
ABSTRACT 

PERELYGIN, VLADISLAV R. Local Properties of Bio- and Nanointerfaces by Spin Labeling 

EPR. (Under the direction of Professor Alex I. Smirnov). 

 

Spin labeling Electron Paramagnetic Resonance (EPR) is an extremely versatile tool that 

allows for obtaining local physicochemical properties of various molecular and nanoscale systems. 

This work summarizes the results of three diverse research projects focusing on (i) local dielectric 

and electrostatic properties of water-silica nanoparticle interface (Chapter 1 and 2) and (ii) thermal 

effect on unfolding and oligomerization in membrane proteins on an example of  Anabaena 

sensory rhodopsin (ASR).   

In Chapter 1, interfacial electrostatic properties of monodisperse silica nanoparticles 

(SiNPs) in aqueous suspensions as a function of bulk pH were characterized by spin labeling EPR 

of two ionizable nitroxides: (1) IMTSL (S-(1-oxyl-2,2,3,5,5-pentamethylimidazolidin-4-yl)methyl 

methanesulfo-nothioate) and (2) IKMTSL (S-4-(4-(dimethylamino)-2-ethyl-5,5-dimethyl-1-oxyl-

2,5-dihydro-1H-imidazol-2-yl).  SiNPs of ca. 116 nm in average diameter (by particle number) 

were synthesized using the Stöber method and their surface was modified by silanization under 

harsh conditions to ensure robust attachment of the thiol-terminated ligands to the silica surface.  

These ligands were consequently modified with either IMTSL or IKMTSL to characterize the 

surface electrostatic potential of the nanoparticles from their EPR spectra.  EPR titration data for 

these two pH-sensitive nitroxides allowed for differentiating the dielectric and electrostatic 

contributions to the interfacial properties of SiNPs.  Surface electrostatic potential calculated from 

EPR titration of IKMTSL demonstrated an approximately linear increase in the magnitude starting 

at about zero at pH≈4.0 and reaching ≈-150 mV at pH≈8.5. This is in agreement with the existing 

literature on the surface potential associated with the silanol deprotonation developing over a wide 

pH range.   



In Chapter 2, effects of ionic strength on local properties of water-silica interface were 

investigated. Monodispersed silica nanoparticles with average diameter of 108 nm were 

synthesized and surface-modified with thiol-terminated silane ligands, which were then covalently 

labeled with EPR-active electrostatic molecular probes via thiol-specific chemistry. Two pH-

sensitive EPR probes with pKa=3.33 (IMTSL) and 5.92 (IKMTSL) were employed in order to 

separate pH regions where acidic (pKa4.5) and basic (pKa8.5) silanols undergo reversible 

protonation. To determent the effect of ionic strength, DI water solutions with a range of NaCl 

concentrations were used ([NaCl] = 0.05 M  2.0 M). Dependences of the surface potential of 

silica nanoparticles as a function of both bulk pH and the ionic strength were established.  These 

data show that the electrostatic surface potential of silica nanoparticles in aqueous suspensions 

could be adjusted from ca. -200 mV to 0 mV by simply changing pH and/or salt concentration.  

Chapter 3 describes the results of study of local unfolding kinetics and thermal effect on 

oligomerization in a membrane protein Anabaena sensory rhodopsin (ASR).  Two Cys mutants of 

ASR, N148C and S26C, were labeled with a nitroxide  S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-

1H-pyrrol-3-yl)methyl methanesulfonothioate (MTSL) and reconstituted into DMPC-DMPA lipid 

vesicles. Unfolding kinetics of ASR was investigated using X-band (9.5 GHz) CW EPR. While 

the thermal unfolding as monitored from local side-chain dynamics at two sites was found to be 

fully reversible, the temperature ranges of these events were found to be strikingly different.  

Specifically, the thermal unfolding of the loops containing residues N148 and S26 demonstrated 

denaturation midpoints (Tm) equal 62.0 ± 0.4 oC and 87.3 ± 0.4 oC, respectively. Thermal unfolding 

enthalpy (∆H) and entropy (∆S) for both mutants were estimated. Double electron-electron 

resonance (DEER) measurements of freeze-trapped S26C mutant showed that, upon thermal 

exposure, ASR retains its trimeric structure; however, some monomers seem to migrate from its 



initial trimer to a neighboring one, thus effectively exchanging positions between the trimers. The 

rates and energetic cost of such transition were estimated (E0 = 76.60 ± 8.19 kcal mol-1 K-1). 

Although some experimental evidence supports the proposed monomer exchange mechanism, 

additional experiments are required to fully confirm it.
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1.1 Introduction 

1.1.1 Silica nanoparticles: applications and properties  

Among many inorganic nanopartcles (NPs) available today, silica nanoparticles (SiNPs) 

and silica-coated NPs represent, perhaps, some of the most versatile nanomaterials for applications 

across chemical, materials science, and biomedical fields.  Specific examples include the use of 

SiNPs in heterogeneous catalysis1 and as building blocks of nanocomposite materials,2 

pseudostationary phase for capillary electrophoresis separation,3 nanocarriers for drug delivery4,5 

and biosensing,6 biomedical imaging agents,7 and active components of nanoformulations to 

reduce friction.8  The main reasons for such a widespread use of silica-based nanomaterials are the 

readily available fabrication methods and, even more importantly, favorable structural and 

chemical properties of the silica surface.  Indeed, many applications dictate precise control over 

particle size, shape, pore size, and pore geometry and all these features could be attained by 

synthesizing specific SiNPs. Because of an exceptionally large surface area possessed by 

mesoporous silica such a material is suitable for nonspecific absorption of various molecules.  

Furthermore, hydroxyl groups of silica surface could be readily modified by various silane-based 
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coupling agents,9 thus, opening an additional avenue for attaching different molecules to NPs.  

Silica is also chemically stable over a wide range of conditions and was shown to be biologically 

compatible.10  For these reasons it was  found to be very effective for encapsulating catalytic 

inorganic core,1 enzymes,11 and various drugs12 including oligonucleotides for gene delivery.13 

Having NP surface covered with silica and/or modifying silica surface with various 

functional groups has been shown to reduce particle aggregation and nonspecific binding.14 

Generally, untreated silica nanoparticles are highly negatively charged15 at neutral and alkaline pH 

and the resulting repulsive electrostatic forces provide for an extended stability of such colloids.  

Surface electrostatic potential also plays a crucial role in NP interactions with other molecules and 

cellular components that could lead to the formation of protein coronas and determine intracellular 

uptake and biocatalytic activity.16  Thus, understanding and probing these charge-based 

interactions at the bio-nano interface is important from the perspective of developing new 

nanomaterials and their safe use.17 The same surface electrostatic properties are also essential for 

developing new nanoparticle-based lubricating technologies.8,18 

Ionization state of the surface hydroxyl groups, also known as silanols, has been 

investigated in detail by both experimentally and theoretically. Thus, detailed studies showed that 

surface silanols could be divided into two types with different properties19,20. First type is known 

as out-of-plane silanols with acidic pKa in the range from 4.519 to 5.621 pH units. These  silanols 

are capable of forming strong hydrogen bonds with the surface water molecules. The second type, 

in-plane silanols, demonstrates an alkaline behavior with pKa of 8.5 that results in a weak silanol-

water bonding21. In some studies, particularly in computer simulations, silanols are separated even 

into four distinguished groups: isolate, H-bonded, vicinal and geminal, with pKa values  ranging 

from pKa=2.9 for vicinal silanols, and up to pKa=10.3 for isolated22 ones.  
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1.1.2 Methods to study water-silica nanoparticle interface  

Electrostatic properties in colloidal systems are greatly dependent on the properties of a 

dispersion medium. Typically, a colloidal particle is surrounded by multiple layers of counter ions. 

Their affinity and layer thickness depend on the type of ions and the solution ionic strength. The 

ion distribution can be described using an electrical double layer (EDL) model.23 This model takes 

into account the type and degree of ion affinity to a charged surface and distinguish ions associated 

with colloidal particle into two layers (Figure 1.1). The layer that is tightly bound to the particle 

surface is called the Stern layer. These counter ions are considered to be inseparable from the 

surface. In the Stern layer, the ion attraction is governed by a strong Coulomb force. The second 

part of EDL is called the diffuse or the Gouy – Chapman. This layer is known to effectively screen 

charge of a particle. It consists of ions that are loosely attached with the particle surface. However, 

the border of the diffuse layer and, accordingly, EDL can only be roughly estimated. Moreover, 

division into the Stern and the diffuse layer is also somewhat arbitrary.  

 

Figure 1.1. A cartoon representation of electrical double layer (EDL) composition of a negatively 

charged colloidal particle. Adapted from literature.24 
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The significance of electrostatic phenomena near silica surfaces stimulated several seminal 

theoretical studies which employed density functional theory (DFT)25,26 and molecular dynamics 

(MD)27–29 simulations. Although computational methods provide a valuable insight into 

interactions on the molecular scale, they have several limitations. Firstly, in a typical simulation, 

silica is treated as planar quartz structure with several tens of atomic layers; water and ionic species 

are presented by a small number of molecules. Such an approach focuses only on specific local 

interactions, and this information is often hard to extrapolate on a large scale, such as SiNP in a 

solution. Secondly, such computations usually struggle to simulate a dynamic process at any 

significant time scale. We note here that DFT provides a static representation of the system based 

on the energy minimum condition. MD simulations are severely limited by the complexity of the 

calculation. This leads to the fact that any simulation relies on numerous assumptions and requires 

a simplified model. While some of the silica studies were focused on water molecule interactions 

with silica surface,25,26 other papers focused on the bimodal behavior of silanol groups and the 

estimation of the magnitudes of their dissociation constants (pKa).
21,30 Water molecules 

distribution and orientation at silica surface as a function of type of salt and its concentration has 

also been studied using theoretical approach.31 Simulation of pH and salt dependent biomolecule 

adsorption on silica surfaces represents an example of a complicated computational design.29 

However, the result was achieved at the cost of reduction of the number of interacting ions, thus, 

revealing the interaction pattern on an extremely small scale in a highly diluted system. 

Electrostatic interactions can be treated explicitly (e.g., in MD simulations) or treated using 

a continuum electrostatic approach.32–34  In this model the surface potential develops as the silanol 

groups on the silica surface become deprotonated, which leads to increment in the surface 

potential. For a colloidal particle surface potential is described by the Poisson–Boltzmann (PB) 
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equation. Analytical solution for PB equation is usually obtained with some assumptions about the 

nanoparticle geometry.35 Most commonly a nanoparticle is assumed to be either much larger or 

much smaller than a characteristic thickness of ionic layer, which is also referred as the Debye 

screening length (k-1). Thus, when the Debye screening length is much smaller than a particle size 

the surface is considered to be planar, which simplifies solution of PB equation. If the Debye length 

is much larger than particle size, the NP is considered to be infinitely small, allowing to use “point-

charge” approximation. The first case is applicable to particles of hundreds of nanometers in 

diameter at low ionic strength, where Debye length is short. The second approximation is for very 

small nanoparticles of a few nanometers or in solutions with high salt concentration.36 Although 

solving the Poisson–Boltzmann equation provides a good estimate for the surface potential, it is 

based on many assumptions and requirements for a colloidal system, such as cooperative silanol 

protonation/deprotonation, presence of thermal equilibrium between particle surface and ionic 

species, aqueous solution with no buffer, the fact that only strong electrolytes are suitable and  a 

solution is limited to several ionic species at a time.37 All these assumptions limit the number of 

problems where this method can be applied. 

However, that while theoretical models of silica-water interface continue to evolve, the 

number of experimental studies, especially at the atomic scale level that is of interest to physical 

chemistry, remains to be limited.  The likely reason for this is that only very few experimental 

methods are suitable for such studies and the data provided by some of the methods are rather 

limited to specific sample configurations and/or experimental conditions and in many cases 

interpretation of the experimental results is based on specific assumptions.  

As an example, let us consider characterization of NP electrostatic properties in 

suspensions by measurements of their electrophoretic mobility. While the method is suitable for a 
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wide range of NPs and does not require relatively high concentrations of NPs or chemical 

functionalization of their surfaces,38,39 it reports on an electrokinetic potential, or ζ-potential, which 

calculations are model-based.23 The ζ-potential is an electrostatic potential at the slipping plane of 

the NP double layer that in turn can be related to the total charge contained behind the slipping 

plane (Figure 1.2).  However, such calculations rely on a number of assumptions that are not 

always valid. ζ-potential results are highly dependent on the measurement set up, such as a choice 

of calculation model, experiment temperature and dilution factor. Although measurements of ζ-

potential are rather simple, the measured potential corresponds to a slipping plane with an ill-

defined location and, therefore, such data are difficult to convert to the surface charge density 

without making additional assumptions. Moreover, defining of the slipping plane is further 

complicated for the surfaces decorated with any type of ligand, making the method hardly 

applicable in such cases.  Therefore, ζ-potential experiments are recommended to be used either 

for multi-point experiments with variation of system parameter, such as pH and salt concertation, 

or as a complimentary method.40  
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Figure 1.2. Electrical double layer (EDL) of hard (bare) and soft (decorated with ligands) 

nanoparticles. Slipping plane is ill-defined feature that depends on many factors. The complexity 

of its estimation increases dramatically if surface is decorated with any type of ligand. Adapted 

from.40 

Another common method to measure static surface charge is a potentiometric titration.41 

While simple and readily available, the method requires independent measurements of NP surface 

area and again is making several assumptions regarding the model of surface charging. 

Electrostatic potential of interfaces has also been probed using sum frequency generation (SFG) 

and second harmonic generation (SHG)42–44 as well as x-ray photoelectron spectroscopy (XPS) 45.  

Each of such methods also has some advantages but also known limitations.  Atomic 

structure of the surface silanol groups can be specifically probed by 29Si NMR46,47 owing to the 

high response of 29Si chemical shift to the local environment. However, the main disadvantage of 

29Si NMR is low 29Si isotope abundance and sensitivity of the method, which necessitates the use 

of extremely large surface areas in order to distinguish the surface and the internal silicon.  We 
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note that for some of SiNP systems the NMR sensitivity issue could be resolved by applying 

rapidly advancing DNP methods.48 

Finally, silicon oxide-based electrodes and pH sensors were used to empirically determine 

the potential of a planar silica surface. The methods included electrolyte-on-insulator (EOS), 

impedance and ion-sensitive field-effect transistor (ISFET). The results of these studies were 

summarized by Lowe et al49 (Figure 1.3). 

