391 0 

 

Figure 3-15 shows the scintillation responses of the nanoSPA platforms to 33P-

phosphorylated peptide substrates along with the schematic presentation of their detection 

mechanism. The scintillation responses presented in this plot are obtained before (Figure 

3-15A) and after (Figure 3-15B) removal of excess 33P by centrifugation and replacement 

of the supernatant with PBS buffer. Scintillation response of the adsorption nanoSPA was 

high in the positive control sample and it was significantly higher than that of the 

negative control sample. The scintillation response of adsorption nanoSPA is based on 

the electrostatic attraction of the 33P-phosphorylated peptide substrates to the silica 

coating. 
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Figure 3-15. Scintillation response of nanoSPA to SRC kinase mixtures prepared using 

HOT-ATP (A) before and (B) after removal of excess 33P. Positive and negative controls 

were prepared with and without SRC kinase (±SRC), respectively. Scintillation signal in 

positive control samples (filled columns) is due to nonspecific adsorption of 33P-

phosphorylated peptide substrate to the surface of adsorption nanoSPA (left) and specific 

binding to pYAb on immuno-nanoSPA (right). Nonspecific adsorption of 33P-

phosphorylated peptide substrate to nanoSPA is inhibited (center). The NPE observed in 

negative control samples (striped columns) is due to excess 33P. 

 

A 
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Conversely, the electrostatic attraction and non-specific adsorption of the 33P-

phosphorylated peptide substrates was inhibited on protG-nanoSPA, due to the coverage 

of the silica surface. Scintillation response of the positive control samples analyzed by 

protG-nanoSPA was not significantly different from that of the negative control samples, 

which provides strong evidence of successful coverage of nanoSPA with protG. 

Advantageously, a surface with high affinity to antibodies was formed, while non-

specific adsorption of peptide substrates was inhibited. 

Scintillation response of the immuno-nanoSPA in positive control samples was 

significantly different from that of the negative control samples and from protG-

nanoSPA, which confirmed the successful immobilization of pYAb on the protG-

nanoSPA and specific binding of pYAb on immuno-nanoSPA to 33P-pY residues of the 

peptide substrates. The scintillation response, that was inhibited on protG-nanoSPA, is 

restored by functionalizing the surface of protG-nanoSPA with pYAb. The significantly 

higher scintillation response of immuno-nanoSPA in positive control samples, compared 

to that of negative control samples, is a strong evidence of the feasibility of immuno-

nanoSPA for sensitive and selective detection of 33P-pY in free amino acids or peptides 

and proteins. Signal to background ratio of over 10-fold was obtained. 

The observed scintillation response of immuno-nanoSPA platform was lower than 

that of the adsorption nanoSPA in positive control samples because the scintillation 

response of immuno-nanoSPA is a function of the affinity of pYAb to its antigen, i.e. 33P-

pY. Although the sensitivity of immuno-nanoSPA is lower than that of adsorption 

nanoSPA, the specificity of immuno-nanoSPA is higher. Immuno-nanoSPA only 

interacts with the phosphorylated substrates and the non-phosphorylated peptide 
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substrates are free in solution, readily available for phosphorylation. Therefore, immuno-

nanoSPA is potentially useful for time-resolved analysis of kinase activity. It is also 

anticipated that phosphorylation could be dynamically displayed in a complex biological 

sample using immuno-nanoSPA, due to the reversible interaction of this sensor platform 

with pY residues. 

These results show that immuno-nanoSPA is less sensitive but more specific than 

adsorption nanoSPA and binding nanoSPA for kinase studies. Immuno-nanoSPA 

prepared using pYAb is anticipated to solely bind to pY. This is an important feature of 

immuno-nanoSPA which makes it a strong candidate for kinase studies in biological 

samples with more complexity. Unlike adsorption nanoSPA and binding nanoSPA, there 

is no chance of immobilization of non-phosphorylated peptide substrates or peptide 

substrates phosphorylated on amino acid residues other than tyrosine residues on 

immuno-nanoSPA. Immuno-nanoSPA may be fabricated using other anti-phosphorylated 

amino acid antibodies, e.g. pSAb and pTAb, to obtain specific nanosensors to study 

serine and threonine kinases. Immuno-nanoSPA has a more complex and expensive 

architecture, compared to adsorption and binding nanoSPA, though it facilitates more 

delicate measurements, possibly in live cells. 

3.3.11 Time-Resolved Scintillation Response of Immuno-nanoSPA 

Current technologies used for kinase activity analysis are designed based on 

preincubation of kinase mixtures and evaluation of the kinase activity by monitoring the 

extent of the phosphorylation reaction after a given incubation time. The phosphorylation 

reaction is stopped at the time of the analysis for accurate evaluation of enzyme activity 

with time. Therefore, several samples of kinase mixtures must be prepared and stopped at 
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different times to obtain time-course information, as shown in Figure 3-11. Time-

resolved kinetic study of kinases could be more informative and potentially useful for in 

vivo analyses. 
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Figure 3-16. Scintillation response of immuno-nanoSPA to 33P-phosphorylation as a 

function of time. Data collection was performed upon preparing kinase mixtures by 

addition of immuno-nanoSPA for 8 h. 

 

Previously, it was illustrated that phosphorylation reaction is quenched through 

nonspecific adsorption of peptide substrates on the silica coating of adsorption nanoSPA 

(Figure 3-6). Therefore, this platform is not a good choice to monitor a phosphorylation 

reaction with proceeding time. Immuno-nanoSPA, however, specifically and reversibly 

binds to the phosphorylated products through their phosphorylated amino acids. 

Therefore, the unbound non-phosphorylated peptide substrates are available for 

phosphorylation followed by binding to immuno-nanoSPA. To test the capability of 

immuno-nanoSPA for time-resolved analysis of kinase activity kinase mixtures were 
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monitored as a function of time using pYAb immuno-nanoSPA. The scintillation 

response of immuno-nanoSPA did not increase with time (Figure 3-16) which might be 

due to the instability of the proteins utilized in the architecture of the sensors, i.e. 

antibodies and protG. 

3.3.12 Monitoring the Incorporation of 33P in HEK293 Cells Using Adsorption 

nanoSPA 

Phosphates play important roles in the transfer of energy using ATP for cell 

processes and the transfer of information using DNA and RNA.264 To explore the 

incorporation of 33P-phosphate groups in cells and to evaluate adsorption nanoSPA for 

measurement of phosphorylation in biological samples, cell lysates were analyzed using 

adsorption nanoSPA in vitro. HEK293 cells were seeded in petri-dishes and cultured for 

3 d in MEM, followed by feeding with ATPγ33P-spiked MEM. ATPγ33P was fed to three 

groups of cells (three replicates of each) and a control group was cultured with no 

ATPγ33P. Cell lysis was done through cycles of freeze-thaw at different times after 

feeding cells with ATPγ33P. 

Figure 3-17 illustrates the scintillation responses of adsorption nanoSPA to cell 

lysates obtained from HEK293 cells lysed at different times after feeding with ATPγ33P. 

The significant difference between the scintillation responses of the ATPγ33P-fed and 

control cells provides strong evidence of the incorporation of 33P radioisotope in cells. 

The incorporation of 33P in cells mostly occurs by the uptake of the 33P-phosphate groups 

of ATPγ33P through phosphorylation.309 Phosphorylation by the gamma-phosphate group 

of ATPγ33P that is radiolabeled with 33P results in 33P-phosphorylated peptides, proteins, 
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and amino acids including but not limited to serine, threonine, and tyrosine. Adsorption 

nanoSPA can detect the 33P-phosphorylated peptides and proteins. 

Additionally, ATPγ33P-bound proteins resulted from the complexation of ATP-

binding proteins in cells, including the membrane proteins, with the incorporated 

ATPγ33P.310 The existence of 33P in the structure of such complexes of proteins and 

ATPγ33P is not necessarily through phosphorylation, however, they may be adsorbed on 

the silica coating of the adsorption nanoSPA through electrostatic interactions. Therefore, 

adsorption nanoSPA provides a simple approach to monitor the global incorporation of 

33P in cell lysates but is not specific to monitor the incorporated 33P through 

phosphorylation. The increasing trend of the scintillation responses observed for the cells 

lysates prepared at different times after feeding with ATPγ33P provides an additional 

evidence of the incorporation of 33P in cells which increases with proceeding time. 

While this experiment shows a time-dependent uptake of ATPγ33P by HEK293 

cells, there is no specific quantitative information obtained, due to the non-specificity of 

adsorption nanoSPA platform. To perform a more specific analysis of complex biological 

samples, more selective sensor platforms must be employed. Cell lysates obtained from 

ATPγ33P-fed cells may be analyzed using immuno-nanoSPA with specificity to various 

33P-phosphorylated amino acids based on the type of the antibody used in the architecture 

of nanoSPA. pYAb-, pSAb-, and pTAb-decorated immuno-nanoSPA are sensitive to pY, 

pS, and pT, respectively. Identical samples of cell lysates may be evaluated using 

different architectures of immuno-nanoSPA to monitor the extent of 33P-phosphorylation 

specifically on these three amino acids, whereas adsorption nanoSPA may be used to 
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analyze the same samples for the global incorporation of 33P through phosphorylation and 

ATP-binding proteins. 
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Figure 3-17. Scintillation response of adsorption nanoSPA to 33P incorporated into 

HEK293 cells. Scintillation response increased with increasing time of cell growth in 

ATPγ33P-spiked MEM cell media (5.33 µCi ATPγ33P /petri dish). More incorporation of 
33P in HEK293 cells was observed with time (red circles). Scintillation response to the 

control group with no ATPγ33P was almost zero (blue squares). 

 

3.3.13 Application of Adsorption nanoSPA and Immuno-nanoSPA for Detection of 

Different Forms of 33P in HEK293 Cell Lysates 

Phosphorylation in cells occurs mostly on serine, threonine, and tyrosine residues. 

Specific detection of different types of 33P-phosphorylated amino acids is important to 

resolve the activity of serine/threonine kinases from that of tyrosine kinases in complex 

biological samples, such as cell lysates. Based on the sensitivity of immuno-nanoSPA 

platform to pY it is feasible to modify the surface of immuno-nanoSPA to make it 

sensitive to pS or pT using pSAb or pTAb antibodies in place of pYAb. A library of 

HEK293 Cells (5.33 µCi ATPγ33P) 

HEK293 Cells 
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immuno-nanoSPA may be developed using a variety of antibodies for sensitive and 

selective detection of pS, pT, or pY in biological samples.  

HEK293 cells were treated with staurosporine and SRC Inhibitor-1 followed by 

feeding with ATPγ33P to investigate the impact of therapeutics on the phosphorylation of 

specific amino acids (pS, pT, or pY). Control cells were inhibitor-free. Cells were lysed 

and analyzed using immuno-nanoSPA for detection of three forms of phosphorylated 

amino acids, i.e. 33P-pY, 33P-pS, and 33P-pT, in their free forms or in peptides and 

proteins. Adsorption nanoSPA was used for global incorporation of 33P. Staurosporine-

fed HEK293 cells died by the time of lysis and analysis. It was concluded that 

staurosporine perturbs all intracellular metabolic pathways due to inhibition of all kinases 

and induces apoptosis. HEK293 cells treated with SRC Inhibitor-1, however, survived as 

observed via microscopy, though viability assays are required for future analyses. 

The results are illustrated in Figure 3-18. Significantly higher scintillation counts 

were observed using adsorption nanoSPA, in both inhibitor-free and inhibitor-treated 

cells, in response to non-specific adsorption of peptides and proteins that contain 33P due 

to binding to ATPγ33P or 33P-phosphorylation. The response of adsorption nanoSPA in 

inhibitor-treated cells (filled columns) is lower than that of control cells (striped columns) 

which shows the inhibition of 33P-phosphorylation by SRC kinase in HEK293 cells.  