 

Figure 1.3. Summary of a number of studies reported previously. The methods included 

electrolyte-on-insulator (EOS), impedance, ion-sensitive field-effect transistor (ISFET), XPS and 

MD simulations. The major focus of the reports was on the surface charge of silicon oxide films 

deposited at the flat surface due to particular importance of such system to electronics and the 

specifics of applied techniques. Adapted from literature.49  



 

9 

Spin labeling Electron paramagnetic resonance (EPR), on the other hand, has sufficient 

sensitivity to study nanoparticle-liquid interface even at low concentrations.50–53 The method is 

also fully applicable to opaque materials and solutions for which the optical methods are expected 

to fail.  When extended to pH-sensitive nitroxides, the method is suitable for probing local electric 

field potentials at interfaces54–57 and effective proton activities in the nanopores.58,59 In application 

to NPs, the authors aware of only one report of probing surface electrostatic properties of 

carboxylate-terminated tiopronin-protected 1.8 nm Au NPs using a series of variable length 

disulfide ligands labeled with a pH-sensitive imidazoline nitroxide.53 In this study, the nitroxide 

was attached to the NPs surface through ligand-exchange reaction.  

1.1.3 Spin labeling Electron paramagnetic resonance (EPR) 

Electron paramagnetic resonance is a method that allows one to measure paramagnetic 

systems such as molecules with unpaired electron, anionic compounds, dangling bonds in 

crystalline structures, some coordination complexes, and others. It is based on the phenomena of 

the Zeeman splitting. When a paramagnetic sample is placed in an external magnetic field its S=1/2 

spins rearrange to have their projection of angular and associated magnetic moment either parallel 

(𝑚𝑠 =  − 
1

2
) or antiparallel (𝑚𝑠 =  

1

2
) to the field, corresponding to higher and lower energy states, 

respectively (Figure 1.4 A). For spins in thermal equilibrium these levels are populated based on 

the Boltzmann distribution, and the energy difference between them is proportional to external 

magnetic field (𝐵0), constant called Bohr magneton (𝜇𝛽) and a constant specific for a particular 

paramagnetic center, called g-factor (𝑔𝑒). Thus, by applying electromagnetic irradiation of an 

appropriate energy (∆𝐸 = ℎ𝜈), a transition from a lower, more populated level to a higher energy 

level can be induced. This will occur when the resonance condition is satisfied:  
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ℎ𝜈 =  𝑔𝑒𝜇𝛽𝐵0 (1.1) 

The most common way of EPR measurements is when the irradiation wave is kept at 

constant frequency, corresponding to a certain wave band (the most common ones are X-band: 9.5 

GHz, Q-band: 34 GHz, W-band: 95 GHz), while external magnetic field gradually changes, 

making a “field sweep”. When the resonance condition is met, paramagnetic sample absorbs the 

irradiation, indicating a peak on EPR spectrum (Figure 1.4 B). First derivative of the absorption 

spectrum is taken due to the fact that modulation and in-phase detection are used. 

 

Figure 1.4 EPR spectroscopy of nitroxide radical. (A) Represents energy level splitting in external 

magnetic field with corresponding spin projections. (B) Typical nitroxide absorption spectrum and 

its first derivative. (C) Principal axis system in a nitroxide spin probe and spectra demonstrating 

hyperfine splitting at different microwave bands. Adapted from literature.60 

However, in many systems, including nitroxide radicals that were used in current research, 

nucleus surrounding paramagnetic center may also contribute to the observed spectra. Specifically, 
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nuclear spins interact with both external magnetic field and the electronic spins. Therefore, each 

electronic spin energy level is split into a number of sublevels depending on the nucleus spin. This 

effect is called hyperfine interaction and it is defined by hyperfine splitting constant (A). When 

nuclear Zeeman term can be neglected and the electronic Zeeman tern is much larger than the 

hyperfine interaction, the overall Spin Hamiltonian for such a system is given by: 

𝐻̂ =  𝑔𝑒𝜇𝛽𝐵0𝑆̂𝑧 + ℎ𝐴𝑆̂𝑧𝐼𝑧 (1.2) 

In general, g-factor and hyperfine splitting constant are anisotropic parameters. Due to the 

fact that unpaired electron is usually unequally distributed in a molecule of interest, its g-factor 

and hyperfine splitting constant will depend on the molecule orientation relative to the external 

magnetic field.  

To better understand this phenomenon, let us consider a nitroxide radical (Figure 1.4  C). 

It is convenient to choose a system of coordinate, also known as principal axis system, in a way 

that it reflects the structure of a molecule. Typically, principal axis system for a nitroxide probe is 

chosen so that the x-axis is directed along the NO bond and the z-axis being parallel to the pz 

orbital of the nitrogen. The nitroxide radical has an unpaired electron, located on the NO bond. 

Since the electron is unequally distributed along the axis, it will result in a different spectra shapes 

corresponding to different relative orientation of the nitroxide axis and the external magnetic field. 

As g-factor and hyperfine splitting constant report on local environment of a paramagnetic center, 

obtaining its anisotropic values provides unique information about the system of interest. 

While due to the anisotropy each molecule produces a different spectrum shape depending 

on its relative orientation, if we consider a system where the molecules are randomly oriented at 

any given moment, we notice that the anisotropy averages, producing a spectrum with isotropic g-

factor (giso) and hyperfine splitting (Aiso) (Figure 1.5). A typical example is a free radical in a 
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solution. The radicals remain in constant motion and rotation, so they do not indicate any preferred 

orientation, thus producing an isotropic spectrum. 

In EPR, a molecule motion is characterized by rotational correlation time (τc), which is an 

average time required for paramagnetic molecule to rotate through an angle of one radian. If τc is 

close to characteristic timescale of EPR measurement (0.1 to 100 ns), then anisotropy is not fully 

averaged, thus revealing “slow motion” spectra (Figure 1.5 D and C). “Fast motion” regime 

corresponds to isotropic hyperfine interaction (Aiso).  

 

Figure 1.5. EPR spectral lineshape dependent on rotational correlation time (τc): (A) Fast motion 

regime; IMTSL in dilute solution. (B) IMTSL attached to a small peptide in solution. (C) A spin 

labeled peptide integrated into a phospholipid vesicle. (D) Slow motion regime; The spin label 

within a vesicle is protonated and experiences an electrostatic attraction to the bilayer interface. 

Adapted from.61 

pH - sensitive nitroxide probes can be used to detect local electrostatic properties. 

Reversible protonation causes redistribution of unpaired electron density and, therefore, changing 
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its paramagnetic properties, which can be detected by EPR (Figure 1.6). EPR spectra of these 

nitroxides directly report on their ionization state and local electrostatic potential (Ψ) through 

changes in nitroxide magnetic parameters and the degree of motional averaging.  

 

Figure 1.6. Reversible protonation of IMTSL, pH – sensitive nitroxide radical. 

Its spectrum at given pH can be decomposed to protonated and deprotonated forms. 

Finding correlation between fraction of deprotonated nitroxides and pH allows to plot titration 

curve and find observed dissociation constant (𝑝𝐾𝑎
𝑂𝑏𝑠) for the probe in its local environment. If 

pH - sensitive probe is covalently attached to a molecule, titration curve will report on molecules 

local electrostatics by comparing 𝑝𝐾𝑎
𝑂𝑏𝑠 and probes intrinsic 𝑝𝐾𝑎

𝑤in the same solution.  

1.1.4 Spin labeling EPR to study water-silica nanoparticle interface 

Here for the first time, we report on a spin labeling EPR study of local dielectric and 

electrostatic properties of the SiNP-water interface by covalently attaching two pH-sensitive 

nitroxides with different pKa’s to the silica surface through a short linker.  Such covalent 

attachment ensures that the spectroscopic EPR readout originates from a location at the SiNP-

water interface defined by the molecular linker.  The nitroxides were attached to monodispersed 

SiNPs of ca. 116 nm in diameter that were decorated with silane ligands terminated by thiol groups.  

Two pH-sensitive nitroxides with significantly different pKa values, i.e., pKa≈3.0 and 6.0, were 
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employed to provide a broader pH range for characterization of the surface electrostatic potential. 

The EPR titration data for these two probes allowed for differentiating the dielectric and 

electrostatic contributions to the interfacial properties of SiNPs.  

1.2 Experimental Section  

 1.2.1. Materials and EPR Spin Labels 

SSO2CH3

N

N

N

O

SSO2CH3

N

N

O

SSO2CH3

N

O

MTSL IMTSL IKMTSL  

Figure 1.7  Chemical structures of thiol-specific spin labels used in this chapter: MTSL (S-(1-

oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl methanesulfonothioate), which 

exhibits EPR spectra  insensitive to pH changes, and pH-sensitive IMTSL (S-(1-oxyl-2,2,3,5,5-

pentamethylimidazolidin-4-yl)methyl methanesulfonothioate) and IKMTSL (S-4-(4-

(dimethylamino)-2-ethyl-5,5-dimethyl-1-oxyl-2,5-dihydro-1H-imidazol-2-yl). 

Tetraethyl orthosilicate (TEOS) and S-methyl methanethiosulfonate (MMTS) were 

purchased from Sigma-Aldrich Corp. (St. Louis, MO). 3-Mercaptopropyl trimethoxysilane 

(MPTMS) was purchased from Alfa Aesar (Haverhill, MA). All other chemicals and solvents were 

purchased from VWR International (Radnor, PA) or Sigma-Aldrich, unless otherwise indicated, 

and used without additional purification.  All solvents were reagent grade. Thiol-specific spin label 

MTSL (S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl)methyl 

methanesulfonothioate), which exhibits EPR spectra insensitive to pH changes, was synthesized 

by modifying the original procedure.62 pH-sensitive spin label S-(1-oxyl-2,2,3,5,5-
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pentamethylimidazolidin-4-ylmethyl) ester (IMTSL) was synthesized according to the published 

procedure.54 Another pH-sensitive spin label S-4-(4-(dimethylamino)-2-ethyl-5,5-dimethyl-1-

oxyl-2,5-dihydro-1H-imidazol-2-yl)benzyl methane-thiosulfonate (IKMTSL) was synthesized 

using the procedures described previously.63 Chemical structures of the spin labels are shown in 

Figure 1.7 while pKa of aqueous solutions of these nitroxides and their 2-mercaptoethanol (2-ME) 

adducts are given in the Table 1.1. 

Table 1.1. Experimental pKa of nitroxides IMTSL and IKMTSL and their adducts in aqueous 

solutions, polarity shifts ∆pKa
pol, and calculated effective local dielectric constant εeff.  All data 

were obtained at 21 oC except when noted. 

Nitroxide 𝑝Ka
w 𝑝Ka

w of 2-

ME adduct 

𝑝Ka
obs of SiNP 

adduct 

Δ𝑝Ka
pol

 εef 

IMTSL 1.58±0.03a 3.33±0.03a 2.92±0.04 -0.41±0.05 70.8±5.0 

IKMTSL 5.68±0.01b 5.98±0.01b n/a/, broad range of 

pKa 

≈-0.95 57±4 

aMeasured at 19 oC.57 bData were reported previously.63 

1.2.2. Synthesis of Silica Nanoparticles 

Silica nanoparticles were synthesized using the Stöber method64 by ammonia-catalyzed 

hydrolysis of tetraethoxysilane (TEOS).  Precise control of ammonia concentration was achieved 

by saturating ethanol with NH3 and using such saturated solution as a stock. In a typical procedure, 

an ethanol solution containing TEOS (0.169 M), H2O (2.58 M) and NH3 (0.960 M) was stirred at 

60 oC overnight. This ratio of reagents yields nanoparticles with a diameter of d=116±27 nm 

(average by NP number as determined from dynamic light scattering).  The silica nanoparticles 



 

16 

formed were kept in ethanol solution as is before the consequent surface modification, which was 

typically carried out within a few days of synthesis.  No changes in the particle average diameter 

were observed upon 2 months of storage. 

1.2.3. Nanoparticle Silanization 

SiNP surface was modified with 3-mercaptopropyl silyl ligands using (3-mercaptopropyl) 

trimethoxysilane (MPTMS) (Figure 1.8).  Ethanol solution of silica nanoparticles was centrifuged 

for 15 min at 5,000 rpm (Microfuge 18 Centrifuge with F241.5P rotor, Beckman Coulter, Brea, 

CA), the supernatant ethanol was carefully removed with a pipette, and acetonitrile solution of 

triethylamine (TEA, 10 mM) was added. The mixture was carefully vortexed, centrifuged, the 

supernatant solvents were removed with a pipette, and the solvent exchange was repeated three 

times.  MPTMS (345 µl of 3 mM solution in acetonitrile) was added to an acetonitrile solution of 

SiNPs (approximately 1 wt%) and the mixture was stirred for 48 h at 60 oC under nitrogen. To 

remove the unreacted silane, nanoparticles were spun down in the centrifuge, the supernatant 

solvents were removed with a pipette, and a fresh portion of acetonitrile solution of TEA (10 mM) 

was added. The washing procedure was repeated three times.  Further TGA analysis showed that 

the ligand coverage was 0.36-0.43 silane ligand per nm2. 

1.2.4. Labeling of Silanized Nanoparticles with Paramagnetic Nitroxide and Diamagnetic 

Tags 

SiNPs surface-modified with the ligands terminated by thiol (-SH) groups were spin 

labeled through methanethiosulfonate chemistry (see. Figure 1.8).  The labeling procedure was 

identical for each of the two nitroxides.  In a typical procedure a double molar excess of the 

nitroxide label relative to MPTMS was added to the nanoparticle suspension in an acetonitrile 

solution of TEA (10 mM) and the reaction mixture was stirred at room temperature for 48 hr.  The 



 

17 

unreacted spin labels were removed by spinning down the nanoparticles in the centrifuge, 

removing the supernatant solvents with a pipette, and then adding a fresh portion of the acetonitrile 

solution of TEA (10 mM) and re-suspending NPs by vortexing. The washing procedure was 

repeated three times.  The EPR spectra from the acetonitrile supernatant demonstrated a 

progressive decrease in the intensity of three-line signal characteristic for freely tumbling small 

nitroxide till essentially no signal was observed after the third wash (Figure 1A.1, Appendix A1).   
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Figure 1.8. Modification of silica nanoparticle surface with (3-mercaptopropyl) trimethoxysilane 

(MPTMS) and a subsequent labeling with three different nitroxides.   