Immuno-nanoSPA with sensitivity to pY, pS, or pT showed a lower response 

since they only responded to proteins, peptides, and free amino acids with 33P-pY, 33P-pS, 

and 33P-pT residues, respectively. The response of pYAb-decorated immuno-nanoSPA 

decreased in cell lysates obtained from SRC Inhibitor-1-treated cells, which suggests that 

the extent of tyrosine phosphorylation was reduced due to the inhibition of SRC kinase in 
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HEK293 cells. There was no significant difference in the scintillation responses of pSAb-

decorated and pTAb-decorated immuno-nanoSPA to cell lysates obtained from SRC 

Inhibitor-1-treated or control cells. 
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Figure 3-18. Scintillation response of adsorption nanoSPA and immuno-nanoSPA to 33P 

incorporated into HEK293 cells fed with ATPγ33P (10.1 µCi/petri dish) and treated with 

(filled columns) or without SRC Inhibitor-1 (striped columns). 

 

These results show that immuno-nanoSPA may be used for specific and selective 

detection of phosphorylated amino acids in complex biological samples with the purpose 

of monitoring the impact of pharmaceuticals on kinase activity in cells. The specificity of 

the antibodies utilized in the fabrication of immuno-nanoSPA enables resolving the 

activity of tyrosine kinases from serine and threonine kinases. Immuno-nanoSPA is 
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potentially useful in monitoring the impact of other inhibitors and environmental changes 

(e.g. heat shock) on kinases. Furthermore, the inhibition of other enzymes that catalyze 

other PTMs of proteins in cells, may be monitored using immuno-nanoSPA decorated 

with a specific antibody to the radiolabeled product of that reaction. Purification- and 

separation-free analysis of complex biological samples is the most important advantage 

of immuno-nanoSPA because of its unique specificity to antigens. 

3.4 Summary, Conclusions, and Future Directions 

Three architectures of nanomaterials used for radioassay were developed for the 

analysis of kinase activity using nanoSPA. Adsorption nanoSPA platform responds to 

non-specifically adsorbed 33P-phosphorylated peptide substrates on the silica surface of 

nanoSPA. Binding nanoSPA platform responds through covalent binding to 33P-

phosphorylated peptide substrates. Immuno-nanoSPA responds to 33P-phosphorylated 

peptide substrates by specifically binding to 33P-pY, 33P-pS, or 33P-pT residues. Synthetic 

samples of SRC kinase mixtures and HEK293 cell lysates were analyzed for 

phosphorylation using nanoSPA. Signal to background ratios using three nanoSPA 

platforms were about 14.1, 23.5, and 10.3, compared to that of LSA (11.5). 

nanoSPA may significantly increase the throughput of kinase drug screening 

assays by reducing the analysis time, materials cost, and waste volume. Moreover, 

nanoSPA is potentially a candidate for time-resolved analysis of kinases through dynamic 

binding to specific phosphorylated amino acid residues. nanoSPA may be incorporated in 

live cells, fed with ATPγ33P, for the intracellular study of kinases by optical imaging. 

A well-established protocol was used throughout this chapter for preparing the 

synthetic kinase mixtures to optimize the nanoSPA architecture. Optimized assays 
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developed based on nanoSPA may be employed for the analysis of new enzymes to 

optimize the components of the kinase mixtures including but not limited to enzyme 

concentration, substrate concentration, ATP concentration, divalent cation type and 

concentration, salt type and concentration, the reducing agent, buffer type, pH, and BSA 

concentration. The optimized kinase assay protocols and optimized nanoSPA then may 

be utilized for high throughput screening of pharmaceuticals. 

Background correction due to NPE was done by centrifugation or mathematically, 

which makes this assay simple, amenable to automation, robust, and less prone to 

contamination. To further minimize the NPE in kinase activity assays regular ATP may 

be used for the phosphorylation of peptide substrates and a radiolabeled antibody with a 

lower energy radionuclide (e.g. 3H- or 125I-labeled) may be employed as a probe in a 

sandwich assay to monitor the amount of immobilized phosphorylated peptide substrates 

on immuno-nanoSPA. The additional advantage of this strategy is that a higher 

concentration of ATP eliminates the need for longer incubation times of phosphorylation 

reaction.  

It is feasible to use nanoSPA for analysis of other enzymes relevant to the PTMs 

of proteins, so long as radiolabeled substrates or antibodies are employed as probes for 

the evaluation of the enzyme activity. The simplicity of nanoSPA assays and the minimal 

waste disposal address pitfalls of existing technologies such as LSA. Nonetheless, using 

radioactive materials requires special handling and extra caution. Scintillant 

nanomaterials are advantageous to commercial liquid and solid scintillant materials, due 

to their smaller size, higher surface area to volume ratio, and biocompatibility. 

 



182 

 

CHAPTER 4. BORONIC ACID FUNCTIONALIZED NANOSPA FOR 

DETECTION OF GLUCOSE 

 

4.1 Introduction 

Saccharides are important biomolecules that are involved in numerous 

physiological and pathological processes in our cells. These small carbohydrate 

molecules are building blocks of more complex molecules, such as DNA, RNA, and 

ATP, and provide energy for many biological processes. D-glucose is a monosaccharide 

that is required for cells to function. However, the uncontrolled concentration of blood D-

glucose leads to complications and disorders such as diabetes, which in turn causes more 

severe health problems such as heart attack, limb amputation, and blindness. This chronic 

metabolic disorder motivates the development of more robust and stable sensors for in 

vitro and in vivo analysis of D-glucose.311 

Despite the significance of the detection of D-glucose and D-glucose-containing 

biomolecules, such as glycated proteins, robust sensors are not available for D-glucose 

analysis. Enzymatic sensors,  based on the enzymatic oxidation of D-glucose and 

production of electrochemically active species, have been developed for blood D-glucose 

analysis.1,312 Enzymatic assays for D-glucose analysis rely on the catalytic activity of one 

or more enzymes, which makes them expensive and unstable.311 Therefore, non-

enzymatic sensors for D-glucose are more suitable for analytical applications. Many non-

enzymatic D-glucose sensors have been developed 313 but receptor molecules designed 

for selective and sensitive detection of D-glucose, are needed for more sensitive and 

selective detection of this monosaccharide in complex biological samples. 
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Boronic acids are widely applied in chemistry and biochemistry, including but not 

limited to protection,314 enrichment of biomolecules,315-320 inhibition of enzymes,321 

material science and self-assembly,322 transmembrane transportation,323 drug delivery,324-

326 derivatization, bioconjugation, and labeling,327 immobilization,328-331 separation and 

purification of diols,332-333 and recognition of diols,1,322,334-335 including but not limited to 

D-glucose and glycated proteins. 

Boronic acids are Lewis acids with an electron-accepting center, the vacant orbital 

of boron, and form a complex with Lewis bases with electron-donating groups, such as 

hydroxyl groups.336 The complexation of neutral boronic acids with hydroxyl groups 

leads to the production of boronate anions, Figure 4-1. The geometry of boron changes 

from trigonal planar to tetrahedral in this acid-base reaction. pKa of boronic acids change 

upon binding to diols, and the Lewis acid becomes more acidic due to the electron 

deficiency of boron in the boronic acid complex with diols (i.e. boronate anions).337 

OH-

-

 
 

Figure 4-1. Schematic presentation of the reaction of the phenylboronic acid with a 

hydroxyl group and generation of boronate anion. A conversion of the geometry of boron 

is observed from trigonal planar to tetrahedral. 

 

Boronic acids and their boronate anions reversibly form 5- or 6-membered ring 

esters with cis-1,2- and trans-1,3-diols through covalent bonds,338-341 Figure 4-2. The 

ester products of boronic acids are hydrolytically less stable than those of the boronate 

anions so that the binding of boronic acids to diols occurs at a pH slightly above the pKa 
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of the boronic acid.336,342-343 Therefore, any modification in the structure of the boronic 

acid which leads to lower pKa improves the stability of the ester complex.344-345 

Reversible covalent binding of boronic acids to cis-diols enables dynamic monitoring of 

important biological processes, such as D-glucose metabolic pathway and glycosylation 

of proteins. The complexed saccharide in the ester form is in equilibrium with its free 

form and any fluctuation in the concentration of free saccharides translates into the extent 

of complexation with boronic acids. Processes that involve saccharides and glycoproteins 

may be monitored using boronic acid-based sensors.1 

OH-

-

OH-

 
 

Figure 4-2. Schematic presentation of binding of phenylboronic acid and boronate anion 

to diols and formation of cyclic esters. 

 

Boronic acids are commonly used as recognition moieties in saccharide-

responsive sensors in a variety of platforms including but not limited to hydrogels,346-348 
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copolymers,336,349-350 polyelectrolytes,351 nanoparticles,352-353 electrochemical sensors,354-

355 and molecularly imprinted polymers.356-358 Many monoboronic acid (monoBA) 

sensors were synthesized for homogeneous or heterogeneous analysis of D-glucose by 

optical, electrochemical, electrochemiluminescence, or vibrational techniques.359-364 

The stability of esters formed by covalent binding of boronic acids to cis-1,2-diols 

is greater than that of trans-1,3-diols, which determines the order of affinities of 

saccharides to boronic acids.338-339,365 Usually, fructose has the highest binding affinity to 

boronic acid moieties, compared to D-glucose and other monosaccharides. The higher 

affinity of boronic acid to fructose is not a problem in biological samples since the 

concentration of D-glucose is orders of magnitude higher than those of other 

monosaccharides, including fructose. Because boronic acids do not bind to trans-1,2-

diols, 340 D-glucose binds to boronic acids through its cis-1,2- and trans-4,6-diols to form 

5- and 6-membered ester rings.366 Figure 4-3 shows the binding modes of D-glucose with 

boronic acid.  

                     
 

Figure 4-3. Schematic presentation of monoBA binding to D-glucose through its (A) cis-

1,2- and (B) trans-4,6-diols. 

 

Diboronic acids (diBA) have higher affinities to D-glucose, compared to 

monoBAs, because diBAs can bind to two pairs of cis-diols in D-glucose. Kd values for 

monoBA and diBA are in the order of 100 and 10 mM, respectively. DiBA is a better 

binding moiety for D-glucose analysis at low mM concentrations, which makes it more 

A B 
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suitable for D-glucose analysis in biological samples such as cell lysates and live cells, 

where few mM concentration of D-glucose is observed. In a 1:1 bisdentate complex of a 

diBA with D-glucose, the saccharide molecule is bound to both boronic acid moieties. By 

increasing concentration of D-glucose, a 1:2 complex is formed with cis-1,2-diols bound 

to boronic acid moieties,367 as illustrated in Figure 4-4. 

1-OH and 6-OH are essential in the binding of D-glucose to boronic acid moieties 

in aqueous media.368 As revealed by nuclear magnetic resonance (NMR) analysis, diBAs 

may bind to D-glucose through all five hydroxy groups, depending on time and 

environment.369 More specifically, D-glucose binds to monoBAs through 1,2-diols and 

3,5,6-triols, and to diBAs through 1,2- and 5,6-diols, in aqueous media. It is reported that 

D-glucose is mostly in its furanose form when bound to boronic acids in aqueous 

media.368 

Commercially available diBAs possess two boronic acid groups that are helpful in 

diol capping to protect the diol groups.316 However, these diBAs do not facilitate binding 

to two pairs of cis-diols in a single D-glucose molecule due to the lack of specific 

orientation of the monoBA moieties that facilitate a suitable spatial disposition to 

hydroxyl groups, necessitating synthesis of glucose-sensitive diBAs. Kondo et al. 

reported a complex of D-glucose with a diBA for the first time in 1992,367 and fabricated 

selective positron emission tomography (PET) sensors for D-glucose using diBA 

recognition moiety.337,370 They developed further sensors based on diBA for recognition 

331,371-372 and chiral discrimination of monosaccharides.373 Arimori et al developed several 

sensors for saccharides based on monoBAs and improved the affinity and selectivity to 

monosaccharides by optimizing the structure of the diBAs.374-377 Yang synthesized a 
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diBA-based sensor for D-glucose by a computer-based design of a receptor for pyranose 

conformation of D-glucose.378  

                           
 

                
 

 

 
 

Figure 4-4. Binding of diBA to D-glucose in 1:1 complexes of diBA:glucose through its 

(A) cis-1,2- and cis-3,5-diols, (B) cis-1,2- and cis-3,5,6-triols, (C) cis-1,2- and cis-5,6-

diols, and (D) cis-1,2- and trans-4,6-diols. (E) Structure of 1:2 complexes of 

diBA:glucose. 