Diamagnetic modification of silanized nanoparticles was carried out using S-methyl 

methanethiosulfonate (MMTS) as the labeling reagent. The labeling procedure was identical to the 

spin labeling protocol detailed above.   

1.2.5. Nanoparticle Characterization 

Aqueous suspensions of synthesized SiNPs (1.06 wt%) were initially characterized by 

dynamic light scattering (DLS, Zetasizer, Malvern, Westborough, MA). Morphology of SiNPs has 



 

18 

been further examined by Field Emission Scanning Electron Microscope (FESEM) FEI Verios 

460L (FEI Company, Hillsboro, OR) installed and operated by an Analytical Instrumentation 

Facility (AIF, NCSU).  A few microliters of 1.06 wt% aqueous suspension of SiNPs were air-dried 

on a carbon tape (Electron Microscopy Sciences, Inc., Hatfield, PA).  The samples were imaged 

without any metal coatings.  Figure 1.9 shows a typical SEM image of bare SiNPs nanoparticles 

demonstrating a spherical morphology and diameters which agree well with the DLS 

measurements. 

 

Figure 1.9. Typical FESEM image of bare silica nanoparticles air-dried from an aqueous 

suspension on a carbon tape.  The scale of 1 μm in width is shown as a white bar at the bottom. 

Thermogravimetric analysis (TGA Q50, TA Instruments, New Castle, DE) was employed 

to determine concentration of SiNPs in the stock suspension (1.06 wt%). For determination of the 

SiNPs’ ligand coverage the following literature procedure65 was employed.  NPs were lyophilized 

overnight and then dried for 1h at 180 oC in vacuum to remove the physically adsorbed water.  

TGA was set to ramp temperature at 10 oC per min up to 120 oC, followed by 10 min isothermal 

section, and then to ramp at 20 oC per min up to 800 oC. Three types of SiNPs were tested: (1) bare 
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SiNPs, (2) SiNPs modified with silane, and (3) modified with silane and then labeled with 

IKMTSL. A relative weight loss of 4.1 – 4.3 % at the region of physically adsorbed water (i.e., 

upon sample heating to 200 oC) was observed for all the samples. For bare SiNPs an additional 

5.5% weight loss corresponding to silanol removal has been detected from 200 to 650 oC.  The 

overall weight loss for this sample was 9.8%. For silanized SiNPs and SiNPs labeled with the 

nitroxide the total losses were 10.18 and 10.03 %, respectively.  The higher losses for the last two 

samples compared to the bare SiNPs were attributed to the surface ligands.  Some slight decrease 

(≈0.15%) in the weight loss for the spin labeled NPs was attributed to a detachment of ca. 1.4-1.5 

% of the surface ligands after a few additional washes employed to remove the unreacted spin 

label.   

 1.2.6. EPR Measurements 

X-band (9.5 GHz) continuous wave (CW) EPR spectra were recorded at room temperature 

(21 oC) with either a Varian (Palo Alto, CA) Century Series E-109 spectrometer interfaced to a PC 

or a Bruker Biospin (Billerica, MA) ELEXSYS E500 instrument.  The Varian spectrometer was 

equipped with a standard rectangular TE102 resonator cavity while the Bruker spectrometer was 

outfitted with a Selected Super High Sensitivity Resonator with Optical Port.  Aqueous 

suspensions of nanoparticles were drawn into a poly(tetrafluoroethylene) (PTFE) capillary (i.d. = 

0.81 mm, o.d. = 1.12 mm, NewAge Industries, Inc., Southampton, PA), and the capillary was 

folded and inserted into a clear fused quartz EPR tube (i.d. = 3 mm, o.d. = 4 mm) open from both 

ends (VWR International).  The quartz tube contained four passes of flexible PTFE tubing that 

would go through the entire sensitivity region of the resonator cavity to ensure approximately the 

same sample volume within EPR resonator even though this experimental arrangement was not 

used for quantitative spin counting.  After an EPR measurement the aqueous sample was recovered 
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with >90% efficiency and a new PTFE tubing was used for the next sample. Typical Bruker 

spectrometer settings were as follows: modulation amplitude was set to a quarter or a half of the 

narrowest line peak-to-peak line width; time constant, 20.48 ms; conversion time 20.56 ms, scan 

width 120 G, sweep time 42.11 s, incident microwave power, 2 mW. Typically, between 10 and 

50 individual scans were acquired.  Similar settings were employed for the Varian spectrometer.    

EPR experiments using the Bruker spectrometer were carried out at ambient temperature 

of ≈21 oC maintained in the spectrometer room.  The temperature for the experiments with the 

Varian spectrometer was maintained at 21.0 oC using the variable temperature accessory described 

earlier.66 

1.2.7. EPR Titration Experiments   

Before titration experiments a set of Tris buffers with a desired pH value was prepared 

using deionized water.  The initial buffer had Tris concentration of 50 mM and pH=7.0.  Additional 

buffers were prepared by titrating the initial 50 mM Tris buffer with either concentrated solutions 

of HCl or NaOH.  Such a procedure yielded the buffers with pH ranging from ca. 1.4 to 12.0.  We 

note that the majority of the experiments with SiNPs was carried out from pH=3.0 to 11.0.  Based 

on calculations provided in the Supplemental Information (Section 2.5), the ionic strength of the 

individual buffers varied from 51 mM to 46 mM (or ±5%) within the latter pH range, thus, allowing 

us to neglect effects of the ionic strength on both the nitroxide pKa
67 and the screening of the 

surface potential at the location of the nitroxide.68 A modest increase in the ionic strength to I≈60 

mM at pH=2.0 (Figure 1B.1, Appendix 1B) also allowed for neglecting the ionic strength effects.            

For EPR titrations spin labeled SiNPs in the acetonitrile solution were re-suspended in 50 

mM Tris buffer at pH = 5.0.  Effective removal of any residual free label and acetonitrile was 

achieved by repeating a buffer exchange procedure three times.  The procedure involved spinning 
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down the nanoparticles in the centrifuge, carefully removing the supernatant buffer solution with 

a pipette, and then re-suspending the particles in a fresh pH=5.0 buffer.  Finally, NP solution was 

re-suspended in 100 µL of the buffer at 15-fold higher NP concentration for EPR measurements.   

pH was adjusted the same way by spinning down the nanoparticles, removing the 

supernatant, re-suspending the particles in a fresh buffer prepared at a desired pH value, and 

repeating the procedure three times. The final pH of the sample was measured with a pH meter 

(SympHony SB70P pH meter, VWR International) equipped with InLab Micro electrode (Mettler-

Toledo, Columbus, OH). The electrode was three-point calibrated using pH reference standard 

buffers (VWR Chemicals BDH®) at pH= 1.68, 4.01, and 7.00.  All these procedures were carried 

out at room temperature (21 oC). 

1.2.8. Least-squares Decomposition of Experimental EPR spectra into Two Components   

An EPR spectrum of a nitroxide spin probe changes when it acquires a charge because of 

changes in both the nitroxide magnetic and rotational diffusion parameters.57 In an EPR titration 

experiments, we are primarily interested in a fraction of the non-protonated species, f, as a function 

of pH rather than in determining complete set of the nitroxide rotational motion and magnetic 

parameters from the experimental spectra.  Then, assuming that a slow chemical exchange model 

is satisfied for the probe protonation, an experimental EPR spectrum at an intermediate pH, I(B), 

is approximated by a superposition of the spectra from the neutral and the ionized species, FR(B) 

and FRH+(B), respectively: 

𝐼(𝐵) = 𝑓 ∙ 𝐹𝑅(𝐵) + (1 − 𝑓) ∙ 𝐹𝑅𝐻+(𝐵) + 𝑐 ∙ 𝐵 + 𝑑 
(1.3) 

where B is the magnetic field variable, and the linear baseline term is given by (𝑐 ∙ 𝐵 + 𝑑).  All 

the spectra I(B), FR(B), and FRH+(B) in eq.(1.3) are normalized by the values of the double integrals.  
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To simplify the decomposition procedure of the experimental spectrum I(B), the spectra 

FR(B) and FRH+(B) are measured experimentally.  Because pKa of the nitroxide in specific 

conditions (e.g., when attached to a nanoparticle) is corresponding to such spectra is not known a 

priori, the EPR spectra are usually measured at increments of 0.2-0.5 pH units and then compared.  

If no measurable changes are observed in the two consecutive spectra, then those must be outside 

the ionization range of the probe and could be taken as FR(B) (if measured above pKa) or FRH+(B) 

(if measured above pKa).   After such an assignment of FR(B), and FRH+(B) the spectral 

decomposition of EPR spectra I(B) measured at intermediate pH was carried out using 

convolution-based least-squares method and software described earlier.57,69,70 During the 

Levenberg–Marquardt optimization magnetic field positions and microwave phases of FR(B) and 

FRH+(B) components together with baseline parameters were optimized to derive the fraction f of 

the non-protonated component. An example of such decomposition is given in the Appendix 1C 

(Figure 1C.1). 

1.2.9. EPR Measurement of Labeling Efficiency    

Spin label concentration was determined by comparing double integrals of CW EPR 

spectra of aqueous suspensions of IKMTSL-labeled SiNPs and 33 µM aqueous solution of 

IKMTSL measured at room temperature (21 oC).  Suspension or solution were drawn into 1.0 mm 

i.d. 50 µl glass capillary tube, sealed from both ends with Critoseal® (Leica Microsystems GmbH, 

Wetzlar, Germany), inserted into another capillary tube (i.d. = 2.0 mm, o.d. =  2.4 mm), and then 

into the standard (i.d. = 3.0 mm, o.d. = 4.0 mm) quartz X-band EPR tube sealed from one end (all 

from Wilmad-LabGlass, Vineland, NJ).  In such a sample arrangement the capillary with the 

aqueous suspension of SiNPs would go through the entire sensitivity region of the resonator cavity 

to ensuring that each time the EPR signal is collected from the same volume (estimated as ca. 23.5 
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µl).  From comparing double integrals of the experimental EPR spectra from sparsely labeled 

SiNPs and verifying the concentration of SiNPs by TGA, the labeled SiNPs were found to contain 

on average 0.12 EPR-active IKMTSL nitroxide per 1 nm2 of silica surface.  The observed nitroxide 

surface coverage corresponds to the labeling efficiency of ≈30 %. 

 1.2.10. Zeta Potential Titrations   

Zeta potential measurements as a function of pH were performed using a Zetasizer Nano 

ZS (Malvern Panalytical Inc., Westborough, MA).  Measurements were carried out at 21 oC after 

120 s equilibration time and analyzed with manufacturer-provided software based on the 

Smoluchowski model. For the measurements SiNPs were re-suspended in 50 mM NaCl solution 

in ultrapure (autoclaved) water and the buffer was exchanged using the procedure described above.  

A coarse pH adjustment was achieved by adding dropwise 1 M HCl or NaOH solution while 

stirring the SiNP solution at 21 oC in a PolyScience circulator bath (model 9710, PolySciences 

Inc., Warrington, PA). The concentration of both solutions was decreased to 0.3 M for finer pH 

adjustments.  After adding the final portion of a titrant, the solution was stirred for additional 10 

min and then transferred to DTS 1070 Capillary Zeta Cell (Malvern).  For each pH value the Zeta 

potential was measured four times to calculate the average value and estimate the standard 

deviation. 

1.2.11. Surface specific area (SSA)  

Surface specific area (SSA) of bare and modified silica NPs was estimated from Brunauer–

Emmett–Teller (BET) nitrogen isotherms measured with a help of a Gemini VII 2390 Surface Area 

Analyzer (Micromeritics Instrument Corp., Norcross, GA). Prior to the measurements SiNPs were 

dried for 1 h at 180 oC in vacuum and degassed for 2 h at 200 oC. Nitrogen gas absorption isotherms 

were measured using the following settings: 5 s equilibration time, 771.319 mmHg saturation 
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pressure, and sample mass of 221.1 mg for bare and 154.7 mg for modified silica.  BET surface 

area for bare silica NPs was found to be 37.88 m2/g out of which 5.48 m2/g (i.e., ≈14%) was 

attributed to the pores.  For the surface-modified SiNPs the surface area was found to be 39.70 

m2/g out of which 7.86 m2/g (i.e., ≈20%) was the pore surface. These results indicate that SiNPs 

synthesized in this work have a low degree of porosity and that the silanization did not block the 

pores and, therefore, is not expected to prevent free diffusion of ligands and nitroxide labels in and 

out of the pores. 

Assuming spherical morphology of synthesized silica nanoparticles of ca. 114 nm in 

diameter and an effective silica density of 1.87 g/cm3 for these NPs,71 the calculated SSA is 27.7 

m2/g, which correlates well with the BET surface area for the surface (32.40 m2/g).  Such a close 

agreement between the two methods for the surface area indicates that the synthesized SiNPs have 

a smooth surface and a high monodispersed.  From experimental TGA and BET data for SiNPs 

functionalized with the ligands constituting either partially or fully hydrolyzed MPTMS, the ligand 

surface coverage was estimated as ≈0.36 or ≈0.43 ligands/nm2 for the silanized and spin labeled 

SiNPs, respectively. 

1.3 Results and Discussion  

1.3.1. Spin labeling of Silica Nanoparticles 

Typically, the surfaces of inorganic materials are functionalized with organic ligands either 

through a covalent bonding or by a physisorption.72 However, physisorbed self-assembled 

monolayers have drawbacks of being thermally and solvolytically unstable as a result of relatively 

weak van der Waals forces and/or hydrogen bonding interactions responsible for an adhesion of 

these molecules to the surface. 

Initially, we have attempted to covalently modify the surfaces of silica nanoparticles by 
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following the literature procedure involving a mere exposure of SiNPs to an ethanol solution of 3-

mercaptopropyl trimethoxysilane at room temperature.73 However, the consequent labeling of 

these silanized NPs with methanothiosulfonate spin label IKMTSL and further EPR titration 

experiments revealed that this method failed to provide a robust attachment of the organic ligands 

to the silica surface.  Specifically, a progressive significant decrease in the amplitude of the EPR 

signal from the spin labeled NPs has been observed with each of the buffer exchange cycles (not 

shown).  This decrease in EPR signal is a likely result of desorption of the physisorbed silane from 

the SiNP surface.  In order to overcome this problem, we have employed a silanization under more 

harsh conditions such as heating of SiNPs in an acetonitrile solution of silane to 60 oC similar to 

the procedures previously described in the literature.74–76 These silanization protocols afforded a 

silane coating that was stable in various organic solvents and also in aqueous solutions over a 

rather broad pH range from at least ca. 1.5 to 7.0 pH units. The amplitude of the EPR signal from 

these spin labeled nanoparticles remained essentially unchanged even after the numerous buffer 

exchange cycles (not shown).  

Next, the silanization protocol was experimentally adjusted to make the surface ligand 

density sufficiently low so the dipolar and/or spin exchange broadening effects on the EPR spectra 

would be minimal if any.  Initially, SiNPs were modified with MPTMS at a concentration of 10-5 

mol/m2 of silica surface.  However, the consequent labeling of such surface-modified NPs with 

excess of IKMTSL resulted in EPR spectra with excessive line broadening caused by strong 

dipolar and/or spin exchange interactions (Fig. 1.10 A). A tenfold decrease in MPTMS 

concentrations to 10-6 mol/m2 of silica surface significantly decreased the magnitude of the inter-

spin magnetic interactions and resulted in well resolved X-band EPR spectra such as one shown 

in Fig. 1.10 B.  Such a silanization protocol has been used for all the consecutive labeling 



 

26 

procedures. 

While methanethiosulfonate of either IMTSL or IKMTS readily reacts with the SH-moiety 

in a solution under ambient conditions, unfavorable steric interactions of the SH-terminated 

ligands may prevent the complete ligand modifications with these reagents. It should be noted that 

the unreacted thiol groups may also cause the nitroxide detachment from the nanoparticles through 

the thiol-disulfide exchange reaction.77,78 To avoid such a detachment and to exclude effects of the 

remaining free SH groups on the electrostatic properties of the spin labeled SiNPs, the unreacted 

thiols were further blocked by reacting with S-methyl methanethiosulfonate (MMTS). 
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Figure 1.10. Experimental room temperature (21 oC) X-band EPR spectra of aqueous suspensions 

of silica nanoparticles of ca. 116 nm in diameter with a nitroxide IKMTSL covalently attached to 

the surface.  Nanoparticles were initially modified with MPTMS at 10-5 mol/m2 (A) and 10-6 

mol/m2 (B) of silica surface and then labeled with an excess of IKMTSL.  The spectrum (A) was 

measured at pH≈7 and (B) at pH=8.53. The spectrum (B) was decomposed into a simulated fast 

(C) and a slow (D) motion component obtained by subtracting the fast component from the 

experimental spectrum using a least-squares procedure.79 Based on calculated double integrals the 

fraction of the fast component (C) in the experimental spectrum (B) was 1.0% with the rest 99.0% 

of nitroxides giving rise to the slow-motion component (D). See text for details.     
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At pH>6.0 the EPR spectra revealed an appearance of a minor fast motion component in 

addition to a slow-motion EPR spectrum assigned to spin labeled ligands attached to the SiNP 

surface (Figure 1.10 B).  The parameters of the fast motion component (Figure 1.10 C) were 

optimized using least-squares criteria applied to a numerically calculated fifth-harmonic of the 

experimental spectrum using the convolution-based filtering methods described earlier.79 From 

calculating the corresponding double integrals the weight of the fast component (Figure 1.10 C) 

was just 1.0% with the rest 99% arising from the slow-motion components (Figure 1.10 D). The 

minor fast motion component is possibly originating from a small fraction of spin labeled ligands 

detaching from the NP surface.  Such a detachment has most likely to do with the nature of the 

silica nanospheres that does not represent a continuous SiO2 matrix but rather an agglomerate of 

smaller nanoparticles.  Indeed, as it has been recently demonstrated, the formation of the individual 

silica nanospheres proceeds through an association of the primarily formed particles into larger 

assemblies and the growth of these assemblies occurs through the continuous addition of the 

primary much smaller particles to their surface.80 Finally, we note that the absence of fast motion 

component in all EPR spectra of spin labeled SiNPs at pH<6.0 obtained after the multiple washes 

of SiNPs in acetonitrile, resuspension and storage of SiNP in an aqueous buffer at pH=5.0 

demonstrates the robustness of attachment of the nitroxides to the silica surface using the protocols 

developed here.   

As illustrated in Figure 1.10 the least-squares simulated minor fast motion component 

(Figure 1.10 C) could be subtracted from the experimental spectrum (Figure 1.10 B) yielding a 

slow-motion component (Figure 1.10 D).  The latter component arising from spin labeled ligands 

attached to the SiNP surface was found to change as a function of pH.  The changes in lineshape 

of the slow-motion components were further analyzed in the next section to derive local 
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electrostatic potential. 

1.3.2. Zeta Potential Measurements and EPR Titrations of Spin labeled Silica Nanoparticles 

The surface charge of silica surface is primarily determined by dissociation of silanol 

groups at the silica-water interface:33 

SiOH ⇆ SiO− + H+          

 

Figure 1.11. Zeta potential of silica nanoparticles as a function of bulk pH at room temperature 

(21 oC): (open circles) - as-prepared (bare) particles, (filled circles) – particles modified with (3-

mercaptopropyl) trimethoxysilane and subsequently labeled with pH-sensitive IKMTSL nitroxide.  

The surface silanols of SiNPs may not necessary exhibit the same pKa’s and their effective 

pKa values are also expected to change with the surface charge.  For these reasons, the surface 

charge density and the surface potential of silica are known to be changing continuously over a 

broad pH range rather than showing a single pKa transition.39,81 Such a charging behavior has been 



 

30 

observed for SiNPs from ζ-potential measurements.  Figure 1.11 shows that the ζ-potential of as-

prepared (bare) SiNPs (open circles) is close to zero (ζ≈- 3 mV) at pH<5 indicating an 

approximately electrically neutral surface of SiNPs.  Above pH≈5 the ζ-potential is becoming 

increasingly negative with an increase in pH and then reaches a plateau at pH≈9 (Figure 1.11, open 

circles).  The observed changes in electrophoretic mobility of bare silica nanoparticles with pH are 

in a close agreement with the results of Kobayashi et al.39 Additional experiments with SiNPs 

decorated with MMTS and subsequently labeled with IKMTSL spin probe (Figure 1.11, filled 

circles) revealed essentially the same pH dependence of the ζ-potential.  Thus, we conclude that 

the covalent modification of only a small fraction of the surface silanols with silanes and then 

nitroxides has little if any effects on the particle ζ-potential and, therefore, the surface electrostatic 

potential is expected to be unchanged.    

Figure 1.12 compares room temperature X-band EPR spectra of SiNPs covalently modified 

with conventional non-ionizable spin label MTSL (A) and with pH-sensitive ionizable nitroxides 

IMTSL (B).  The EPR spectra of SiNP-MTSL could be considered as a superposition of at least 

two components corresponding to fast and intermediate regimes of nitroxide tumbling with 

rotational correlation times τc<1 ns.  Such a motion is expected for a small nitroxide attached to 

the silica surface via a flexible tether.  Notably, the spectral shape is unaffected by pH and a 

significant negative charge, which is expected to develop at the SiNP surface at pH≈6.0 according 

to the ζ-potential data of Figure 1.11.  The absence of spectral changes indicates that the immediate 

environment (i.e., microviscosity and polarity/hydrogen bonding environment) of this nitroxide 

tethered to the nanoparticle are not affected by pH at least within the sensitivity limits of the 

conventional spin labeling EPR.  In contrast, EPR spectra of silica modified with ionizable 

nitroxide IMTSL display significant reversible changes over a broad pH range from 4.73 to 1.64 
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units (Figure 1.12 B). Because the non-ionizable probe MTSL reveals no changes in local 

microviscosity and polarity (Figure 1.12 A) the observed changes in rotational dynamics of IMTSL 

labeled silica must be attributable to the appearance of an ionized fraction of the nitroxide and 

some additional interactions of the charged nitroxide with the solvent and/or silica surface.  We 

note that the changes in the nitroxide magnetic parameters alone would not explain the observed 

pH effects on EPR spectra. This ionized fraction is therefore responsible for the appearance of the 

low- and high-field shoulder peaks upon progressive increase in pH that are characteristic of a 

slower and a more restricted motion of the probe due to additional interactions.  The spectra of the 

second ionizable nitroxide IMTSL attached to SiNPs were closer to the rigid limit than those for 

IMTSL (compare Figure 1.12 B and C) because of the additional steric interactions caused by the 

bulky aromatic ring and the ethyl group in the position 2 of the imidazoline heterocycle (Figure 

1.8).  While the IKMTSL EPR spectra did not change from pH=1.57 to pH=3.36 because of the 

significantly higher  𝑝Ka
w = 5.68 ± 0.01 of this probe (Table 1.1), the outer nitrogen hyperfine 

coupling splitting 2Aout was measurably larger for the spectrum at pH=6.21 (Figure 1.12 C).   

Figure 1.12. Representative room temperature (21 oC) X-band (9 GHz) EPR spectra of aqueous 

suspensions of silica nanoparticles modified with non-ionizable nitroxide MTSL (A) and ionizable 

pH-sensitive IMTSL (B) and IKMTSL (C) at several pH values as indicated in the Figure. 
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The changes in EPR spectra of an ionizable spin probe can be analyzed to reveal 

electrostatic properties of its local environment.57 Typically, an experimental EPR spectrum at an 

intermediate pH can be decomposed into non-ionized and ionized components by least squares 

simulations to derive their fractions from double-integrated intensities.82 Alternatively, the 

ionization state could be followed by measuring characteristic spectral parameters such as, for 

example, distances between the components originated from nitrogen hyperfine coupling.78 For a 

series of EPR spectra collected in a course of an EPR titration experiment such parameters are then 

analyzed as a function of pH to derive 𝑝Ka
obs, which is proportional to the logarithm of the apparent 

dissociation constant.  Experimental 𝑝Ka
obs could be shifted from its intrinsic value 𝑝Ka

w in bulk 

water because of the additive contributions to the probe Gibbs free energy arising from effective 

local dielectric constant and electrostatic potential.82 Thus, 

𝑝Ka
obs = 𝑝Ka

w + Δ𝑝Ka
el + Δ𝑝Ka

pol
 (1.4) 

where Δ𝑝Ka
pol

 is the shift due to local polarity/effective dielectric constant being different from 

that of bulk water and 𝑝Ka
el is the shift due to local electrostatic potential, 𝛹.  The latter is related 

to  Δ𝑝Ka
el as: 

Δ𝑝Ka
el =

−𝑒𝛹

𝑙𝑛(10)𝑘𝑇
 

(1.5) 

where e is the elementary charge, k is the Boltzmann constant. 

 Similar to other molecular pH probes,82,83 determination of Δ𝑝Ka
el for ionizable nitroxides 

and consequently 𝛹 from the eq.(1.5) requires an accurate estimate of Δ𝑝Ka
pol

.  Such an estimate 

is typically achieved by a titration of the probe at chemically and physically similar but electrically 

neutral interface.82,84 We note that according to zeta potential measurements for SiNPs the surface 
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remains approximately electrically neutral (or at least ζ does not drop below ≈-5 mV) up to pH≈4-

5 (Figure 1.11) and such a surface could be used as an electrically neutral reference point.  Above 

pH=5 the surface is acquiring a negative charge till reaching the saturation at pH≈9 (Figure 1.11).  

Therefore, by selecting ionizable nitroxide labels with similar tether length but substantially 

different intrinsic 𝑝Ka
w one should be able to measure the polarity shift Δ𝑝Ka

pol
 using one nitroxide 

at pH range when the surface is still uncharged and then derive Δ𝑝Ka
el vs. pH when the surface is 

charged using the other nitroxide.  Specifically to SiNPs, by selecting IMTSL spin label with 

intrinsic 𝑝Ka
w = 3.33±0.03 for an aqueous solution of its 2-mercaptoethanol adduct (19 oC, Table 

1.1),84 one should be able to measure Δ𝑝Ka
pol

 because at pH=3.3±1.0 the silica surface is expected 

to stay electrically neutral while IKMTSL with the intrinsic 𝑝Ka
w  = 5.98±0.04 for an aqueous 

solution of its 2-mercaptoethanol adduct (21 oC, Table 1.1)63 would allow for characterization of 

the surface charging at alkaline pH.   
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Figure 1.13. Experimental room temperature (21 oC) EPR titration of IMTSL-labeled silica 

nanoparticles (filled circles) measured as a fraction f of non-protonated nitroxide derived from 

least-squares simulations of EPR spectra.  Solid line is least squares fit to the Henderson–

Hasselbach equation (eq. 1.6) with 𝑝Ka
obs = 2.92 ± 0.04. The titration curve for IMTSL-2-

mercaptoethanol (IMTSL-ME) in bulk water is shown as a dashed line using literature pKa=3.33 

data for 20 oC.84 

Titration of SiNPs labeled with IMTSL revealed reversible changes in EPR spectra 

between ca. 2 and 4 pH units that were attributed to the nitroxide protonation.  The fraction of the 

non-protonated nitroxide, f, was determined using least-squares fitting methods described earlier57 

and plotted vs. pH (filled circles, Figure 1.13). Fitting the titration data to the Henderson–

Hasselbach equation:  

𝑓 =
1

1 + 10𝑝Ka
obs−𝑝H

 
(1.6) 
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yielded 𝑝Ka
obs =  2.92 ± 0.04 which is lower than 𝑝Ka

w = 3.33 ± 0.03 previously determined for 

IMTSL 2-mercaptoethanol adduct in water at 20 oC.84 The corresponding titration curves are 

shown in Figure 1.13 as solid and dashed lines respectively.  Considering that according to the ζ-

potential data the silica surface remains uncharged below pH≈5, the observed Δ𝑝Ka = −0.41 ±

0.05 can be assigned to the polarity effects, i.e., Δ𝑝Ka
pol

= −0.41 ± 0.05. Such a significant 

negative pKa shift indicates an altered dielectric environment near the silica surface vs. that of the 

bulk water.  Previously, a series of EPR titrations of IMTSL-ME in water/isopropyl alcohol 

solutions of different volume proportions allowed for calibrating the polarity-induced changes in 

the probe dissociation constant measured as Δ𝑝Ka
pol

 vs. the bulk solvent dielectric permittivity, ε. 