 

In a series of articles, Singaram developed a two-component sensor system that 

functions through binding a viologen-substituted diBA (receptor/quencher moiety) to D-

glucose and quenching the emission of an organic dye or quantum dots (QDs). DiBA 

appended benzyl viologens were used for detection of saccharides, phosphorylated 

A 

C 

B 

D 
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saccharides, and nucleotides.379-389 Van Duyne developed a selective sensor for D-

glucose using a diBA immobilized on gold film using surface-enhanced Raman 

spectroscopy (SERS) analysis.345 Three diBA sensors were synthesized by azide-alkyne 

cycloaddition of two monoBAs, to improve the binding affinity and selectivity to D-

glucose over fructose.390 

In this chapter, nanoSPA D-glucose sensors with boronic acids recognition 

moieties are introduced. nanoSPA functionalized with monoBAs and diBAs (monoBA-

nanoSPA and diBA-nanoSPA) are utilized for analysis of D-glucose at low mM 

concentration, by mixing unlabeled and tritiated D-glucose (D-glucose-[6-3H(N)]). 3H-D-

glucose has the same structure (Figure 4-5) and physicochemical properties as regular D-

glucose. Binding of D-glucose to monoBAs and diBAs is a reversible and dynamic 

process, which makes boronic acid-decorated nanoSPA platforms potential candidates for 

time-resolved monitoring of D-glucose in live cells. 

 
 

Figure 4-5. Structure of D-glucose-[6-3H(N)]. Pink H represents 3H. 

 

4.2 Experimental 

4.2.1 Materials 

D-glucose-[6-3H(N)] was purchased from Perkin Elmer (Waltham, MA) with a 

specific activity of 45.7 Ci/mmol and concentration of 1.0 mCi/mL. Tetraethoxysilane 

(TEOS, 98%), 3-aminopropyl triethoxysilane (APTS, 99%), 3-mercaptopropyl 
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trimethoxysilane MPTS (97%), 3-(triethoxysilyl) propyl isocyanate (TEPI), 2, 2′-azobis-

2-methyl-propanimidamide, dihydrochloride (AIBA, 97%), sodium hydrogen phosphate 

(99%), D-glucose, N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride 

(EDC), N-Hydroxysuccinimide (NHS), 4-vinylphenylboronic acid (VPBA), 3-amino 

phenylboronic acid (APBA), 4-amino-3-fluorophenyl boronic acid (AFBA), and alizarin 

red S (ARS) were purchased from Sigma Aldrich (St. Louis, MO). Maleimide-PEG2-

succinimidyl ester was purchased from Quanta Biodesign Ltd. (Plain City, OH). Styrene 

(99%), polyvinylpyrrolidone (PVP), para-terphenyl (pTP, 99%), and 4-bis(4-methyl-5-

phenyl-2oxyzolyl) benzene (dmPOPOP, 98%), chloroform, and alumina were purchased 

from ACROS Organics (Geel, Belgium). ACS-grade isopropyl alcohol (IPA) and 

tetrahydrofuran (THF) were purchased from Merck (Kenilworth, NJ). Biocount liquid 

scintillation cocktail was purchased from Research Products International (Mt. Prospect, 

IL). ACS-grade ammonium hydroxide was purchased from EMD Millipore (Billerica, 

MA). Sodium hydroxide (98.9%) was purchased from Avantor Performance Materials 

(Center Valley, PA). 4-(2-carboxyethyl) benzene boronic acid (CBBA, 97%) was 

purchased from Alfa Aesar. DiBA4b was synthesized as described elsewhere.345 Purified 

H2O (18 MΩcm) was obtained using Easy Pure UV/UF (Barnstead). 

4.2.2 Fabrication and Characterization of monoBA-nanoSPA and diBA-nanoSPA 

for Glucose Analysis 

nanoSPA was prepared and characterized, as described in Chapter 2. PS-TEOS, 

PS-APTS, and PS-MPTS nanoparticles were utilized for the development of D-glucose 

sensors based on BA-decorated nanoSPA platforms. Modifications of nanoSPA using 
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commercial monoBAs and synthetic diBAs were performed to optimize the architecture 

of nanoSPA for sensitive and selective detection of D-glucose. 

4.2.3 Coupling of monoBAs and diBAs to nanoSPA 

a) Immobilization of CBBA on NH2-nanoSPA 

7.3 mg CBBA was dissolved in 1 mL solution of 1:1 EtOH:MES (20 mM, pH 5). 

A mixture of 3 mg EDC and 3.7 mg NHS dissolved in 1 mL MES was added to the 

solution of CBBA with shaking for 2 h. The mixture of CBBA, EDC, and NHS was 

added to a suspension of NH2-nanoSPA (PS-APTS10%, 25%, or 50%) in 13 mL PBS 

buffer (100 mM, pH 7.4) at room temperature overnight. CBBA-nanoSPA (PS-APTS-

CBBA) was collected by one cycle of centrifugation and rinsing with EtOH and 3 cycles 

of rinsing with H2O, followed by resuspension in PBS. 

b) Immobilization of VPBA on PS-MPTS Nanoparticles 

A solution of 9.5 mg VPBA in 500 µL EtOH was mixed with a suspension of 

thiol-functionalized (PS-MPTS) nanoparticles in PBS for 2 h with shaking. VPBA-

functionalized nanoparticles were collected by one cycle of centrifugation and rinsing 

with EtOH and 3 cycles of rinsing with H2O. Nanoparticles were resuspended in PBS. 

c) Immobilization of APBA on PS-MPTS Nanoparticles 

A solution of 8.7 mg APBA in 500 µL EtOH was mixed with 17 mg Mal-PEG2-

NHS in 2 mL citrate buffer (20 mM, pH 5) and incubated at room temperature overnight. 

A suspension of thiol-functionalized (PS-MPTS) nanoparticles in 15 mL PBS buffer (pH 

7.4) was mixed with the crosslinker-conjugated APBA with shaking for 1 h. APBA-

decorated nanoparticles were collected by 1 cycle of centrifugation and rinsing with 

EtOH and 3 cycles of rinsing with H2O, followed by resuspension in PBS. 
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d) Immobilization of APBA on PS-TEOS Nanoparticles 

15 mg APBA and 200 µL TEPI were dissolved in 1 mL THF and incubated 

overnight at room temperature with shaking. 30 mg PS nanoparticles were coated using 

APBA-conjugated TEPI and 1.8 mL TEOS. PS-TEPI-APBA nanoparticles were 

collected by 1 cycle of centrifugation and rinsing with EtOH and 3 cycles of rinsing with 

H2O, followed by resuspension in PBS buffer. 

e) Immobilization of diBA4b on PS-MPTS Nanoparticles 

diBA4b (about 20 mg) with a free thiol group was dissolved in 14 mL mixture of 

30:70 EtOH: PBS. 2 mL of the resultant solution was incubated with a suspension of 

thiol-functionalized (PS-MPTS) nanoparticles in PBS for 2 h. DiBA4b-decorated 

nanoparticles were collected by 1 cycle of centrifugation and rinsing with EtOH and 3 

cycles of rinsing with H2O, followed by resuspension in PBS buffer. 

f) Immobilization of diBA4b on PS-APTS Nanoparticles 

A suspension of NH2-nanoSPA in citrate buffer was incubated with 22 mg Mal-

PEG2-NHS crosslinker overnight at room temperature with shaking. Crosslinker-

decorated nanoparticles were collected with one cycle of centrifugation and resuspension 

in PBS buffer. 2 mL solution of 20 mg diBA4b in 14 mL mixture of 30:70 EtOH:PBS 

was mixed with the crosslinker-decorated nanoparticles for 1 h. DiBA4b-decorated 

nanoparticles were collected by 1 cycle of centrifugation and rinsing with EtOH and 3 

cycles of rinsing with H2O, followed by resuspension in PBS buffer. 

g) Immobilization of DiBA4bSi on PS-TEOS Nanoparticles 

diBA4bSi (about 33 mg) with a silane functional group was dissolved in 10 mL 

IPA and used in the silica coating step in addition to 1.8 mL TEOS to coat 30 mg PS core 
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nanoparticles. DiBA4bSi-decorated nanoparticles were collected by 1 cycle of 

centrifugation and rinsing with EtOH and 3 cycles of rinsing with H2O, followed by 

resuspension in PBS buffer. 

4.2.4 Characterization of CBBA Binding to Saccharides Using ARS Displacement 

Assay 

200 µL solution of 9.6 mM CBBA in EtOH was mixed with 1500 µL solution of 

100 µM ARS in PBS buffer. The resultant ARS-BA complex was titrated using 50 and 

500 mM solutions of 5 saccharides, D-glucose, D-fructose, D-galactose, D-maltose, and 

D-mannose, up to 270 mM total concentration of the saccharides. Fluorescence emission 

spectra of the ARS-BA complex were collected for each addition of the saccharide 

solution from 530 to 620 nm by excitation at 470 nm. Fluorescence emission at 585 nm 

was measured as a function of the concentration of saccharide. 

4.2.5 Characterization of Binding of AFBA and diBA4b to Monosaccharides Using 

UV-VIS Spectroscopy of the Boronic Acids 

2 mL solution of 230 µM AFBA in PBS or 65 µM diBA4b in 30:70 EtOH:PBS 

was titrated with a solution of 1 M D-glucose and 1 M D-fructose up to total assay 

concentration of 600 or 60 mM monosaccharide, respectively. UV absorbance spectra of 

the AFBA and diBA4b were collected from 215 to 305 nm and the change in maxima at 

245 nm was followed as a function of the concentration of monosaccharides. 

4.2.6 Detection of 3H-D-glucose Using monoBA- and diBA-nanoSPA 

A Glucose-Mix was prepared by mixing a solution of D-glucose with 3H-D-

glucose to raise the concentration of D-glucose in the SPA experiments. Three replicates 

of a 1-mL suspension of nanoparticles in PBS buffer (1 mg core/mL) were used for all 
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samples for detection of 3H-D-glucose. monoBA- or diBA-functionalized nanoparticles 

were titrated with aliquots of the Glucose-Mix and scintillation response of the 

nanoparticles was measured as a function of the total concentration of D-glucose (D-

glucose and 3H-D-glucose) and the activity of 3H-D-glucose. Total assay concentrations 

of D-glucose and activities of 3H-D-glucose in each experiment are represented in 

titration plots. 

4.2.7 Scanning Transmission Electron Microscopy of diBA4b-nanoSPA 

Elemental analysis of the surface of diBA4b-functionalized nanoparticles was 

performed using an Ultra-High Resolution 1-30 kV scanning transmission electron 

microscope SU9000 with energy dispersive X-ray (EDX) detector (Hitachi, Ltd., Tokyo, 

Japan) at 30 kV accelerating voltage. STEM grid samples were prepared by deposition of 

10 µL aliquot of a dilute dispersion of nanoparticles in H2O on copper grids coated with 

carbon films (Structure Probe Inc., West Chester, PA). The excess suspension was wiped 

off after 10 min and the grids were dried in a desiccator for at least 2 h before electron 

microscopy. 

4.2.8 X-Ray Photoelectron Spectroscopy of diBA4b-nanoSPA 

Elemental analysis of the surface of diBA4b-functionalized nanoparticles was 

performed using a Kratos Axis 165 Ultra X-ray Photoelectron Spectrometer/Surface 

Analysis system under a pressure less than 1x10-8 Torr. A monochromatized Al Kα 

source was used with incident energy of 1486.6 eV. The system was operated at 15 keV 

and 20 mA emission current. Lyophilized (powdered) nanoparticles were loaded onto 

stainless steel sample holders using double-sided carbon sticky tape. Low energy electron 

beam was used for charge compensation, to remove any excess charge retention on 
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nanoparticles. All low-resolution survey data were collected with a pass energy of 160 eV 

over a binding energy range of 0 eV to 1200 eV with 50 eV increments. Individual 

regions were monitored using high resolution scanning at a pass energy of 20 eV and 1 

eV increments over a binding energy range of 160-696 eV. More specifically, F1s, C1s, 

N1s, S2p, and B1s were scanned over the binding energy ranges of 680-696, 280-300, 

392-408, 160-172, and 184-200 eV, respectively. Photoelectrons were amplified and 

detected using a microchannel plate stack in a Z-configuration with position sensitive 

detection using delay-line detector. 