63,84 The calibration was shown to be linear at least for water/isopropyl alcohol solutions and it 

allows for estimating the local dielectric permittivity experienced by the nitroxide near silica 

surface as 𝜀eff = 70.8 ± 5.0.  It should be noted here that magnetic parameters of the nitroxides – 

both g-matrix and the nitrogen hyperfine coupling tensor A – are known to be affected by the 

dielectric properties of the solvent85–87 and, therefore, potentially, could provide another estimate 

of 𝜀eff.  However, while the Onsager dielectric-continuum model of the reaction field for nitroxides 

was shown to work reasonably well for aprotic solvents,87 analysis for the protic solvents employed 

in this work is complicated by the formation of a hydrogen bond between the oxygen of the 

nitroxide and the proton donor group of the solvent.88–91 For this reason we did not attempt here to 

provide an estimate of 𝜀eff solely from magnetic parameters of the nitroxide and leave this question 

to future research. 
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Figure 1.14. Representative room temperature (21 oC) X-band EPR spectra from pH titration 

experiments of aqueous suspension of SiNPs labeled with IKMTSL.  Dashed lines indicate the 

positions of outer nitrogen hyperfine coupling splitting 2Aout for the fully protonated form of the 

nitroxide at pH=5.3. 

Next, an EPR titration of SiNPs labeled with IKMTSL has been carried out.  For this pH-

sensitive spin label  𝑝Ka
w = 5.98 ± 0.04 at 21 oC based on experimental data for the IKMTSL-

ME adduct (Table 1.1)63 and, therefore, its titration range overlaps with the dissociation region of 

the surface silanol groups that causes the surface to acquire a gradually increasing negative charge.  
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When attached to SiNPs, the EPR spectra of IKMTSL indicated a slow-motion regime with the 

outer nitrogen hyperfine coupling splitting 2Aout progressively increasing with increase in pH over 

a rather broad range (see Figure 1.14).  This change in 2Aout is attributed to both changes in the 

nitroxide magnetic parameters upon deprotonation and some changes in the nitroxide rotational 

dynamics as the surface becomes negatively charged.  

 

Figure 1.15. An illustration of a least-squares fitting procedure to determine the outer nitrogen 

hyperfine coupling splitting 2Aout from experimental slow motion EPR spectra on an example of 

room temperature (21 oC) spectrum (A, blue line) from an aqueous suspension of SiNPs labeled 

with IKMTSL and measured at pH=5.3.   

On Figure 1.15, the calculated filtered second derivative spectrum (B, green line) improves 
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the resolution and allows for an empirical fitting of the outer spectral features to Voigt lineshapes 

(B, red line is superimposed on top of the green line) to derive  2Aout as the distance between 

position of the lines (shown as an arrow between the two dashed lines). (C, black line) is the fit 

residual, i.e., the difference between a portion of the second derivative spectrum and the model.  

Another notable feature was an appearance of fast motion component at pH>6 

corresponding to a small fraction of the nitroxide detaching from the surface and discussed above.  

While the fast motion components could be effectively separated from the slow motion one as was 

demonstrated in Figure 1.10, for the measurements of the surface potential we have chosen a 

simpler route based on measurements of 2Aout from the experimental spectra.  

In order to improve the accuracy in 2Aout determination without computationally intensive 

simulations of the multicomponent EPR spectra or subtracting the minor fast motion component 

as in Figure 1.10, a least-squares fitting to an empirical simplified model was employed (Fig. 1.15). 

Firstly, a filtered second derivative EPR spectrum (Fig. 1.15 B, green line) was calculated by a 

digital convolution of an experimental spectrum (Fig. 1.15 A) digitized to 2048 data points with a 

Lorentzian first derivative line with a peak-to-peak width of 3 data points.  Such a convolution 

procedure was shown to yield a minimally broadened second-derivative EPR spectrum with a 

suppressed noise.92  The broad spectral components in the second-derivative spectrum are getting 

suppressed allowing for fitting of the outer peaks to an empirical model of Voigt lineshapes (Fig. 

1.15 B, red line). The fit residual of the outer peak region (Fig. 1.15 C) shows no systematic 

deviation between such a model and the digitally calculated second-derivative spectrum.  Then the 

outer splitting 2Aout originating from the nitrogen hyperfine coupling is measured at the distance 

between the two simulated Voigt lineshapes (shown as an arrow and two dashed lines in Fig. 1.15). 

Figure 1.16 summarizes results of Aout measurements from EPR titrations of SiNPs labeled 
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with only IKMTSL (open circles) and with IKMTSL and then MMTS to block the remaining free 

SH groups (filled circles).  The data indicate a broad pH range for the probe coexisting in the 

protonated (R●H+) and non-protonated (R●) forms because the plateaus were only reached below 

pH≈3 and above pH≈8-9 (Figure 1.16).  From averaging the corresponding data points for both 

samples Aout(R
●H+)=32.15±0.08 G and Aout( R

●)= 34.94±0.03 G were determined.   Thus, changes 

in protonation state of IKMTSL attached to the SiNP surface results in ΔAout=2.79±0.09 G.  

Assuming that changes in the nitroxide protonation state mainly affect Azz and because 𝐴iso =

1

3
(𝐴xx + 𝐴yy + 𝐴zz), then for a spectrum approaching the rigid limit: 

Δ𝐴iso =
1

3
(Δ𝐴xx + Δ𝐴yy + Δ𝐴zz) ≈

1

3
Δ𝐴zz ≈

1

3
Δ𝐴out (1.7) 

where 𝐴ii are the principal components of the nitrogen hyperfine coupling tensor. Then the 

observed value ∆𝐴out = 2.79 ± 0.09 G agrees well with 3𝐴iso = 2.67 ± 0.03 G reported 

previously for the IKMTSL-ME adduct63 indicating that essentially all of the changes in ∆𝐴out 

upon the nitroxide protonation are caused by the changes in the magnetic parameters of nitroxide 

but not the rotational motion.   
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Figure 1.16. Experimental room temperature (21 oC) EPR titration Aout vs. pH curves measured 

for silica nanoparticles labeled with IKMTSL (open circles) and with IKMTSL and then MMTS 

to block the remaining free SH groups (filled circles).  The nitrogen hyperfine coupling parameters 

for both of the samples were determined as Aout(R
●H+)=32.15±0.08 G and Aout( R

●)= 34.94±0.03 

G.   Theoretical Henderson–Hasselbach titration curves for pKa=5.02, 5.57, and 5.98 are shown as 

solid, short-dashed, and long-dashed lines, respectively.  See text for details.   

For a comparison, a theoretical Henderson–Hasselbach titration curve for IKMTS-ME in 

a bulk aqueous phase (pKa=5.98 at 21 oC, Table 1.1)63 is shown as a long-dashed line.  Some large 

systematic deviations of the experimental data points from the theoretical curve provide a clear 

demonstration that local polarity and electric fields play large roles in the probe protonation state.  

If one assumes that the local effective dielectric constant experienced by IKMTSL is the same as 

for IMTSL, then the titration curve should be shifted by Δ𝑝Ka
pol

= −0.41.  Such a curve, shown 

as a short-dashed line in Figure 1.16, would intersect with the experimental data points at pH≈5 
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indicating point of zero charge (pzc) for SiNP surface.  However, this value is significantly higher 

than pzc≈3-4 of pH units reported in both experimental81 and theoretical studies.32,34 Furthermore, 

our data on ζ-potential of SiNPs also indicate pzc≈4 units of pH (Figure 1.11).  If the latter value 

of pzc is assumed, then  Δ𝑝Ka
pol

≈ −0.95 and the corresponding theoretical curve in the absence 

of any electrostatic potential will be given by the solid line in the Figure 1.16. According to 

calibration data published earlier,63 Δ𝑝Ka
pol

≈ −0.95 corresponds to 𝜀eff = 57±4 for the label 

location.  

In presence of an electrostatic potential, 𝛹, the probe 𝑝Ka is further shifted by Δ𝑝Ka
el given 

by eq.(1.5).  Then from eqs.(1.4) and (1.6): 

𝛹 =
− ln(10) 𝑘𝑇

e
 (𝑙𝑜𝑔10 (

1

𝑓
− 1) + 𝑝H −  𝑝Ka

w −  ∆𝑝Ka
pol

) 

(1.8) 
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Figure 1.17. Near-surface electrostatic potential of SiNPs suspended in water at room temperature 

(21 oC) plotted as a function of pH. The potential was calculated using eq.(1.8) from the 

experimental EPR titrations shown in Figure 1.16 and setting Δ𝑝Ka
pol

≈ −0.95.  The data for 

SiNPs labeled with IKMTSL and containing some unreacted SH groups (open circles) could well 

fitted to a linear dependence given by eq. (1.8) and shown as a solid line.  Dashed line shows 𝛹 

vs. pH calculated for Δ𝑝Ka
pol

≈ −0.41 obtained from EPR titrations of SiNPs labeled with IMTSL. 

The data for SiNPs labeled with IKMTSL and then MMTS to block the remaining free SH groups 

(filled circles) show somewhat lower 𝛹 at pH>6; the corresponding solid line is given as a guide 

for an eye. The data for IMTSL-labeled SiNPs are shown as open circles; the solid line is a linear 

regression. 

Figure 1.17 shows pH dependence of the surface electrostatic potential of SiNPs calculated 

from the EPR titration data of Figure 1.16 using eq.(1.8).  We note that because of the 
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𝑙𝑜𝑔10 (
1

𝑓
− 1) term the values of 𝛹 are only determined for 0 < 𝑓 < 1 and the function diverges 

at both 𝑓 → 0 and  𝑓 → 1.  For these reasons only the data points that make physical sense were 

plotted in Figure 1.17. The error bars were estimated by assuming 2% error in determination the 

fraction f of the non-ionized nitroxide.  The choice of Δ𝑝Ka
pol

 provides for a vertical offset of the 

data but does not change the gradient of 𝛹 changes with pH; the data shown were calculated for 

Δ𝑝Ka
pol

≈ −0.95.  The data for SiNPs labeled with IKMTSL and containing some unreacted SH 

groups (open circles) were least-squares fitted to the following linear dependence: 

𝛹 = (125.0 ± 2.8) − (31.73 ± 0.45) ∙ 𝑝H,         𝑅2 = 0.991 
(1.9) 

where 𝛹 is in mV.  The corresponding linear regression is shown as a solid line in Figure 1.17.  

The dashed line shows 𝛹 vs. pH calculated for Δ𝑝Ka
pol

≈ −0.41 obtained from EPR titrations of 

SiNPs labeled with IMTSL. The latter dependence would correspond to 𝑝𝑧𝑐 ≈ 4.9 units of pH 

which would contradict the ζ-potential data of Figure 1.11.   

We note that the linear model approximates the charging of the surface of SiNPs with pH 

surprisingly well (Figure 1.17). The data also show that the surface potential, associated with 

silanol deprotonation, develops at a wide pH range, starting at pH≈4 and continues at least up to 

pH ≈ 8 – 9 where the IKMTSL label reaches its sensitivity limit. However, as it was observed from 

the ζ-potential data of Figure 1.11, the latter highly basic region corresponds to the completely 

deprotonated silanols. When eq.(1.8) was applied to EPR titration data of Figure 1.13 obtained for 

SiNPs labeled with IMTSL, the corresponding data showed only minor deviations from 𝛹 = 0 

(open squares, Figure 1.17).  This is in a full agreement with the results of other studies.32,34,49,81 

Overall, the EPR titration curves obtained with the two labels cover the full dissociation range of 

the silica surface groups.  
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The data for SiNPs labeled with IKMTSL and then MMTS to block the remaining free SH 

groups (filled circles) demonstrated somewhat lower 𝛹 at pH>6; the corresponding solid line is 

given as a guide for an eye in Figure 1.17. Alternatively, it could also be fitted to a straight line 

with a lesser slope of -27.01± 0.30 mV/pH.  A possible reason for such a deviation is a thiol – 

silanol proton exchange reaction: 

R − SH + SiO− ⇄ R − S− + SiOH 
(1.10) 

Indeed, deuteron exchange in thiols has been reported previously for molecules in 

solutions.93 Proximity of the surface silanol groups and unlabeled thiols could be a reason for the 

reversible proton transfer. As the surface charge is developing with an increase in pH so is the 

number of the charged silanols. The latter should shift the reaction towards the products. For SiNPs 

containing thiol-terminated ligands which were blocked by reacting with MMTS the number of 

available thiols is expected to decrease dramatically. Because the nitroxide tags are covalently 

attached to silanes, the surface silanols are partially screened from the pH-reporting nitroxides and 

such a screening would affect the measured surface potential. The observed linear growth in the 

magnitude of the negative surface potential suggests that the behavior of the surface ionizable 

groups is highly dependent on their local environments. Thus, it is more natural to consider the 

silanol dissociation constant as a shifting parameter affected by the state of the surrounding groups, 

rather than a constant. 

Finally, we note that according to spin labeling EPR data the near surface electric potential 

at 𝑝H ≈ 8.5 is 𝛹 = −148 ± 6 mV, which is significantly higher in magnitude than the zeta 

potential 𝜁 = −44 ± 2 mV measured from DSL experiments. Such a large – more than threefold 

– difference is likely caused by effective screening of the surface charges by the counter ions at 

the position of the slipping plane where the zeta potential is measured.   
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1.4. Conclusions 

For the first time, the surface potential of monodispersed silica nanoparticles in aqueous 

solution has been measured over a broad range of pH by spin labeling EPR of two ionizable 

nitroxides covalently attached to the nanoparticle surface.  Monodispersed nanoparticles of ca. 116 

nm in diameter were synthesized using the Stöber method. Silanization method under harsh 

conditions including heating of nanoparticles in an acetonitrile solution of silane to 60 oC has been 

developed to ensure robust attachment of the thiol-terminated ligands to the silica surface.  These 

ligands were consequently modified with either of the two pH-sensitive nitroxides to provide a 

broader pH range – essentially from pH≈2 to pH≈9 for characterization of the surface electrostatic 

potential of the nanoparticles. The spin labeling procedures have been optimized to reduce effects 

of magnetic interspin interactions and to yield well-resolved EPR spectra.   