4.2.9 Sample Preparation 

All SPA samples described in this chapter were prepared in PBS buffer (100 mM, 

pH 7.4). All concentrations are reported based on the total assay volume (1 mL) including 

the nanoparticles. A Glucose-Mix was prepared using D-glucose and 3H-D-glucose for 

titrating the nanoSPA platforms with monoBA or diBA-functionalized surface. nanoSPA 

concentration in all samples was 1 mg PS core/mL. To measure the concentration of PS 

core nanoparticles a 1-mL suspension of PS core in H2O was freeze-dried and the mass of 

resultant powder was measured. A minimum of three sample replicates was prepared in 

all experiments. 

4.2.10 Data Collection, Analysis, and Presentation 

A Beckman Coulter LS 6000IC liquid scintillation analyzer was used for 

scintillation response measurements. Scintillation responses are collected for a minute per 

sample and reported as emitted photon counts per minute (CPM). All results are 

presented as mean ± standard deviation of data collected from at least three sample 

replicates. Error bars in all plots are representative of the standard deviation. A Tecnai G2 
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Spirit 20-120 kV transmission electron microscope was used for imaging the 

microparticles. An Ultra-High Resolution 1-30 kV scanning transmission electron 

microscope SU9000 with EDX detector (Hitachi, Ltd., Tokyo, Japan) was used for 

imaging and elemental analysis of boronic acid-functionalized nanoparticles at 30 kV 

accelerating voltage. 

4.3 Results and Discussion 

D-glucose sensors were developed based on homogeneous scintillation proximity 

assays. nanoSPA was modified with boronic acid moieties, for selective and sensitive 

detection of 3H-D-glucose. Commercial monoBA and synthetic diBA compounds were 

utilized on the surface of nanoSPA. Figure 4-6 illustrates the structure of CBBA, VPBA, 

and APBA utilized for fabrication of monoBA-nanoSPA, and AFBA that was used for 

the synthesis of diBA4b and diBA4bSi, used in the architecture of diBA-nanoSPA. 
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Figure 4-6. Structure of monoBAs and diBAs used in the architecture of nanoSPA. (A) 

CBBA, (B) VPBA, (C) APBA, (D) AFBA, (E) diBA4b, and (F) diBA4bSi. 

 

4.3.1 Evaluation of the Binding of CBBA to Saccharides Using ARS Displacement 

Assay by Fluorimetry 

ARS is a commonly used fluorogenic dye in the label-free detection of 

saccharides using boronic acids.391 ARS is a red non-fluorescent dye at physiological pH 

and forms an orange fluorescent complex through binding to boronic acids (ARS-BA). 

Titration of the complex ARS-BA with other diols (e.g. D-glucose) displaces the ARS 

A B C D 

E 

F 
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and leads to restoration of the original color of non-fluorescent ARS.343,376 Figure 4-7A 

illustrates a schematic representation of the ARS displacement assay. 
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Figure 4-7. Alizarin Red S displacement assay for determination of D-glucose 

concentration. (A) Change in color of Alizarin Red S from red (λmax=517 nm) to orange 

(λmax=475 nm) by binding to boronic acid and from orange to red through displacement 

from the boronic acid complex by D-glucose. (B) UV-VIS spectra of free (solid red line) 

and boronic acid-bound (dashed orange line) Alizarin Red S. (C) Fluorescence emission 

spectra of free (red diamonds) and boronic acid-bound (orange circles) Alizarin Red S 

(λex=470 nm). 
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UV-VIS spectroscopy or fluorimetry are both utilized to follow the change in 

optical properties of ARS-BA complex as a function of the concentration of D-glucose. 

Figure 4-7B shows the UV-VIS spectrum of ARS-BA complex with maximum 

absorbance at 517 nm which shifts to 475 nm upon displacement of ARS. Fluorescence 

emission of ARS-BA complex with maximum emission at 585 nm quenches upon 

complete displacement of ARS by D-glucose, Figure 4-7C. 

ARS displacement assay was employed to investigate the affinity of a monoBA 

(CBBA) to selected saccharides, before immobilizing it as the binding moiety on 

nanoSPA. Increasing concentrations of D-glucose, D-fructose, D-galactose, D-maltose, 

and D-mannose were added to a solution of CBBA and ARS and the fluorescence 

emission of the ARS-CBBA complex was monitored at 585 nm as a function of the total 

assay concentrations of the saccharides. The intensity of fluorescence emission of ARS-

CBBA complex decreased and approached zero by the addition of saccharides. 

Figure 4-8 illustrates the normalized fluorescence emission of ARS-CBBA as a 

function of the concentration of saccharides. This plot shows that the fluorescence of 

ARS-CBBA complex decreases with different rates for the selected saccharides which 

suggests that CBBA has different affinities to the experimented saccharides with the 

highest affinity to fructose. CBBA has a much lower affinity to D-glucose, as expected 

for a monoBA. Nonetheless, CBBA was utilized to fabricate a sensor for 3H-D-glucose 

by immobilizing it on amine-functionalized (PS-APTS) nanoparticles through peptide 

coupling. 
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Figure 4-8. Binding of CBBA to saccharides obtained by Alizarin red S displacement 

assay. The decrease in fluorescence emission of ARS-CBBA complex (λem=585 nm, 

λex=470 nm) was observed with the addition of monosaccharides: maltose (red squares), 

glucose (green circles), mannose (blue triangles), galactose (pink diamonds), and fructose 

(purple x’s). The highest affinity of CBBA was observed with fructose. Data are 

normalized to the fluorescence of ARS-CBBA complex. 

 

4.3.2 Application of monoBA-nanoSPA for Detection of 3H-D-glucose 

CBBA has a carboxyl group on the phenyl ring and was immobilized on NH2-

nanoSPA through peptide coupling by first activating the carboxyl groups of CBBA and 

then coupling carboxyl-activated CBBA to the amine groups of nanoSPA. CBBA-

functionalized nanoSPA (PS-APTS-CBBA) was used for the detection of 3H-D-glucose. 

Federal regulations limit the amount of 3H-D-glucose to nmoles in research labs. On the 

other hand, monoBAs have low affinity to D-glucose, with Kd values in the high mM 

range. Therefore, a Glucose-Mix was used to raise the concentration of D-glucose to mM 
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range and facilitate measurement of the specific binding of monoBA-functionalized 

nanoparticles to this monosaccharide. The Glucose-Mix was used to titrate the CBBA-

functionalized nanoSPA up to assay concentration of 14 mM and activity of 1.6 µCi. The 

scintillation responses of the PS-APTS-CBBA nanoSPA was measured as a function of 

the total concentration of D-glucose, including both regular and radiolabeled D-glucose, 

and activity of 3H-D-glucose. A control group was prepared using PS-APTS nanoSPA 

without the D-glucose binding moiety. 

Figure 4-9 illustrates the results of the titration of monoBA-nanoSPA and control 

nanoSPA using a Glucose-Mix with 2.5×10-4 mole percentage of 3H-D-glucose. The 

scintillation response of PS-APTS-CBBA nanoSPA increased with increasing 

concentration of D-glucose due to binding to 3H-D-glucose in addition to the NPE due to 

unbound 3H-D-glucose molecules that reside close to the scintillant nanoparticles in the 

solution. The NPE on control nanoparticles also increased with the concentration of D-

glucose because of more activity of 3H-D-glucose added to the mixture. Signal 

enhancement on PS-APTS-CBBA, compared to PS-APTS nanoSPA, was approximately 

1.5. Poor signal/background ratio observed using this sensor platform is due to the usage 

of Glucose-Mix. There is a much higher probability of binding regular D-glucose, 

compared to the radiolabeled D-glucose, due to the extremely low mole percent of 3H-D-

glucose in the Glucose-Mix. Additionally, the low affinity of CBBA to D-glucose limits 

the detection of 3H-D-glucose and there are unbound 3H-D-glucose molecules in the 

mixture. Higher concentrations of the Glucose-Mix are needed to improve the extent of 

binding to PS-APTS-CBBA nanoSPA. However, the limited concentration of 3H-D-

glucose makes the first problem more pronounced. Furthermore, the surface coverage of 
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the nanoparticles with the monoBA may be improved to increase the sensitivity of the 

nanoparticles to D-glucose. 
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Figure 4-9. Scintillation response of PS-APTS10%-CBBA nanoSPA (red circles) to 3H-

D-glucose. A Glucose-Mix solution was prepared by combining 3H-D-glucose with D-

glucose (3H-D-glucose=2.5×10-4 %). Scintillation response increased with increasing 

concentration of 3H-D-glucose. The NPE observed with control samples (PS-APTS10% 

nanoSPA, blue squares) is due to free 3H-D-glucose molecules which increased with 

increasing concentration of 3H-D-glucose. 

 

To improve the sensitivity of PS-APTS-CBBA nanoSPA to D-glucose, a higher 

concentration of APTS was used to coat the PS core and immobilize a greater number of 

CBBA molecules on the surface of core-shell nanoparticles. Usually, 10% APTS and 

90% TEOS is used in the process of silica coating (Chapter 2). 25% APTS and 75% 

TEOS was utilized while fixing all other conditions to the previous experiment. PS-

APTS25% nanoSPA was functionalized with the same monoBA to obtain PS-APTS25%-

CBBA nanoSPA platform. Titration of PS-APTS25%-CBBA and control nanoSPA 
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without the monoBA functionality (PS-APTS25%) with a Glucose-Mix was performed 

by adding aliquots of the Glucose-Mix to the suspension of nanoparticles. Aliquots of the 

Glucose-Mix was added to the suspension of nanoparticles up to 200 mM (3.2 µCi). 

Scintillation responses of the nanoparticles are depicted in Figure 4-10.  
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Figure 4-10. Scintillation response of PS-APTS25%-CBBA nanoSPA (red circles) to 3H-

D-glucose. A Glucose-Mix solution was prepared by combining 3H-D-glucose with D-

glucose (3H-D-glucose=3.6×10-5 %) and titration was performed at high mM 

concentrations of D-glucose. Scintillation response increased with increasing 

concentration of 3H-D-glucose. The NPE observed with control samples (PS-APTS25% 

nanoSPA, blue squares) is due to free 3H-D-glucose molecules which increased with 

increasing concentration of 3H-D-glucose. 

 

Similar trends were observed with PS-APTS25%-CBBA nanoSPA as the 

experiment performed using PS-APTS10%-CBBA nanoSPA. The scintillation responses 

of both groups of nanoparticles increased but the high NPE, observed with the control 

group, demonstrated the same issues observed in the previous experiment. Nonetheless, 

the signal to background improved to about 1.8 due to the higher concentration of 
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monoBA on the surface of nanoparticles, despite a lower mole percentage of 3H-D-

glucose in the Glucose-Mix (3.6x10-5). 