EPR titration data for these two pH-sensitive nitroxide probes allowed for differentiating 

the dielectric and electrostatic contributions to the interfacial properties of SiNPs.  At the acidic 

pH<4 the surface of SiNPs is expected to be uncharged and therefore the EPR titration with the 

first pH EPR molecular tag, IMTSL, was expected to be unaffected by the surface electrostatic 

potential.  From such a titration an effective local dielectric constant at the silica nanoparticle-

water interface was found to be εeff=70.8±5.0 (Table 1.1). EPR titration of SiNPs labeled with the 

second EPR tag IKMTSL, which has a higher intrinsic 𝑝Ka
w = 5.98 ± 0.04 at 21 oC (Table 1.1), 

allowed to monitor charging of the silica surface up to pH≈9.  By assuming pzc≈4.0 units of pH 

for silica that was confirmed by parallel zeta potential measurements, the local dielectric 

environment of IKMTSL EPR tag was found to have a somewhat lower 𝜀eff = 57±4 (Table 1.1).  

This lower 𝜀eff could be related to a more hydrophobic nature of the IKMTSL label so it would 

become more closely associated with the surface hydrophobic ligands than IMTSL.  This is in 
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agreement with IKMTSL demonstrating X-band EPR spectra close to the rigid limit whereas as 

IMTSL spectra demonstrated a higher rate of molecular tumbling (compare characteristic EPR 

spectra shown in Figs. 1.12 A and Figure 1.12 B).      

EPR titration data were then used to calculate surface electrostatic potential as a function 

of pH.   The data demonstrated an approximately linear dependence of the surface potential on pH 

starting at pH≈4 and increasing in magnitude up to pH ≈ 8 – 9 where the IKMTSL EPR label 

reaches its sensitivity limit.  This is in agreement with the existing literature on the surface potential 

associated with the silanol deprotonation that is known to develop over a wide pH range. While 

the attachment linker employed for the two nitroxides has some flexibility, it still ensures the 

location of the pH-sensitive tags close to the surface. Specifically, the distance between the N of 

the amidine moiety undergoing protonation and the nearest Si atom of the electrically neutral silica 

cluster was estimated to be 17.9 Å using molecular modelling (Figure 1D.1, Appendix 1D). This 

distance decreased 3.1 Å when the tether was bent by placing three negative charges on the silica 

cluster and giving the nitroxide amidine group a positive charge.  We note that although in the 

nitroxide the N-O moiety is the EPR reporting group, it is the nitroxide amidine group that 

undergoes protonation. Therefore, the measured local dielectric constant and electrostatic potential 

should be attributed to the midpoint of the N atom of the amidine group but not the midpoint of 

the N-O bond. 

Because of the close (0.3-1.8 nm) proximity of the nitroxide pH-sensing moiety to the 

surface, the values of the electrostatic surface potential reported by these molecular probes are 

significantly higher than those reported by the zeta potential measurements.  Specifically, 

according to EPR, the surface potential increases up to 𝛹 = −148 ± 6 mV at 𝑝H ≈ 8.5 whereas 

the zeta potential reaches 𝜁 = −44 ± 2 mV plateau at about the same pH values. It is worthwhile 
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to note here that 𝜓 ≈ −148 mV at the surface of SiNPs is about the same as the near surface 

electrostatic potential of lipid bilayer membranes composed of 100% of anionic phospholipids 

(from -124 to -183 mV depending on temperature and electrolyte concentration).82 The latter 

measurement have been carried out using the same nitroxide IMTSL tethered to the head group of 

a phospholipid.82 Thus, potentially, SiNPs could be employed as model objects with very similar 

surface electrostatic properties as small unilamellar lipid vesicles. 

Overall, spin labeling methods developed here expand the applicability of spin labeling 

EPR to interfacial electrostatic properties of metal oxide nanoparticles as very similar labeling 

procedures could be employed for other surfaces terminated by OH groups. Both local effective 

dielectric constants and electrostatic potential could be measured. Such measurement capability 

and especially a better-defined location of pH-reporting moiety with respect to the interface are 

viewed to be important for developing and further refining theoretical model for nanoparticle-

water interface as well for studying other nanostructures to which conventional zeta potential 

measurements cannot be applied.    
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Appendix 1A: EPR spectra of acetonitrile supernatants from consecutive washes of spin 

labeled silica nanoparticles 

 

Figure 1A.1. Representative room temperature X-band (9 GHz) EPR spectra of acetonitrile 

supernatant collected after consecutive washes of spin labeled silica nanoparticles: (A) – after first 

wash, (B) – second wash, (C) – third wash.  All the solutions were studied as collected without 

any further processing or deoxygenation.  

Appendix 1B:  Calculations of ionic strength vs. pH 

Before titration experiments a set of Tris buffers with a desired pH value was prepared 

using deionized water. The initial buffer had Tris concentration of 50 mM and pH=7.0.  Additional 

buffers were prepared by titrating the initial 50 mM Tris buffer with either concentrated solutions 

of HCl or NaOH.   
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Ionic strength of such buffer solutions at different pH values was estimated by using the 

standard acid-basic equilibrium equations and the known equilibria dissociation constants for H2O 

and Tris at 25 oC (Kw=1∙10-14 M2 and Ka=8.5∙10-9 M, respectively).  Specifically, the electro-

neutrality condition for all the ions involved yields:  

[H+] + [Na+] + [Tris+] = [Cl−] + [OH−] 
(1B.1) 

Further,  

𝐾w = [H+][OH−] 
(1B.2) 

𝐾a =
[H+][Tris]

[Tris+]
 (1B.3) 

Finally, we write the mass balance equation for total Tris concentration [Tris]o: 

[Tris]o = [Tris+] +  [Tris] 
(1B.4) 

and the total salt concentration [NaCl]o: 

[NaCl]o = [Na+] +  [Cl−] 
(1B.5) 

Provided that one either performs acidic titration with a constant [Na+] = [Na+]0 = const  

concentration or alkaline titration with [Cl−] = [Cl−]0 = const, there are 4 equations for 4 

unknown ion concentrations. The system of equations was readily solved using a Matlab 

(MathWorks, Inc., Natick, MA) script. Then the ionic strength for the monovalent species is 

calculated as: 

𝐼 =
1

2
([H+] + [Na+] + [Tris+] + [Cl−] + [OH−]) =

= [H+] + [Na+] + [Tris+] = [Cl−] + [OH−] 
(1B.6) 

The results of such calculations of the ionic strength I are plotted in Figure 1B.1 as a 

function of pH.  
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Figure 1B.1. Ionic strength of 50 mM Tris buffer solution in deionized water as a function of pH 

for SiNP titration experiments at room temperature (25 oC). Initially, 50 mM Tris buffer was 

prepared at pH=7.0. Ionic strength of this neutralized solution was calculated to be 𝐼 ≈46 mM 

(green diamond). The points corresponding to the acidic titration upon adding a concentrated 

solution of HCl are shown as red triangles while the points of the alkaline titration obtained by 

adding concentrated NaOH solution are shown as blue triangles.  The solid line is a guide for an 

eye. The results indicate that the ionic strength of the individual buffers varied from 51 mM to 46 

mM (or ±5%) within pH=3.0 to pH=11.0 range.  See the main text for further details. 
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Appendix 1C: An example of a decomposition of an EPR spectrum of a spin labeled SiNP 

into two components corresponding to protonated and non-protonated forms. 

 

 

 

 

 

 

 

 

Figure 1C.1. (A) X-band (9.5 GHz) room temperature (21 oC) EPR spectrum of aqueous 

suspensions of silica nanoparticles modified with ionizable pH-sensitive nitroxide IMTSL and 

equilibrated with 50 mM Tris buffer at pH=3.02.  The spectrum (A) was decomposed into a 

superposition of a spectrum at pH=1.64 (B) corresponding to the fully protonated nitroxide and a 

spectrum at pH=4.73 (C) corresponding to fully non-protonated nitroxide.  From calculating the 

double integrated intensities, the fraction of the non-protonated nitroxide in the spectrum (A) is 

f=54%.   (D)  Residual of the fit, i.e., the difference between the spectrum (A) and the sum of 

spectra (B) and (C).  Note that (A), (B), and (C) spectra are the results of the digital convolution 

of the experimental spectra with a first integral Lorentzian function with full width at half height 

of ∆𝐵1/2 = 0.253  G. 
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Appendix 1D: Estimation of distances between the N atom of the nitroxide amidine group 

and the silica surface 

While in pH-sensitive nitroxides the N-O moiety is the EPR reporting group, it is the 

nitroxide amidine group that undergoes reversible protonation. Therefore, the measured local 

dielectric constant and electrostatic potential should be attributed to the midpoint of the N atom of 

the amidine group but not the N-O bond. In order to estimate the possible distances between the 

midpoint of the N atom of the amidine group of IKMTSL and the silica surface, the silica surface 

was modelled as a cluster consisting of 9 Si and 18 O atoms (Figure 1D.1). The structure of such 

a model silica cluster attached to (3-mercaptopropyl) trimethoxysilane and labeled with the 

nitroxide IKMTSL was optimized using MM2 method (Chem3D Ultra 9.0 software, 

CambridgeSoft, Waltham, MA, USA). The atoms were color-coded as follows: white (H), grey 

(C), blue (N), red (O), yellow (S), violet (Si), pink (lone pair of electrons).  

To estimate the shortest distance between the N atom of the N–H and the silica cluster, the 

N7 atom (Figure 1D.1A) of the amidine group was given a positive charge (+1), and silanoate 

oxygens O51, O52, and O54 were given negative (-1) charges.  The distance between N7 and the 

nearest Si atom (Si38) of the negatively charged silica cluster was estimated to be 3.1 Å.  

To estimate the longest distance between the nitrogen atom N7 of the protonatable amidino 

group and the nearest Si atom (Si34) of the electrically neutral silica cluster no electrical charges 

were given to neither the N7 atom of the amidine group or any of the silanoate oxygens. The 

distance between N7 and the nearest Si atom (Si38) of the negatively charged silica cluster was 

estimated to be 17.9 Å. 
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Figure 1D.1. The structures of a model silica cluster attached to (3-mercaptopropyl) 

trimethoxysilane and labeled with the nitroxide IKMTSL obtained from an optimization using 

MM2 method (Chem3D Ultra 9.0 software, CambridgeSoft, Waltham, MA, USA). The atoms are 

color-coded as follows: white (H), grey (C), blue (N), red (O), yellow (S), violet (Si), pink (lone 

pair of electrons).  

(A) The structure for the spin labeled ligand attached to a negatively charged silica 

surface was approximated by giving the silanoate oxygens O51, O52, and O54 the negative (-1) 

charges while the N7 atom of the amidine group was given a positive charge (+1). The distance 

between the N7 atom of the amidino group and the nearest Si atom (Si38) was 3.144 Å.  The 

distance between the N-O midpoint and the nearest Si atom (Si38) was 5.526 Å. 

(B) The structure for the spin labeled ligand attached to a neutral silica surface was 

approximated by not giving charges to any of the atoms, the distance between the N7 atom of the 

amidino group and the nearest Si atom (Si38) was 17.868 Å.  The distance between the N-O 

midpoint and the nearest Si atom (Si38) was 15.426 Å. 
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CHAPTER 2 

Effects of Ionic Strength on Local Dielectric and Electrostatic Properties of Water-Silica 

Interface by Spin Labeling EPR 

Vladislav Perelygin, Maxim A. Voinov, Antonin Marek, and Alex I. Smirnov 

 

2.1 Introduction 

Among all nanomaterials available today, silica nanoparticles (SiNPs) are the most widely 

used and versatile ones. For example, SiNPs have been employed in various areas of biomedical 

research as imaging agents1 and biosensors.2 Surface-functionalized silica nanoparticles have been 

used as substrates for proteins3 and antibodies immobilization.4 Mesoporous5 and lipid-coated 

SiNPs6 were utilized as a vehicle for controlled drug delivery. Industrial applications of SiNPs  

include, among the others, using them as the friction-reducing agents7 and recyclable catalysts for 

the synthesis of thioethers and thioesters.8 In the field of agriculture, SiNPs have been reported to 

increase germination rates9  and demonstrate pesticide activity while applied to wheat or barley 

directly.10 SiNPs also serve as a pesticide agent careers.11  

Several factors make silica so versatile, such as highly elaborated synthesis pathways that 

provide a monodispersed product with well controlled average size,12–14 and chemical stability, 

that allows silica to retain its properties across a vast range of adverse conditions including extreme 

pH, salt concentration and temperatures.15,16 Besides, surface of silica could be readily modified 

to achieve different goals, for example, for increasing solubility in diverse media17 or creating 

magnetic monodisperse NPs.18 Since the first synthesis of monodisperse silica nanoparticles by 

Stöber in 1968,19 the properties of this material have been thoroughly investigated and 

comprehensive models of NPs stability,20 synthesis mechanism,21 and surface chemistry22,23 have 
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been developed. However, some of the SiNPs properties, such as local polarity and electrostatics, 

are hard to address due to the fact that these phenomena operate only in a close proximity to the 

surface, at the angstrom scale, thus making application of the most analytical techniques 

problematic. 

Surface of bare silica is covered with silanol hydroxy groups – Si-OH, also known as 

silanols. It is commonly accepted that there are two types of silanols (in approx. 1 to 5 ratio) with 

pKa4.5 and pKa8.524; therefore, silica surface acquires a negative charge under neutral and basic  

conditions. As a result, positively charged ions along with the counter ions are attracted to the 

surface of SiNPs forming an electric double layer surrounding NPs. This causes a rearrangement 

of the hydrogen bonding network at the nanoparticle surface, which, in turn, affects the interfacial 

polarity.  Thus, the properties of silica nanoparticles are mostly determined by the properties of 

their interfacial region. For example, surface electrostatic potential defines intermolecular 

interactions, thus, controlling aggregation and stability of NPs.25 This property is critical for 

designing efficient nanoparticle-based lubricant additives.7,20 Hydroxylated surface of silica 

creates a hydrophilic environment and combined with ionic effects of the electric double layer, 

might provide favorable conditions for binding of some molecules, while denying the others.  