Since low mM concentrations of D-glucose are observed in cells and the D-

glucose sensors based on nanoSPA are being developed for potentially intracellular 

dynamic measurement of this monosaccharide, titration of PS-APTS25%-CBBA 

nanoSPA was repeated with a Glucose-Mix at low mM concentrations with a higher 

activity of 3H-D-glucose (6.3x10-4% 3H-D-glucose). Titration of the PS-APTS25%-

CBBA nanoSPA and a control group (PS-APTS25%) was performed up to 6 mM D-

glucose (1.6 µCi). The signal to background ratio was improved to 2.2 (Figure 4-11). 
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Figure 4-11. Scintillation response of PS-APTS25%-CBBA nanoSPA (red circles) to 3H-

D-glucose. A Glucose-Mix solution was prepared by combining 3H-D-glucose with D-

glucose (3H-D-glucose=6.3×10-4 %) and titration was performed at low mM 

concentration of D-glucose. Scintillation response increased with increasing 

concentration of 3H-D-glucose. The NPE observed with control samples (PS-APTS25% 

nanoSPA, blue squares) is due to free 3H-D-glucose molecules which increased with 

increasing concentration of 3H-D-glucose. 
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Based on the improvement of signal to background ratio by immobilizing a 

greater concentration of CBBA on the surface of nanoparticles, using higher 

concentration of APTS in the silica coating step of the nanoparticles, PS nanoparticles 

were coated with 50% APTS and 50% TEOS to facilitate immobilization of a greater 

number of CBBA molecules on the surface of scintillant nanoparticles. PS-APTS50% 

nanoSPA was functionalized with CBBA and titrated with a Glucose-Mix, up to 15 mM 

(1.6 µCi). A control group of PS-APTS50% nanoSPA was included in the titration 

experiment. Signal to background ratio was about 1 (Figure 4-12) which may be due to 

the unsuccessful coating of nanoparticles and unsuccessful immobilization of CBBA. 
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Figure 4-12. Scintillation response of PS-APTS50%-CBBA nanoSPA (red circles) to 3H-

D-glucose. A Glucose-Mix solution was prepared by combining 3H-D-glucose with D-

glucose (3H-D-glucose=2.5×10-4 %). Scintillation response increased with increasing 

concentration of 3H-D-glucose. The NPE observed with control samples (PS-APTS50% 

nanoSPA, blue squares) is due to free 3H-D-glucose molecules which increased with 

increasing concentration of 3H-D-glucose. 
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To further improve the surface coverage of scintillant particles with CBBA a 

slightly different platform of D-glucose sensor was developed using scintillant core-shell 

microparticles instead of nanoparticles. It was hypothesized that higher surface on 

individual particles would facilitate the immobilization of a greater number of monoBAs 

and detection of 3H-D-glucose with a greater sensitivity. PS microparticles were 

fabricated using the procedure described for fabrication of PS nanoparticles in Chapter 2, 

with the following modifications: a mixture of 10 g styrene and 5 g PVP was used in 

place of 6 g styrene and the polymerization was performed in a mixture of 100 mL EtOH 

and 10 mL degassed H2O using 1 g AIBA. The obtained PS microparticles were doped 

with pTP and dmPOPOP followed by coating with 10% APTS and 90% TEOS. Figure 4-

13 shows a TEM image of the scintillant PS-core silica-shell microparticles. 

 
 

Figure 4-13. TEM image of scintillant PS-APTS core-shell microparticles. 

 

Scintillant core-shell microparticles were functionalized with CBBA and titrated 

with a Glucose-Mix up to 15 mM (1.6 µCi). A control group of PS-APTS microparticles 
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with no immobilized CBBA was also titrated with the Glucose-Mix. Scintillation 

responses of the CBBA-functionalized microparticles (PS-APTS 10%-CBBA µPs) were 

not significantly different from that of the control microparticles (PS-APTS 10% µPs), 

Figure 4-14. The poor signal to background ratio (~1) may be due to unsuccessful 

immobilization of CBBA on the surface of microparticles. 
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Figure 4-14. Scintillation response of PS-APTS10%-CBBA microparticles (red circles) to 
3H-D-glucose. A Glucose-Mix solution was prepared by combining 3H-D-glucose with 

D-glucose (3H-D-glucose=2.5×10-4 %). Scintillation response increased with increasing 

concentration of 3H-D-glucose. The NPE observed with control samples (PS-APTS10% 

microparticles, blue squares) is due to free 3H-D-glucose molecules which increased with 

increasing concentration of 3H-D-glucose. 

 

Additionally, commercially available monoBAs were explored to improve the 

sensitivity of monoBA-nanoSPA. VPBA with an alkene group on the phenyl ring was 

coupled to thiol-functionalized nanoparticles through thiol-ene click chemistry. PS-

MPTS-VPBA nanoparticles were tested for D-glucose detection by titration with a 
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Glucose-Mix up to 18 mM (1.7 µCi). A control group of PS-MPTS nanoparticles was 

included in the SPA experiment. A significant difference of scintillation response was 

observed between the two groups of nanoparticles, however, a poor signal to background 

ratio was obtained, approximately 1.3 (Figure 4-15). the poor signal enhancement is due 

to the low affinity of monoBA to D-glucose and extremely low concentration of 3H-D-

glucose in the mixture. 
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Figure 4-15. Scintillation response of PS-MPTS-VPBA nanoSPA (red circles) to 3H-D-

glucose. D-glucose solution was prepared by combining 3H-D-glucose with D-glucose 

(3H-D-glucose=2.0×10-4 %). Scintillation response increased with increasing 

concentration of 3H-D-glucose. The NPE observed with control samples (PS-MPTS 

nanoSPA, blue squares) is due to free 3H-D-glucose molecules which increased with 

increasing concentration of 3H-D-glucose. 

 

To further explore monoBAs on the surface of nanoparticles, a nanoSPA platform 

was prepared using APBA on PS-MPTS nanoparticles using a heterogeneous crosslinker. 

This monoBA has an amine group on the phenyl ring and was coupled to thiol-

functionalized (PS-MPTS) nanoparticles through the heterobifunctional crosslinker. Mal-
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PEG2-NHS ester was used for thiol-ene coupling of the maleimide to thiols and the 

carboxyl to the amine groups of APBA. 

PS-MPTS-APBA nanoparticles were utilized for the detection of 3H-D-glucose by 

titration with a Glucose-Mix up to 100 mM (5 µCi). A control group of nanoparticles was 

included in the SPA experiment. A significant difference of scintillation response was 

observed between the two groups of nanoparticles (Figure 4-16), however, a poor signal 

to background ratio was obtained, approximately 1.1, due to the low affinity of APBA to 

D-glucose and low mole percentage of 3H-D-glucose in the Glucose-Mix.  
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Figure 4-16. Scintillation response of PS-MPTS-APBA nanoSPA (red circles) to 3H-D-

glucose. PS-MPTS-APBA nanoparticles were prepared using a Mal-PEG2-NHS 

crosslinker to immobilize APBA moieties on the surface of nanoparticles. A Glucose-

Mix solution was prepared by combining 3H-D-glucose with D-glucose (3H-D-

glucose=1.1×10-4 %). Scintillation response increased with increasing concentration of 
3H-D-glucose. The NPE observed with control nanoSPA (PS-MPTS nanoSPA, blue 

squares) is due to free 3H-D-glucose molecules which increased with increasing 

concentration of 3H-D-glucose. 
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A different coupling chemistry of APBA to scintillant nanoparticles was utilized 

based on a fructose molecular imprinting sensor developed using APBA and TEPI. 

Figure 4-17 shows the schematic reaction of TEPI and APBA. Mesoporous silica beads 

were fabricated by fructose-bound APBA molecules conjugated to TEPI. The fructose 

molecular imprinting sensor was linearly responsive to fructose, using ARS displacement 

assay, up to 100 mM.392  

+

 
 

Figure 4-17. The schematic reaction of TEPI and APBA. 

 

PS-TEPI-APBA nanoparticles were fabricated by coating PS nanoparticles with 

10% APBA-conjugated TEPI and 90% TEOS. PS-TEPI-APBA nanoparticles were tested 

for D-glucose detection by titration with a Glucose-Mix up to 38 mM (1.7 µCi). A 

control group of PS-TEOS nanoparticles was included in the SPA experiment. There was 

no significant difference between the scintillation responses of the two groups of 

nanoparticles and the signal to background ratio was 1 (Figure 4-18). 
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Figure 4-18. Scintillation response of 3-aminophenyl boronic acid-functionalized 

nanoparticles (PS- TEPI-APBA nanoparticles, red circles) to 3H-D-glucose. A Glucose-

Mix solution was prepared by combining 3H-D-glucose with D-glucose (3H-D-

glucose=2×10-4 %). Scintillation response increased with increasing concentration of 3H-

D-glucose. The NPE observed with control samples (PS-TEPI nanoparticles, blue 

squares) is due to free 3H-D-glucose molecules which increased with increasing 

concentration of 3H-D-glucose. 

 

4.3.3 Evaluation of the Binding of AFBA and diBA4b to Saccharides Using the 

Optical Properties of the BAs 

Based on the low sensitivity and efficiency of nanoSPA platforms developed 

using monoBAs, it was concluded that monoBA-functionalized nanoparticles would not 

be useful for sensitive detection of D-glucose, due to their poor signal to background 

ratio. Although using a Glucose-Mix in SPA experiments using monoBA-nanoSPA is an 

additional cause of the poor signal to background ratio, different platforms of nanoSPA 

were developed and investigated using higher affinity binding moieties to D-glucose. A 
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diBA-functionalized nanoSPA platform was designed based on a sensor that was reported 

for SERS detection of D-glucose, reported by Van Duyne.345 AFBA was used to 

synthesize a series of diBA molecules with slightly different structure and Kd values to 

D-glucose. The diBA used for fabrication of diBA-nanoSPA was based on the compound 

4b.345 Boron in boronic acid shares bonds with two hydroxyl groups and an alkyl or aryl 

group.336 Usually, the aryl group is modified to incorporate more electron-withdrawing 

groups, e.g. halogens, to increase the acidity of the boronic acid.344-345 Typically, pKa 

ranging from 4.0 to 10.5 is observed for boronic acids, depending on the structure of the 

alkyl/aryl group attached to boron.344 

The affinity of diBA4b to D-glucose was studied in solution while conjugation to 

the surface of the scintillant nanoparticles is currently being optimized. The binding 

affinity of diBA4b and its precursor monoBA (i.e. AFBA) to D-glucose was evaluated in 

solution by following the UV absorbance of the boronic acids in PBS buffer at 245 nm as 

a function of D-glucose concentration. Titration of AFBA and diBA4b with fructose was 

performed as a reference to validate the tighter binding of D-glucose to diBA4b, 

compared to AFBA, while the same affinity of AFBA and diBA4b to fructose was 

expected. 

Figure 4-19A depicts the change in UV spectra of AFBA upon increasing 

concentration of D-glucose. Maximum absorbance at 250 nm decreases and the 

absorbance at 225 nm increases upon the D-glucose addition. The maximum absorbance 

wavelength of diBA4b shifted from 250 to 225 nm. The absorbance of AFBA at 245 nm 

was followed as a function of the concentration of D-glucose, as illustrated in Figure 4-

19B. AFBA has a low affinity to D-glucose with a Kd value of 100 mM.345 The UV 
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absorbance of AFBA at 245 nm decreases upon increasing concentration of D-glucose 

above 100 mM. These results show that AFBA has a low affinity to D-glucose and would 

not be a good choice for detection of D-glucose in physiological concentrations. AFBA, 

however, may be used to assemble diBA4b with tighter binding to D-glucose. 
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Figure 4-19. Absorption spectroscopy of monoBA:glucose binding. (A) UV absorption 

spectra of AFBA in PBS buffer (pH 7.4) with increasing concentration of D-glucose. (B) 

The absorbance of AFBA at 245 nm decreased through binding to D-glucose. 

 

Conversely, monoBAs have higher affinity to fructose, compared to D-glucose, 

and they are ideally better choices for development of fructose sensors. Titration of 

AFBA with fructose confirmed the higher affinity. Figure 4-20 shows the change in UV 

spectra of AFBA upon increasing concentration of fructose and its absorbance at 245 nm 

as a function of fructose concentration. AFBA has a lower Kd for fructose,345 with the 

absorbance at 245 nm decreasing dramatically upon increasing fructose concentration. 

A B 

Kd ~ 100 mM 
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Figure 4-20. Absorption spectroscopy of monoBA:fructose binding. (A) UV absorption 

spectra of AFBA in PBS buffer (pH 7.4) with increasing concentration of D-fructose. (B) 

The absorbance of AFBA at 245 nm decreased through binding to D-fructose. 