Protein adsorption,26 as well as biocatalytic activity and cellular uptake,27 heavily rely on fine 

tuning of these properties.  

Ionization state of the surface silanol groups, as well as their capabilities to form hydrogen 

bonds with the surface water molecules, have been investigated in detail by both experimentally 

and theoretically.24,28–31 Water-silanol interactions were thoroughly studied by computation 

methods, such as density functional theory (DFT)32,33 and molecular dynamics (MD),29,30,34,35 
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providing insightful information on the interactions on the atomic scale. A series of continuum 

electrostatic simulations explored macroscale characteristics of the charged surface36–38 of silica.  

 Although various aspects of the interfacial properties of silica have been addressed 

theoretically, there are only a limited number of experimental techniques capable of assessing 

these properties experimentally. The most conventional of the experimental methods seems to be 

zeta potential () determination. It is based on the measurement of electrophoretic mobility of 

nanoparticles, that allows to calculate the electric potential at the shear plane of the NP double 

layer, where the surface is effectively screened by ionic species.20,39 However, zeta potential 

measurement does not report on the particle electrostatics directly, the electrophoretic mobility 

data are further employed to calculate potentials using the Smoluchowski theory.40 Phase-sensitive 

sum-frequency vibrational spectroscopy (SFVS) has been used to elucidate the interfacial 

interactions of silanols with water molecules and ionic species.28,41,42 Other methods, such as 

second harmonic generation (SHG)24 and x-ray photoelectron spectroscopy (XPS)43–45 have also 

been used to study electrostatic surface potential and screening effect.  

The dielectric properties of the interface are well known to strongly depend on the distance 

from the surface.46–49  It was reported that the relative permittivity decreases dramatically inside 

the diffuse double layer. The effect is already seen at the distance of 5 nm from the NP surface and 

it increases exponentially, so at the region below 1 nm the dielectric constant is approximately as 

twice as lower than that in a bulk solution.47  MD simulation also shown that water molecules near 

the nanoparticle interface, at the distance of 7 nm and closer, are highly polarized, which causes a 

significant shift in the relative permittivity.48 The existence of this  state, that  resembles the 

structure of ice, has also been confirmed experimentally.49,50 
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 One of the currently available experimental techniques that allows for assessing surface 

electrostatic and polarity effects in structurally-diverse systems, is a spin labeling electron 

paramagnetic resonance (EPR) spectroscopy. EPR is a highly sensitive technique, it requires only 

micromolar spin probe concentrations, and, as it has been demonstrated, to be suitable for studying 

various nanoparticle surface-related phenomena.51–54 Earlier, we employed the EPR spectroscopy 

of the pH-sensitive spin labeled ligands to studying the interfacial properties of the thiol-protected 

Au NPs55 and to assessing interfacial electrostatics51–53 and polarity59–61 of  the lipid bilayers and 

detergent micelles. We also demonstrated the applicability of the pH-sensitive nitroxides for 

probing the polarity inside the nanopores of Anodic Aluminum Oxide (AAO).62,63 

Recently, we reported on probing the interfacial electrostatic and polarity properties of 

silica nanoparticles labeled with pH-sensitive spin probes64 by means of EPR spectroscopy. In the 

present work we focused on the effects of ionic screening on dielectric and electrostatic 

characteristics of water-silica interface. We have covalently modified monodispersed silica 

nanoparticles (average diameter of 108 nm) with thiol-terminated ligands and spin labeled them 

with pH-sensitive nitroxides via a thiol-click chemistry. This approach ensures that a spin probe is 

located in a well-defined region of space in a close proximity to the surface.  The spin labeled 

SiNPs were EPR titrated in solutions with various ionic strengths. We employed two pH-sensitive 

nitroxide spin labels, S-(1-oxyl-2,2,3,5,5-pentamethylimidazolidin-4-yl)methyl methanesulfono-

thioate (IMTSL) and S-4-(4-(dimethylamino)-2-ethyl-5,5-dimethyl-1-oxyl-2,5-dihydro-1H-

imidazol-2-yl (IKMTSL) (Fig. 2.1). When attached to a thiol SH group, the pKa’s of these probes 

are pKa=3.3359 and pKa=5.92,65 respectively. Magnetic parameters of these nitroxides depend 

explicitly on their ionization (protonation) state. Changes in magnetic parameters of the IMTSL 

cover the pH range of pH1.335.33, where silica nanoparticles are only weakly negatively 
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charged due to a small fraction (~15%) of acidic silanols (pKa4.5), while IKMTSL covers the pH 

range of pH3.927.92, where silica nanoparticles are negatively charged due to ionization of both 

acidic and basic (pKa8.5) silanols.  
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Figure 2.1. Chemical structures of the nitroxides used in this chapter. 

This allowed us to target effects of salt concentration on dielectric and electrostatic 

properties of the silica-water interface within two different ranges of pH.   

2.2 Experimental Section  

2.2.1. pH Calibration for Ionic Strength of NaCl  

Standard pH buffers by BDH®, for 5-point calibration were used at pH values 1.68, 4.00, 

7.00, 10.00, 12.45 at 25oC. Solutions were prepared using ACS grade sodium chloride (99.0% 

NaCl) by BDH®, sodium hydroxide pellets, 98% by Alfa Aesar®, hydrochloric acid, certified ACS 

Plus by Fisher Scientific, and in-house deionized water. Batch solutions of NaCl in DI water at 

different ionic strength were prepared at concentrations 0.05 M, 0.1 M, 0.2 M, 0.3M, 0.5 M, 1.0 

M, 1.5 M, 2.0 M. The titration was automated using a home built titrator. The titration setup 

consisted of a high precision programmable syringe pump Braintree Scientific, Inc., model BS-

800, digital pH meter with 4 significant figures and serial port output Oakton 450 combined with 

Metler Toledo pH-probe, InLab® Micro. Titration took place in a 50mL beaker enclosed in a water-

jacketed beaker connected to PolyScience temperature circulator, model 9710. Whole setup was 
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controlled using a standard PC and Matlab code allowing for fully automated titration. All 

solutions were thoroughly bubbled before and during titration with argon gas using a thin PTFET 

tubing, AWG 21L, connected to pressure tank cylinder. For solution infusion standard BD Luer 

Lok Tip syringes (20mL, 60mL) connected through needles to the same type of PTFET tubing 

were used. For the purpose of the gravimetric syringe pump calibration, high precision Sartorius 

micro balance, model CPA225D, was used. Please, refer to Appendix 2A for further details on the 

experiment and pH calibration. 

2.2.2. Synthesis, Modification and Characterization of Silica Nanoparticles 

Synthesis, modification and characterization of silica nanoparticles were described in detail 

in Experimental Section of Chapter 1. Refer to sections 1.2.1 - 1.2.5, 1.2.9 and 1.2.11. 

2.2.3. Zeta potential Titrations  

Zeta titration procedure was described in detail in Experimental Section of Chapter 1. 

Refer to sections 1.2.10. Preparation of NaCl solutions was described in section 2.2.1. 

2.2.4. EPR Titration Experiments   

EPR titration procedure, including spectrometer settings, was described in detail in 

Experimental Section of Chapter 1. Refer to sections 1.2.6 and 1.2.7. Preparation of NaCl 

solutions was described in section 2.2.1. 

2.3 Results and Discussion  

2.3.1. Characterization and modification of Silica Nanoparticles 

Silica NPs with an average diameter of 108 nm were synthesized using the Stöber 

process.19 The obtained NPs were thoroughly characterized using SEM and DLS to confirm the 

size and monodispersity. Surface of the NPs was modified with (3-mercaptopropyl) 
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trimethoxysilane (MPTMS).64 The functionalization efficiency  was estimated to be of ~ 0.4 

ligands/nm2,64 as it was inferred from the results of Brunauer–Emmett–Teller (BET) nitrogen 

absorption, providing specific surface area (SSA) and TGA analyses. Based on the SSA results, it 

was also concluded that the SiNPs have a low degree of porosity and that the silane ligands did 

not block the pores. The terminal thiol groups of the silane ligands were spin labeled with either 

IMTSL or IKMTSL spin probe (Figure 2.1) with a labeling efficiency of ~30 %. The details  of 

the synthesis, surface functionalization, spin labeling, and NPs characterization were described in 

our previous work.64 

2.3.2. Zeta Potential Titrations 

Both bare and spin labeled SiNPs were characterized by -potential measurement within a 

broad range of pH and ionic strength. When the pH of the medium approaches the region of 

ionization of the surface silanol groups of silica (pKa14.5, pKa28.5) (Eq. 2.1), the particle 

acquires a negative charge:  

SiOH ⇆ SiO− + H+ 
(2.1) 

Both the dissociation constant of silanols and the surface charge development are well 

known to depend on the solution ionic strength. For example, in NaCl solutions the isoelectric 

point of -potential titration of colloid silica has been shown to vary from pH=2.0 (for 0.001 M)  

to pH=4.5 (for 0.4 M) depending on ionic strength of the solution.66 
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Figure 2.2. Zeta potentials of bare (nonmodified) 108 nm silica nanoparticles shown as a function 

of pH. Data were acquired at 21 oC, electrolyte (NaCl) concentrations were 0.05 M (filled circles), 

0.5 M (open circles) and 2.0 M (red circles). 

Figure 2.2 demonstrates the results of -potential titration of bare silica NPs in aqueous 

solutions containing 0.05 M, 0.50 M and 2.0 M of NaCl. Data indicate a good agreement with the 

literature37,65: at [NaCl]= 0.05 M the low-pH side of the -potential titration curve reaches the 

apparent plateau at approximately pH5 where potential equals  –5 mV. Note that after reaching 

this plateau -potential keeps going up as pH is decreasing. We believe that this is a result of 

protonation of a small fraction (~15%) of silanols with pKa4.5.24 At pH2.5 all these silanols 

seem to be protonated and the silica surface becomes electrically neutral (0 mV) (Fig. 2.1, filled 

circles). This small potential change Δ5 mV corresponds to only 11% of a total -potential 

change during the titration. As we have already mentioned, the IMTSL, when attached to SH group 

of a thiol, covers the titration range of pH1.335.33. This pH range is partially (~70 %) 
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overlapped with the pH range of pH2.506.50 where silanol groups with acidic pKa4.5 are 

ionized. Silanol groups in the overlapped area constitute only ~10 % of the total amount of the 

ionizable silanol groups. At [NaCl]=0.50 M the plateau was reached at pH4.5. At [NaCl]=1.0 M 

and [NaCl]=2.0 M the silica surface charges were found to be fully screened and -potentials do 

not change with pH but only show fluctuations around =0 (Fig. 2.2, data are shown for 

[NaCl]=2.0 M only). Overall, in our experiments the NP surface was found to be fully screened at 

[NaCl]1.0 M. Thus, based on our experimental -potential measurements and the literature 

data,20,36 the silica isoelectric points were assumed to be pH=2.5 for [NaCl]=0.05 M, pH=4.0 for 

[NaCl]=0.2 M and 0.3 M, and pH=4.5 for [NaCl]=0.5 M. As our previous experiments showed no 

measurable difference in -potentials of bare and ligand-modified SiNPs,64 the same zero-charge 

points were assumed for both modified and bare NPs. It is worth of noting that -potential at 

[NaCl]=0.05 M is as twice as higher than that at [NaCl]=0.5 M (-43 mV vs. -19 mV; filled circles 

vs. open circles, Fig. 2.2).  

2.3.3. EPR Titrations of Spin labeled Silica Nanoparticles 

Figure 2.3 shows the X-band EPR spectra of IKMTSL-labeled SiNPs acquired at 

essentially the same pH2.9 and various NaCl concentrations ([NaCl]=0.05 M, 0.5 M, and 2.0 M, 

respectively). As it can be seen, the spectra are essentially identical.  This observation indicates 

that the spectral changes that will be discussed below were not produced by the effect of the 

solution ionic strength but are solely the results of changes in the ionization (protonation) state of 

a nitroxide. 
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Figure 2.3. X-band EPR spectra of IKMTSL-labeled silica acquired at essentially the same pH 

but various NaCl concentrations. Spectra were taken at 21 oC.   

Let us consider an isolated ionizable nitroxide at a water-silica interface. The observed 

𝑝Ka
obs of such a nitroxide could be represented as a sum of several terms:  

𝑝Ka
obs = 𝑝Ka

w + Δ𝑝Ka
el + Δ𝑝Ka

pol
 (2.2) 

where 𝑝Ka
w is an intrinsic pKa of a nitroxide; Δ𝑝Ka

el is a contribution of non-zero surface 

electrostatic potential; Δ𝑝Ka
pol

 is a local polarity contribution, attributed to changes in relative 

permittivity of the surrounding environment.  

To determine the intrinsic 𝑝Ka
w of the nitroxides attached to the nanoparticle-coating 

ligands, we pH-titrated the adducts formed by the corresponding spin labels and 2-mercaptoethanol 

– IMTSL-ME and IKMTSL-ME – in solutions with various NaCl concentrations. These adducts, 

as we have demonstrated before, model the properties of the spin labeled thiol ligands rather well.67  

As we have mentioned earlier (see above), in the pH range pH1.335.33 silica surface is 

weakly negatively charged, so the shift in the pKa of the nitroxide in IMTSL-SiNPs with respect 
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to the bulk aqueous solution represents the sum of both electrostatic (Δ𝑝Ka
𝑒𝑙) and polarity (Δ𝑝Ka

pol
) 

effects. To test whether this pKa shift is affected by the solution ionic strength, we titrated IMTSL-

labeled SiNPs in solutions containing 0.05 and 2.0 M NaCl and compared the titration data with 

that of IMTSL-ME titrated in the same conditions (Figure 2.5 and Table 2.1). The titration data 

for IMTSL-ME with [NaCl]=0.05 M were taken from the previous report.59 Titration of IMTSL-

ME with [NaCl]=2.0 M required the pH correction for solution ionic strength68,69 (see 

Experimental part for details). The results of titration are shown in Table 2.1 and Figure 2.5. As it 

can be seen, the 𝑝Ka
w of IMTSL-ME increases from 𝑝Ka

w=3.33±0.03 to 𝑝Ka
w=3.96±0.03 (ΔpKa 

=0.63±0.04) when [NaCl] changes from 0.05 M to 2.0 M. A similar effect was previously reported 

by us for pH-sensitive nitroxide 2,2,3,4,5,5-hexamethylimidazolidin-1-oxyl (HMI),68 whose 𝑝Ka
w 

changed for ~0.8 pH units when [NaCl] changed from 0.05 M to 2.0 M. Note that the isotropic 

hyperfine coupling constants (Aiso) for both protonated and non-protonated forms of the nitroxide 

did not change (0.05 M, AisoR
• = 15.86 ± 0.01 G, AisoR

•H+ = 14.58 ± 0.01 G; 2.0 M, AisoR
• = 15.86 

± 0.01 G, AisoR
•H+ = 14.60 ± 0.01 G). It is well known that isotropic nitrogen hyperfine coupling 

constant (Aiso) is dependent on the solvent polarity.70 In our previous experiments we have found 

that magnitude of the Aiso of a nitroxide was not affected by the change in the solution ionic 

strength.67 Our observation seems to be contradicting with the literature data demonstrating that  

decreases with salt concentration.71 A rationale for this effect is that in the presence of ions, the 

water dipoles will align along the electric field created by ions, rather than the external electric 

field. As a result, the contribution of water molecules in the ion solvation shell to the dielectric 

response will be significantly diminished.72–74 However, such reorientation of water molecule 

dipoles seems does not change the extent of stabilization of the polar canonical form B of the 
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nitroxide, which determines the effective spin density on the nitrogen atom and, consequently, the 

nitrogen hyperfine coupling constant, Aiso. 