 

Titration diBA4b with D-glucose and fructose was done to compare the affinity of 

AFBA. The reported Kd value of approximately 6 mM for diBA4b to D-glucose is a 

strong evidence of the tighter binding of diBA4b to D-glucose through 2 pairs of diols.345 

Figure 4-21 shows the results of the titration of diBA4b with D-glucose. 
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Figure 4-21. Absorption spectroscopy of diBA:glucose binding. (A) UV absorption 

spectra of diBA4b in PBS buffer (pH 7.4) with increasing concentration of D-glucose. 

(B) The absorbance of diBA4b at 245 nm decreased through binding to D-glucose. 

 

The maximum in UV spectra of diBA4b shifts from 245 to 230 nm. These results 

show that the synthetic diBA4b has a much higher affinity to D-glucose, compared to its 

A 

Kd ~ 2 mM 

B 

A B 

Kd ~ 6 mM 



214 

 

precursor monoBA, and is potentially a better binding moiety for selective and sensitive 

detection of 3H-D-glucose. 

On the other hand, the titration of diBA4b with fructose did not show a significant 

difference from those of the titration of AFBA with fructose. AFBA and diBA4b have the 

same affinity to fructose because binding of diBAs to fructose is through the same diols, 

as with monoBAs. There is no improvement in binding affinity of boronic acids to 

fructose by scaffolding them into bisdentate binding moieties. Figure 4-22 shows the 

results of the titration of dibA4b with fructose. The maximum in UV spectra of the 

diBA4b shifts from 245 to 230 nm. Absorbance at 245 nm was followed as a function of 

the concentration of fructose which shows a dramatic decrease in low mM concentrations 

of fructose, very similar to the results obtained using AFBA. 
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Figure 4-22. Absorption spectroscopy of diBA:fructose binding. (A) UV absorption 

spectra of diBA4b in PBS buffer (pH 7.4) with increasing concentration of D-fructose. 

(B) The absorbance of diBA4b at 245 nm decreased through binding to D-fructose. 

 

4.3.4 Application of diBA4b-nanoSPA for Detection of 3H-D-glucose 

DiBA4b was tested as a stronger binding moiety to D-glucose on the surface of 

scintillant nanoparticles. diBA4b was immobilized on the surface of thiol-functionalized 

B A 

Kd ~ 2 mM 
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(PS-MPTS) nanoparticles through disulfide binding. The fabricated diBA-nanoSPA was 

utilized for detection of 3H-D-glucose by titrating a suspension of PS-MPTS-diBA4b 

nanoparticles with a Glucose-Mix up to 50 mM and 2.5 µCi. A control group of PS-

MPTS nanoparticles was included. Figure 4-23 shows a schematic structure of diBA-

nanoSPA made by immobilizing diBA4b on PS-MPTS nanoparticles and the scintillation 

responses collected in the SPA analysis.  
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Figure 4-23. DiBA-nanoSPA. (A) structure of PS-MPTS-diBA4b nanoSPA. (B) 

Scintillation response of diBA4b-nanoSPA (red circles) to 3H-D-glucose. D-glucose 

solution was prepared by combining 3H-D-glucose with D-glucose (3H-D-

glucose=1.25×10-4 %). Scintillation response increased with increasing concentration of 
3H-D-glucose. PS-MPTS nanoSPA (blue squares) was used as a control. The NPE, 

observed with control samples, is due to free 3H-D-glucose molecules and increased with 

increasing concentration of 3H-D-glucose. 

 

Scintillation responses of PS-MPTS-diBA4b nanoparticles increased with 

increasing concentration of D-glucose and they were significantly different from those of 

the control group (PS-MPTS). Using a Glucose-Mix is the main cause of the poor signal 

to background ratio. Insufficient immobilization of diBA4b on thiol-functionalized 

nanoparticles may also be contributing to the insignificant difference of signal from 

A B 
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background. Therefore, surface analysis of nanoparticles, using STEM and XPS, was 

performed to confirm the presence of diBA4b on nanoparticles. STEM imaging of PS-

MPTS-diBA4b nanoparticles was performed for elemental analysis. B, F, and N were 

analyzed, in addition to C, Si, and O, to confirm the immobilization of diBA4b on thiol-

functionalized nanoparticles. Figure 4-24 shows the results of STEM imaging of diBA-

nanoSPA. STEM did not measure detectable levels of B, N, or F on the surface of PS-

MPTS-diBA4b nanoparticles. The results of the titration of these nanoparticles with a 

Glucose-Mix, however, showed a slightly different signal from background. It may be 

concluded that the diBA4b is immobilized on the surface of PS-MPTS nanoparticles but 

with insufficient diBA4b binding moieties on the surface which minimizes signal 

enhancement. 

Further investigation of the surface of PS-MPTS-diBA4b nanoparticles was 

performed using XPS analysis. XPS is a semiquantitative analytical technique that is 

suitable for characterization of surface composition with higher sensitivity and resolution, 

compared to STEM imaging. XPS is based on the interaction of a monochromatic source 

of X-rays with the specimen under ultrahigh vacuum. Core electrons of the elements on 

the surface of a specimen are ejected upon interaction of the elements with the incident 

X-ray light and outer shell electrons are collapsed to the created free spaces, which leads 

to the release of other X-rays, representative of the elemental composition of the surface, 

that are detected by an electron analyzer. 

Elemental analysis of the surface of PS-MPTS-diBA4b nanoparticles was 

performed using an Al Kα source and showed N and F on the surface. Figure 4-25 shows 

the results of the XPS analysis of PS-MPTS-diBA4b nanoparticles. XPS analysis did not 
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measure detectable B on the surface of these nanoparticles, however, which may be due 

to the low sensitivity of this technique to low-Z elements. B has a small cross-section, 

compared to that of N and F, and detection through elemental analysis is challenging. It is 

concluded that there are diBA4b binding moieties immobilized on the surface of PS-

MPTS nanoparticles, however, the concentration is insufficient for sensitive detection of 

3H-D-glucose. Moreover, the binding affinity might be altered after immobilization. 

 
 

Figure 4-24. Electron microscopy of diBA4b-nanoSPA. (A) STEM image of PS-MPTS-

diBA4b nanoparticles. STEM-EDX images of PS-MPTS-diBA4b nanoparticles for 

elemental analysis of (B) C, (C) O, and (D) Si. 
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Figure 4-25. XPS analysis of diBA4b-nanoSPA. (A) Low-resolution XPS of PS-MPTS-

diBA4b nanoSPA. High-resolution XPS scanning for elemental analysis of (B) F1s, (C) 

C1s, (D) S2p, and (E) N1s spectra. 

 

Table 4-1 presents the quantitative analysis of XPS data. Binding energy (BE) and 

full width at half maximum (FWHM) of the peaks collected for F, C, S, and N are listed.  

Raw peak area, relative sensitivity factor (RSF), and atomic masses are used to calculate 

the concentrations of the elements on the surface of nanoSPA. The analysis of XPS data 

for PS-MPTS-diBA4b nanoSPA shows 1.13% F and 2.01% N on the surface, which may 
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be improved by a better coupling strategy to immobilize a greater number of diBA4b 

molecules on the surface of nanoparticles. The quantitative ratio of F:N is approximately 

2:3.6 which is about the mole ratio of these elements in the structure of diBA4b (i.e. 2:3). 

 

Table 4-1. Elemental analysis of the surface of diBA4b-nanoSPA (PS-MPTS-diBA4b 

nanoparticles) using XPS. 

 
Peak Type Position BE 

(eV) 

FWHM 

(eV) 

Raw Area 

(CPS.eV) 

RSF Atomic 

Mass 

Atomic 

Conc% 

Mass 

Conc% 

F 1s 685.700 0.868 146.3 1.000 18.998 0.79 1.13 

C 1s 283.300 1.726 4247.0 0.278 12.011 91.59 83.02 

S 2p 162.400 2.039 618.7 0.668 32.065 5.72 13.84 

N 1s 398.700 0.814 154.0 0.477 14.007 1.90 2.01 

 

To improve the sensitivity of diBA-nanoSPA to 3H-D-glucose, immobilization of 

diBA4b on scintillant nanoparticles was repeated through a different coupling chemistry. 

DiBA4b was immobilized on scintillant amine-functionalized (PS-APTS) nanoSPA using 

Mal-PEG2-NHS crosslinker. PS-APTS-diBA4b nanoSPA were utilized for detection of 

3H-D-glucose by titrating a suspension of these nanoparticles with a Glucose-Mix up to 

50 mM and 2.5 µCi. A control group of PS-APTS nanoSPA with immobilized 

crosslinkers was included in the SPA experiment. Figure 4-26A shows a schematic 

structure of diBA-nanoSPA made by immobilizing diBA4b on PS-APTS nanoSPA using 

a crosslinker (double-headed arrow). The scintillation responses of PS-APTS and PS-

APTS-diBA4b nanoSPA were collected as a function of the concentration of D-glucose 

and activity of 3H-D-glucose, as shown in Figure 4-26B.  
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Figure 4-26. DiBA-nanoSPA. (A) PS-APTS-diBA4b nanoSPA. DiBA4b was coupled to 

PS-APTS nanoSPA using a Mal-PEG2-NHS linker. (B) Scintillation response of diBA-

nanoSPA (red circles) to 3H-D-glucose. D-glucose solution was prepared by combining 
3H-D-glucose with D-glucose (3H-D-glucose=1.25×10-4 %). Scintillation response 

increased with increasing concentration of 3H-D-glucose. PS-APTS nanoSPA (blue 

squares) was used as a control. The NPE, observed with control samples, is due to free 
3H-D-glucose molecules and increased with increasing concentration of 3H-D-glucose. 

 

Scintillation responses of PS-APTS-diBA4b nanoSPA increased with increasing 

concentration of D-glucose, however, they were not significantly different from those of 

the control group (PS-APTS). As explained before, using a Glucose-Mix is the main 

cause of the poor signal to background ratio. Nonetheless, the surface concentration of 

diBA4b on the amine-functionalized nanoparticles was evaluated using STEM-EDX and 

XPS. STEM-EDX imaging of PS-APTS-diBA4b nanoSPA was performed for elemental 

analysis of the surface of nanoparticles, as described for PS-MPTS-diBA4b. Figure 4-27 

shows the results of the STEM imaging of diBA-nanoSPA. 

 

A B 
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Figure 4-27. Electron microscopy of diBA4b-nanoSPA. (A) STEM image of PS-APTS-

diBA4b nanoSPA. STEM-EDX images of PS-APTS-diBA4b nanoSPA for elemental 

analysis of (B) C, (C) O, (D) Si, (E) N, and (F) F. 
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N was observed on the surface of the nanoparticles, mostly because of the silica 

coating of the nanoparticles that contains amine-functionalized silica. However, F was 

also detected which is a strong evidence of the successful immobilization of diBA4b on 

amine-functionalized nanoparticles. There was no detectable B on the surface of the 

amine-functionalized nanoparticles, most probably due to the lower sensitivity of this 

technique to B, in addition to the low concentration of diBA4b moieties. 

Further investigation of the surface of PS-APTS-diBA4b nanoSPA was done by 

XPS analysis (Figure 4-28). Elemental analysis of the surface of nanoparticles did not 

show detectable B, however, a small peak was recorded for F, in addition to a peak 

significantly higher than background for N. It is concluded that there is some diBA4b 

immobilized on the surface of nanoparticles, however, the concentration is not high 

enough. B was not detected due to its lower cross section compared to those of N and F.  

 
 

Figure 4-28. XPS analysis of diBA4b-nanoSPA. (A) Low-resolution XPS of PS-APTS-

diBA4b nanoSPA. High-resolution XPS scanning for elemental analysis of (B) F1s, (C) 

C1s, and (D) N1s spectra. 
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Table 4-2 presents the quantitative analysis of XPS data obtained for PS-APTS-

diBA4b nanoSPA, which shows a slightly higher concentration of F (1.32%) on the 

surface of PS-APTS-diBA4b nanoSPA, compared to that of PS-MPTS-diBA4b 

nanoparticles. The significantly higher concentration of N on the surface is due to the 

amine functional groups on the silica coating of nanoSPA. Therefore, the ratio of F:N 

may not be attributed to the ratio of the elements in diBA4b moiety. It may be concluded 

that using the crosslinker slightly improved the affiliation of diBA4b molecules to the 

surface of scintillant PS-APTS-diBA4b nanoSPA, as the disulfide binding in PS-MPTS-

diBA4b nanoparticles is less stable and more susceptible to break which leads to 

displacement of diBA4b molecules from the surface of nanoparticles. 

 

Table 4-2. Elemental analysis of the surface of diBA-nanoSPA (PS-APTS-DiBA4b 

nanoSPA) using XPS. 

 
Peak Type Position BE 

(eV) 

FWHM 

(eV) 

Raw Area 

(CPS.eV) 

RSF Atomic 

Mass 

Atomic 

Conc% 

Mass 

Conc% 

F 1s 688.036 1.092 136.9 1.000 18.998 0.85 1.32 

C 1s 285.036 1.922 3529.0 0.278 12.011 88.43 86.46 

N 1s 400.436 2.149 748.0 0.477 14.007 10.72 12.22 

 

To improve the surface coverage of scintillant core-shell nanoparticles with diBA 

moieties, a diBA derivative was synthesized using AFBA precursors, but with a silane 

coupling group, in place of a thiol. The modified diBA is referred to as diBA4bSi and 

was used in the silica coating to functionalize the surface of the scintillant nanoparticles. 

PS core nanoparticles were coated with TEOS and newly synthesized diBA4bSi that 

contained a tri-ethoxy silane group. PS-TEOS-diBA4bSi nanoparticles were prepared and 

utilized for detection of 3H-D-glucose by titrating a suspension of the nanoparticles with 

a Glucose-Mix up to 50 mM and 2.5 µCi. A control group of PS-TEOS nanoparticles was 
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included in the SPA experiment. Figure 4-29 shows a schematic structure of PS-TEOS-

diBA4bSi nanoparticles, made by immobilizing diBA4bSi on PS-TEOS nanoparticles, 

through silica coating, and the scintillation responses collected in the SPA analysis. 

Scintillation responses of PS-TEOS-diBA4bSi nanoparticles increased with increasing 

concentration of D-glucose and were significantly different from those of the control 

group (PS-TEOS). However, similar to the previous sensors reported based on diBA4b 

(i.e. PS-MPTS-diBA4b and PS-APTS-diBA4b nanoSPA) the signal enhancement was 

poor. Using a Glucose-Mix is the main cause of the poor signal to background ratio in 

addition to unsuccessful or insufficient immobilization of diBA4bSi molecules on 

nanoparticles. 

 

 

 

    n=2 

0 0.7 1.4 2.1 2.8 3.5 4.2

0

500

1000

1500

2000

0 7 14 21 28 35 42

[3H-Glucose] (µCi)

C
P

M

[Glucose] (mM)

PS-TEOS

PS-TEOS-diBA4b

 
 

Figure 4-29. DiBA-nanoSPA. (A) DiBA-nanoSPA (PS-TEOS-diBA4bSi nanoSPA). 

DiBA was utilized to coat to PS nanoparticles. (B) Scintillation response of diBA-

nanoSPA (red circles) to 3H-D-glucose. D-glucose solution was prepared by combining 
3H-D-glucose with D-glucose (3H-D-glucose=2×10-4 %). Scintillation response increased 

with increasing concentration of 3H-D-glucose. PS-APTS nanoSPA (blue squares) was 

used as a control. The NPE, observed with control samples, is due to free 3H-D-glucose 

molecules and increased with increasing concentration of 3H-D-glucose. 

 

A 
B 



225 

 

4.4 Summary, Conclusions, and Future Directions 

Fabrication, characterization, and utilization of boronic acid-functionalized 

nanoSPA platforms were described. Detection of 3H-D-glucose was investigated using 

nanoSPA functionalized with several monoBAs and diBAs. The summary of data 

analysis of monoBA- and diBA-nanoSPA platforms are tabulated (Table 4-3). The signal 

enhancement from the specific binding of nanoSPA to 3H-D-glucose was up to 2.2-fold. 

The poor signal to background ratio observed in the D-glucose assays is mostly due to the 

extremely low concentrations of 3H-D-glucose (less than 100 nM).  

 

Table 4-3. Data analysis of monoBA- and diBA-nanoSPA platforms. SPA and NPE 

counts are reported at 1 µCi 3H-glucose. LODs are reported based on SPA responses. 

 
nanoSPA platform SPA 

(CPM) 

NPE 

(CPM) 

Signal/Background LOD 

(nCi) 

LOD 

(mM) 

PS-APTS10%-CBBA 68 47 1.5 170 1.5 

PS-APTS25%-CBBA 260 157 1.7 20 1.2 

PS-APTS25%-CBBA 330 150 2.2 25 0.1 

PS-APTS50%-CBBA 334 341 1.0 23 0.2 

PS-MPTS-VPBA 591 421 1.4 30 0.3 

PS-MPTS-APBA 127 112 1.1 48 1.0 

PS-APTS-diBA4b 265 232 1.1 79 1.5 

PS-MPTS-diBA4b 669 481 1.4 12 0.2 

PS-TEOS-diBA4bSi 330 227 1.5 19 0.2 

 

DiBA4b is sensitive to D-glucose, however, diBA4b-nanoSPA platforms showed 

poor signal to background ratio because of the limited amount of 3H-D-glucose, in 

addition to insufficient boronic acids on the surface of nanoSPA. Zeta potential 

measurements did not show any significant change in surface zeta potential of nanoSPA 

decorated with boronic acid moieties. Further exploration of the binding end group of 

diBA4b is required to optimize the surface concentration of diBA moieties on nanoSPA. 

More importantly, higher mole-percentage of 3H-D-glucose may be tried to improve the 

signal enhancement.  
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CHAPTER 5. SUMMARY AND FUTURE DIRECTIONS 

 

5.1 Summary 

Radioisotope-responsive nanosensors were developed for biomolecule analysis 

with the advantages of high sensitivity and specificity due to high surface to volume ratio 

and surface functionalization. Radioisotope nanosensors were less invasive, amenable to 

mass production and scale up with low-cost and high stability, and applicable for 

reproducible high throughput detection. The architecture of the radioisotope-responsive 

nanosensors used in this work was designed such that a binding moiety recognizes the 

target molecule through a specific binding chemistry and consequently a transducer 

responds, in a turn-on mode. Binding to target molecules was based on electrostatic 

attraction, hydrophobic/hydrophilic interactions, and covalent bonds. Applications of 

radioisotope-responsive nanosensors included in vitro and in vivo analyses in complex 

biological samples for measurement of biomolecules as tracers of specific biochemical 

processes, detection of pathogens for diagnostics, and screening of therapeutic 

pharmaceuticals. 

Labeling molecules that lack optical and electrochemical activity is commonly 

performed using chromogenic or fluorogenic agents for optical detection. The dramatic 

perturbation introduced by labeling agents prohibits accurate evaluation of the 

physicochemical properties of biomolecules. Radiolabeling is a versatile labeling 

technique with minimized perturbation on properties of biomolecules and enables 

sensitive detection. Advantageously, radioassays do not require a light source which 

minimizes background fluorescence in complex biological samples. Historically, 
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radioassays have contributed to many fundamental discoveries that helped understand 

biological systems. Nonetheless, radioassays require special handling and licensing. 

SPA is a radioassay that capitalizes on the advantages of radiolabeling. The 

versatility of SPA platforms enables many bioanalytical applications in life sciences. SPA 

is a homogeneous separation-free technique that is attractive to analysts who are 

interested in high-flux measurements, such as high throughput screening of 

pharmaceuticals. Increased signal to background ratio is a consequence of binding-based 

detection in SPA analyses. SPA is commonly applied for development and screening of 

drugs targeting GPCRs, enzymes, and hormones. Minimal analysis time and waste 

disposal are advantages of SPA that mitigate concerns of handling radiochemicals. SPA 

resolves the pitfalls of traditional radioassays because of its separation-free nature. Most 

importantly, comparable kinetics and thermodynamic parameters are reported using SPA, 

with simpler analytical procedures, to those of traditional filtration-based assays. SPA has 

greatly improved radioassay favorability by reducing the analysis volume and time, 

contamination risk, and waste disposal.  

nanoSPA is the nanosized analog of commercial SPA microparticles and was 

developed with the purpose of increasing surface to volume ratio and cell permeability 

through decreasing size. Silica coating of nanoSPA facilitates surface modifications and 

improves biocompatibility. Various surface functionalities of nanoSPA were developed 

through applying well-established silane chemistry, phospholipids, binding proteins, 

antibodies, and synthetic binding moieties and crosslinkers. Selected β-emitter 

radioisotopes have been tested using nanoSPA for assay development and analysis of 

several model biochemical systems. Each radioisotope offers advantages and introduces 
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disadvantages depending on the energy and pathlength of emitted β-particles. As a rule, 

lower energy radioisotopes are safer to handle and cause lower NPE, while they are more 

challenging to be detected. nanoSPA enables enhanced detection of low energy isotopes. 

nanoSPA is based on PS-core, silica-shell scintillant nanoparticles that are 

hydrophilic and easy to disperse in aqueous samples, as opposed to commercial SPA 

microparticles. Only radiolabeled molecules bound to nanoSPA generate a significant 

signal which is distinguishable from the NPE by non-target molecules. Signal release 

requires intimate contact of radiolabeled molecules with scintillating molecules in the 

core of nanoSPA which makes nanoSPA a separation-free technology, as opposed to 

other techniques such as ELISA.302 Therefore, it is unnecessary to separate excess 

unbound radiolabeled reagents. In case of higher energy radioisotopes, e.g. 33P, a single 

step of centrifugation or mathematical processing of data resolves the problem of NPE 

due to excess non-target radiolabeled molecules. The homogeneity of nanoSPA 

minimizes the waste disposal and complexity of the analysis, which is beneficial for high 

throughput screening of therapeutics.8,154 

Promising features include low cost, speed, stability, and reproducible synthesis 

of PS-core silica-shell scintillant nanoparticles. PS-core silica-shell scintillant 

nanoparticles are hydrophilic and easy to disperse in aqueous samples, as opposed to SPA 

microparticles. The buoyancy of PS-core silica-shell scintillant nanoparticles is due to 

their lower density, which results from their composite architecture. nanoSPA is stable at 

room temperature in excess of one year in water-based media. nanoSPA modifications 

are possible in aqueous and organic media, such as MeOH, EtOH, and IPA up to 80%. 
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Strong organic solvents, however, must be avoided to prevent the dissolution of the 

polymeric core that might happen due to the mesoporous structure of the silica shell. 

The organic core of nanoSPA enables doping of various scintillants, while the 

inorganic shell facilitates biocompatible analyses and surface modifications. Electron 

microscopy imaging and photoelectron spectroscopy analyses confirmed the elemental 

composition of nanoSPA on the surface. Thiol-responsive nanoSPA and NH2-nanoSPA 

were further modified using thiol- and amine-reactive agents. The binding capacity of 

nanoparticles that are decorated with about 105-106 functional groups (per nanoparticle) 

is estimated at about 100 nmol functional groups in 1 mL sample of nanoparticles 

containing 1 mg PS core (i.e. 100 µM functional groups). There are about 1011-1012 

nanoparticles per mL of samples with high surface to volume ratio (ca. 2x107 m-1). The 

density of nanoSPA is estimated to be around 1.6 g/cm3 which is less than that of 

inorganic SPA microparticles, but slightly higher than organic SPA microparticles. 

The work described in the preceding chapters focused on nanoSPA fabricated in a 

variety of platforms for important and demanding applications. nanoSPA platforms were 

fabricated by polymerizing styrene, doping with primary and secondary scintillants, 

followed by coating with silica shell. Further surface modifications were performed on 

the silica coating. nanoSPA has been successfully applied for analysis of synthetic 

samples for method validation before use in the detection of biomolecules related to 

important biochemical processes in cell lysates. nanoSPA was developed with the 

eventual goal of intracellular measurements for cell-based diagnostics and screening, and 

ideally dynamic monitoring of metabolic pathways. Preliminary experiments were 

performed to incorporate nanoSPA in cells (unpublished data) that has shown promising 
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results for future imaging-based analyses with more efficiency and sensitivity based on 

their higher surface area.  

Solid scintillant nanomaterials yield better sensor platforms for radiolabeled target 

biomolecules due to compatibility with biosystems. Scintillant nanomaterials are 

advantageous to commercial liquid and solid scintillant materials, due to their smaller 

size, higher surface area to volume ratio, and biocompatibility. Unlike traditional LSC 

used in LSA of radiolabeled molecules, polymer-core silica-shell nanoparticles possess 

hydrophilic surface and therefore preserve the biological activity of such analytes. 

Sensitive and selective detection of small biomolecules in cells is challenging due to the 

complexity, small volume, and fragility of biological systems. Minimally invasive and 

perturbing sensors with the highest selectivity and sensitivity are demanding for a better 

understanding of biosystems at the molecular and cellular levels. Studies are required 

based on nanoSPA to address the pitfalls of the current techniques. nanoSPA may be 

used in an automated assay using microinjectors for kinetic studies in receptor-binding 

based drug screenings. In radioassays based on more energetic radioisotopes, negative 

controls must be prepared to account for background without any separation required. 

5.1.1 Thiol-responsive nanoSPA for Thiol/Disulfide Assays 

35S is a medium-energy radioisotope, widely used in bioanalytical assays 

including but not limited to GPCR pharmacology and protein labeling. The maximum 

energy of β-particles emitted from 35S is approximately 167 keV and 35S β-particles 

penetrate in an aqueous medium up to 300 μm before their energy is dissipated through 

interaction with the medium.2,4,8 Although significant background due to NPE was 

anticipated for 35S radioisotope, this was not observed with nanoSPA. Advantageously, 
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lower NPE was observed with 35S isotope, compared to 33P and 32P, despite its long β-

range. 

35S was employed for thiol-disulfide analysis for the first time using nanoSPA. 

35S-CyS and 35S-CySS were used as a model for 35S-thiols and 35S-disulfides. nanoSPA 

with thiol groups was used for quantification of thiols and disulfides in synthetic samples 

for assay development and optimization. Thiol-responsive nanoSPA was used for 

quantification of 35S-thiols and 35S-disulfides by depletion of 35S-thiols using NEM 

followed by reduction of 35S-disulfides to 35S-thiols using NaBH4. 
35S-CyS was detected 

using nanoSPA at sub-nanomolar concentrations at physiological pH. Limit of detection 

for 35S-CyS analysis with thiol-responsive nanoSPA (PS-MPTS nanoparticles) was <1.1 

pM (<1.1 nCi). Limit of detection for the NPE of 35S-CyS with NH2-nanoSPA was 11 

pM (11 nCi). The signal enhancement from the specific binding of thiol-responsive 

nanoSPA to 35S-thiols was over 10-fold compared to background NPE. 

Although thiol-responsive nanoSPA lacks specificity for different thiols, analysis 

of the ratio of thiol/disulfide does not require specificity nor calibration. Therefore, thiol-

responsive nanoSPA is a simple, robust, and sensitive sensor with proven capability in 

the evaluation of the ratio of thiol/disulfide. This ratio is related to thiol-disulfide 

homeostasis in cells and is a biomarker for diagnosis of tumors since lower ratios are 

observed in cancerous cells.178 HEK293 cell lysates were analyzed using thiol-responsive 

nanoSPA and the thiol-disulfide ratio was determined in lysates obtained from oxidizing 

agent-treated and untreated HEK293 cells. Thiol-responsive nanoSPA was successfully 

utilized to show the impact of oxidation on the ratio of thiol/disulfide in cells which 

makes nanoSPA potentially useful for screening assays using thiol/disulfide as a 



232 

 

biomarker. Further selective measurements of thiols and disulfides are possible through 

hyphenating a separation mechanism, such as LC or CE, to scintillation counting with 

thiol-responsive nanoSPA.  

Thiol-responsive nanoSPA was utilized for indirect analysis of thiol-reactive 

small molecules by capturing them with 35S-thiols and monitoring the inhibition of 

scintillation of thiol-responsive nanoSPA as a function of the concentration of thiol-

reactive molecules. Furthermore, it was shown that nanoSPA may be used for 

measurement of the exposed thiol on the CyS-34 residue of human serum albumin by 

immobilizing the protein on amine-functionalized nanoparticles through the well-

established biotin-avidin-biotin coupling and binding to 35S-CyS. 

5.1.2 Enzyme Activity Analysis using nanoSPA for High Throughput Screening 

Assays 

Cost-effective and high throughput analysis of kinases in a “mix-and-measure” 

fashion is demanding, due to the growing libraries of the inhibitors of these enzymes. 

Commercially available SPA microparticles and microplates are commonly used in 

enzyme assays, predominantly kinases using ATPγ33P. 33P is a high-energy β-emitter and 

significant background due to NPE is observed using this radioisotope. Different 

strategies were employed to minimize the NPE, by centrifugation, bead sedimentation, 

and mathematical data processing. 

nanoSPA was employed to monitor the 33P-phosphorylated product of SRC kinase 

activity that was radiolabeled through the phosphorylation reaction. Three nanoSPA 

platforms were developed for kinase studies that are potentially useful for other enzyme 

radioassays. Adsorption, binding, and immuno-nanoSPA all respond to 33P-



233 

 

phosphorylated peptide substrates, through electrostatic non-specific adsorption, covalent 

binding to primary amines of lysine residues, and binding to 33P-phosphorylated residues, 

respectively. Additionally, phospholipid-nanoSPA was developed and employed as a 

confirmation for adsorption nanoSPA. 

nanoSPA platforms were optimized and utilized in the separation-free analysis of 

33P-phosphorylated substrates. It was shown that using nanoSPA for kinase activity 

studies dramatically reduces the analysis time, materials cost, and waste volume. 

Therefore, nanoSPA-based enzyme analyses are simple, robust, and easy to miniaturize 

and automate.302 Simultaneous preconcentration and detection of the product of 

phosphorylation reaction facilitated the analysis of kinase activity. Signal to background 

ratio up to 24 was observed using nanoSPA, compared to about 10 using LSA after many 

washing steps. Adsorption nanoSPA was employed for kinase activity studies in varying 

concentrations of the peptide substrate and the linear region of the scintillation plot 

provided LOD of 1.28 µM (53.4 ng) for the 33P-phosphorylated peptide substrates. 

Inhibitors were tested to show the potential of nanoSPA for high throughput screening of 

pharmaceuticals. 

Adsorption nanoSPA was employed to monitor time-dependent flux of ATPγ33P 

and incorporation of 33P into HEK293 cells. Selective detection of phosphorylated amino 

acids in cell lysates obtained from HEK293 cells, inhibitor-treated or untreated, was 

performed using adsorption and immuno-nanoSPA. Since immuno-nanoSPA responds to 

33P-phosphorylated peptide substrates by specifically binding to 33P-pY, 33P-pS, or 33P-pT 

residues it is potentially useful for time-resolved analysis of kinases through dynamic 

binding to specific phosphorylated amino acid residues. nanoSPA may be incorporated in 
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live cells, that are fed with ATPγ33P, for the intracellular study of kinases by optical 

imaging. 

5.1.3 nanoSPA-Based Saccharide Sensor 

3H emits the lowest energy β-particles and is the safest isotope. The ubiquitous 

presence of hydrogen in all biomolecules makes it especially attractive in radioassays and 

the low energy β-emission favors SPA analyses. Monosaccharides, and most importantly 

glucose, are prominent small biomolecules participating in a variety of cell processes. 

The challenge of detecting such small biomolecules may be resolved using more 

advanced radioassays such as SPA. nanoSPA-based sensors for saccharides were 

developed using boronic acid recognition moieties. 

Binding of D-glucose to monoBAs and diBAs is a reversible and dynamic 

process. Dynamic binding of 3H-D-glucose to nanoSPA functionalized with several 

monoBAs and diBAs was evaluated. monoBA- and diBA-nanoSPA were utilized for 

analysis of D-glucose at low mM concentration, by mixing unlabeled and 3H-D-glucose. 

The signal enhancement due to the specific binding of boronic acid-functionalized 

nanoSPA to 3H-D-glucose was up to 2.2-fold. The poor signal to background ratio 

observed in the D-glucose assays was mostly due to the extremely low concentrations of 

3H-D-glucose (less than 100 nM) while high Kd values (~100 mM) are reported for 

glucose-BA binding reactions. Higher mole-percent of 3H-D-glucose may be tried to 

improve the signal enhancement. MonoBA-nanoSPA is probably a better sensor for 

fructose that shows lower Kd values (~2 mM) with monoBAs, as opposed to glucose. No 

significant improvement in the performance of diBA-nanoSPA that could be ascribed to 

the use of diBA, instead of monoBA, was observed. Further exploration of the binding 
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head group of the synthesized diBA4b molecule is required to optimize the surface 

concentration of diBA moieties on nanoSPA. Boronic acid-nanoSPA platforms are 

potentially useful for time-resolved dynamic monitoring of D-glucose and glycosylated 

biomolecules in live cells. Non-specific adsorption of glucose on the silica coating of 

nanoSPA led to compromised signal to background ratio. Phospholipid-nanoSPA with 

diBA moieties may resolve the problem of high NPE. 

5.2 Future Directions 

Easy and inexpensive fabrication of nanoSPA and the long-term stability of the 

polymer core is an attractive feature. Multiplexed analyses seem feasible using nanoSPA 

because different fluorophores may be doped in the core, while a variety of surface 

modifications are possible. A continuous spectrum of β-particles is emitted from 

radionuclides with energies ranging from zero to Emax. However, the pulse height overlap 

6 in the radionuclides used in bioanalytical assays makes multiplexing challenging. 

Mixture of radionuclides with no overlap is feasible. 

The versatility of surface modification in nanoSPA makes it a strong option for 

many different bioanalytical applications through manufacturing future designs of 

nanosensors. Thiol-responsive nanoSPA is a good candidate for thiol quantification in 

enzyme assays, where thiols are released as products of the enzymatic reaction, e.g. 

acetyltransferases.263 Amine-functionalized or polylysine-coated nanoSPA may be 

employed for detection of negatively charged species. WGA-coated nanoSPA may be 

prepared and used to capture cells (or cell membranes) including membrane proteins for 

the screening of GPCR pharmaceuticals, possibly in live cell studies. Protein-protein and 

protein-DNA interactions are possible using nanoSPA through immobilizing the 
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biomolecules. Phospholipid-nanoSPA may be used for detections based on 

hydrophilic/hydrophobic interactions. Further characterization of nanoSPA using 

vibrational spectroscopy and atomic force microscopy (AFM) enables more specific 

characterization of nanoSPA to optimize the surface of sensor platforms for more 

sophisticated measurements. Further exploration of the performance of nanoSPA 

compared to SPA microparticles may be performed by utilizing similar surface 

functionalities (ongoing experiments in the Aspinwall lab). 

Time-resolved enzyme activity assays by monitoring the reaction over time seem 

feasible using nanoSPA platforms with binding moieties that recognize target molecules 

in a dynamic and reversible mode. Red-shifted nanoSPA may be incorporated in cells for 

real-time imaging-based analyses in live cells. The emission wavelength of red-shifted 

nanoSPA is around 630 nm which is tuned to the maximum sensitivity of CCD cameras. 

Development of blue and red nanoSPA is a promising evidence for the development of 

multicolor nanoSPA in future, using other scintillant dyes and potentially QDs. 

Theranostic applications of nanoSPA should also be considered for future 

directions. nanoSPA-based glucose sensor, for example, may be used as insulin-

delivering nanocage through using a diol-conjugated insulin for investigation of diabetes 

treatment. nanoSPA is potentially applicable for PET based on the conversion of energy 

of emitted positrons from radioisotopes such as 18F. Toxicity of nanoSPA, or the full 

cycle it takes in vivo from uptake and metabolism to clearance, should be investigated. 
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