 

Figure 2.4. Representative experimental slow-motion X-band (9.5 GHz) EPR spectrum of the 

IMTSL-labeled SiNPs acquired at intermediate pH and its least-squares decomposition for the 

individual components corresponding to the protonated and non-protonated forms of the nitroxide. 

(A) Spectrum of IMTSL-SiNPs taken at pH=3.01. (B) and (C) spectral components corresponding 

to the protonated and non-protonated forms of the nitroxide, respectively. (D) The fit residual. 

Details of the spectra decomposition have been previously described by us.75  
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Figure 2.5. Titration of IMTSL-ME (open circles) and IMTSL-labeled SiNPs (filed circles) in 

aqueous solutions containing (A) 0.05 M NaCl and (B) 2.0 M NaCl. Solid and dashed lines 

represent the Henderson-Hasselbalch fits. Titration curve for IMTSL-ME at [NaCl]=0.05 M (panel 

A) was generated using Eq.2.3 and pKa=3.33 that was reported earlier.59  

The three-component slow-motion EPR spectra (Fig. 2.4) obtained from pH-titration of 

IMTSL-SiNPs were least-squares decomposed for the individual components corresponding to the 

protonated and non-protonated forms of the nitroxide using the procedure previously described by 

us.75 The experimentally obtained fraction of the non-protonated form of the nitroxide,  f, was 

fitted into the Henderson–Hasselbalch equation:  

𝑓 =
1

1 + 10𝑝Ka
obs−𝑝H

 
(2.3) 

As it could be seen, the Henderson–Hasselbalch equation fits the experimental data for 

titration of IMTSL-labeled SiNPs rather well (Rsqr = 0.999 for 0.05 M and Rsqr = 0.998 for 2.0 

M) (Fig. 2.5). Although both the surface electrostatics (see data of -potential measurements) and 

interfacial polarity contribute to the titration data within this pH range, the quality of the fit 

indicates that the amount of the surface charges developed was insignificant to affect the shape of 
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the titration curve. As we have previously reported,63 if the surface charge was gradually developed 

on the silica surface during the pH titration, it generated a “stretched” titration curve that we failed 

to fit using the Henderson–Hasselbalch equation. The results of the titration are summarized in 

Table 2.1. 

Table 2.1.  Data for titration of IMTSL-ME and IMTSL-labeled silica in aqueous solutions 

containing 0.05 M and 2.0 M NaCl. Dielectric constant, , was calculated using previously reported 

correlation between  and NaCl concentration.76 

[NaCl], M 
 pKa

w, 

IMTSL-ME 
ε 

 pKa
obs, 

SiO2-IMTSL 
𝚫𝒑𝐊𝐚

𝐩𝐨𝐥
 

0.05 3.33 ± 0.03 79.94 ± 0.18 2.80 ± 0.02 -0.53 ± 0.04 

2.0a  3.77 ± 0.03 - 3.14 ± 0.02 -0.63 ± 0.04 

2.0b  3.96 ± 0.03 58.73 ± 1.00 3.30 ± 0.02 -0.66 ± 0.04 
apH was experimentally measured with a pH electrode; bpH was corrected for a solution ionic 

strength.  

As it was reported earlier, the increased salt concentration causes a stronger polarization 

and compression of Stern Layer (from approx. 1 nm at 0.01 M to 0.6 nm at 0.1 M43,45),  and so 

does the region of polarized water molecules near the NP surface. We note here that the structure 

of water in this region closely resembles that of ice.49,50 Thus, it is expected that when the thickness 

of the hydration water layer becomes thinner, the local environment of the nitroxide probe would 

change from ice-structured to a less ordered, resembling that of a bulk water. As we observed, 

when [NaCl] is changing from 0.05 to 2.0 M, the Δ𝑝Ka
pol

 term is experiencing only minor change 

(≈0.13 of pH units) (Table 2.1). We also cannot rule out that this minor variation in the observed 

interfacial polarity could be the result of so-called “salting-out” effect.77,78 The rationale behind 

this is increased cavity formation energy cost in aqueous solutions of NaCl that results in lower 
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solubility of nonpolar organic salutes.78 The consequence of this effect for our experimental system 

is that the spin probe tethered to the silica surface is “pushed” from the “bulk” solution closer to 

the silica surface decorated with hydrophobic silane ligands. As a result, in 2.0 M NaCl solution 

the local environment of the spin probe is slightly less polar than that in 0.05 M solution.      

The titration range of IKMTSL conveniently falls into the region of pH where surface of 

silica gradually charges, thus providing us with a unique tool for investigating ionic strength effects 

on the surface electrostatics and interfacial polarity. The titration data for IKMTSL-ME and 

IKMTSL-labeled SiNPs were obtained for aqueous solutions containing 0.05 M, 0.2 M, 0.3 M, 0.5 

M, 1.0 M and 2.0 M NaCl, respectively. (Tables 2.2 and 2.3).  

 

Figure 2.6. Comparison of IKMTSL-ME and SiO2-IKMTSL titration curves acquired at 2.0 M 

NaCl. At this concentration surface charges of silica are completely screened, and the data are 

readily fit using the Henderson-Hasselbalch equation (solid and dashed lines). pH was corrected 

for ionic strength, see the Experimental Part. 
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Titration of IKMTSL-ME in aqueous solution with NaCl concentrations ranging from 0.05 

to 2.0 M showed a gradual increase of 𝑝Ka
w from  𝑝Ka

w =6.01±0.04 to 𝑝Ka
w=6.43±0.03 (Table 2.2). 

Titrations of SiO2-IKMTSL at [NaCl]=1.0 M and [NaCl]=2.0 M showed that at these electrolyte 

concentrations the surface charges were fully screened, which manifested itself in a flawless fitting 

of the experimental data with Henderson–Hasselbalch equation (Rsqr=0.997 for both 1.0 and 2.0 

M NaCl). Unlike IMTSL-ME and SiO2-IMTSL in 2.0 M solution, a corresponding IKMTSL pair 

demonstrated only a moderate difference (Δ𝑝Ka
pol

 0.14 pH units) between 𝑝Ka
w and 𝑝Ka

obs 

(Figure 2.6 and Table 2.3). As a reminder, a corresponding IMTSL-ME and SiO2-IMTSL pair 

demonstrated a more significant difference of  Δ𝑝Ka
pol

 0.63 pH units (Table 2.1).   

Besides the silica-water interface being less polar than bulk aqueous phase, there is another 

factor that makes pKa of the nitroxide probe attached to the surface of silica lower than that in 

solution.  The negatively charged silica particles are surrounded by Stern layer, formed primarily 

by positively charged ions, whereas more mobile anions are depleted from the vicinity of the 

surface. This network of cations effectively destabilizes the protonated (positively charged) form 

of the nitroxides, thus decreasing its pKa. 

We estimated the effective dielectric constant for IKMTSL-ME in NaCl solutions, using 

previously reported data on the dependence of the solution dielectric constant on NaCl 

concentration76 and our own data on the effect of NaCl concentration on the pKa
’s of the IKMTSL-

ME (Table 2.2). The resulted 𝑝Ka
obs- correlation plot is shown in Figure 2.7. We attempted to use 

this correlation plot to estimate the effective dielectric constant in the location of the spin probe in 

the IKMTSL-labeled SiNPs at high ionic strength, when surface electric charges were completely 

screened. We have found that in 1.0 M NaCl solution the spin probe in SiO2-IKMTSL 

(𝑝Ka
obs=6.14±0.03) was experiencing the local dielectric environment with =75.20. In 2.0 M 
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NaCl solution (𝑝Ka
obs=6.29±0.02) SiO2-IKMTSL was experiencing the local dielectric 

environment with =67.60. That means that effective dielectric constant in the location of the probe 

in IKMTSL-labeled SiNPs is significantly higher than that of IKMTSL-ME in NaCl solutions of 

the same concentration (Table 2.2).  Overall, this observation is consistent with the results of 1H 

NMR79 and SFVS41 studies suggesting that water-water hydrogen bonds are less stable and more 

prone to breaking in the presence of high NaCl concentrations80 and that the presence of salt favors 

the silanol-water bonds formation, which further increases water polarization.41  However, we 

cannot rule out the possibility that applying the correlation 𝑝Ka
obs- obtained for homogeneous 

aqueous solutions to the surface-tethered nitroxide probe could be producing erroneous results. 

For example, according to original [NaCl]- correlation plot,76 the dielectric environment with 

=75.20 that the spin probe in SiO2-IKMTSL is experiencing in 1.0 M NaCl solution corresponds 

to an aqueous solution with [NaCl]0.39 M. For SiO2-IKMTSL in 2.0 M NaCl solution the local 

dielectric environment of the probe with =67.60 translates, in turn, to [NaCl]1.03 M.  Clearly, 

we find no physical reasons for NaCl concentration in the vicinity of silica nanoparticles being 

lower than in the bulk solution.     
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Table 2.2. Titration of IKMTSL-ME in aqueous solution with various NaCl concentrations. 

Dielectric constant, , was calculated using previously reported correlation between  and NaCl 

concentration.76   

[NaCl] 

M 
0.05 0.2 0.3 0.5 1.0 2.0 

𝒑𝐊𝐚
𝐰 a 6.00 ± 0.04 6.05 ± 0.04 6.07 ± 0.04 6.10 ± 0.03 6.12 ± 0.03 6.10 ± 0.04 

𝒑𝐊𝐚
𝐰 b 6.01 ± 0.04 6.08 ± 0.04 6.11 ± 0.04 6.18 ± 0.03 6.28 ± 0.04 6.43 ± 0.03 

ε 79.94 ± 0.18 77.74 ± 0.20 76.36 ± 0.22 73.78±0.28 68.03±0.48 58.73±1.00 
apH was experimentally measured with a pH electrode; bpH was corrected for a solution ionic 

strength. 

    

Figure 2.7. 𝑝Ka
obs of IKMTSL-ME shown as a function of a NaCl solution dielectric constant () 

and NaCl concentration. Solid and dashed line represent the results of the polynomial fit, see the 

Appendix 2C. 



 

79 

Table 2.3. The results of titration of SiO2-IKMTSL in aqueous solution with NaCl concentrations 

of 1.0 M and 2.0 M. The table shows the results for experimentally measured data and for the same 

data with the effect of ionic strength adjustment. 

  Measured Corrected 

[NaCl], M 1.0 2.0 1.0 2.0 

 pKa
w, 

IKMTSL-

ME 

6.12 ± 0.03 6.10 ± 0.04 6.28 ± 0.04 6.43 ± 0.03 

, 

SiO2-

IKMTSL 

5.98 ± 0.03 5.98 ± 0.02 6.14 ± 0.03 6.29 ± 0.02 

𝚫𝒑𝐊𝐚
𝐩𝐨𝐥

 -0.14 ± 0.04 -0.12 ± 0.04 -0.14 ± 0.05 -0.14 ± 0.04 

As it can be seen from Table 2.2, the ionic strength has a weaker effect on the 𝑝Ka
w of 

IKMTSL-ME compared to that observed for IMTSL-ME (Table 2.1). Thus, when [NaCl] 

increased from 0.05 M to 2.0 M, 𝑝Ka
w of IKMTSL-ME changed for only Δ𝑝Ka

w 0.4 pH units vs. 

Δ𝑝Ka
w 0.63 pH units for IMTSL-ME. We believe that the reason for that lies in the structure of 

this nitroxide. As we suggested before,68 the effect of the solution ionic strength on the equilibrium 

that involves charged species (e.g., reversible protonation of pH-sensitive nitroxide) originates 

from the electrostatic interactions between the positively charged protonated form of the nitroxide 

(R●–H+) and the counter ions (Cl−). An increase in Cl− concentration stabilizes the protonated form 

(R●–H+) of the nitroxide and shifts the protonation equilibrium towards higher pKa values. The 

effectiveness of this ionic stabilization will depend on the properties of the charged species.  For 

species carrying a localized charge, such stabilization is expected to be very effective. For species 

with a delocalized charge the ionic stabilization is expected to be less effective because the energy 

of the system is already lowered by the charge delocalization.80 For example, in the protonated 

imidazolidine derivative IMTSL-ME (Fig. 2.1) the positive charge is localized at the nitrogen atom 
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in the 3rd position of the heterocycle, and, as a result, a significant shift of its pKa (0.63 units of 

pH) is observed when [NaCl] increases from 0.05 M to 2.0 M. We observed even large pKa shift 

(~0.8 units of pH) for HMI nitroxide when [NaCl] increased from 0.05 M to 2.0 M.68 In the 

protonated IKMTSL-ME the positive charge is delocalized over the amidine functionality, so the 

interaction with anionic species does not result in further stabilization and we observe a much 

lower (~0.4 pH unit) pKa shift. 

At [NaCl] in the range 0.05 M0.5 M the surface charges are only partially screened, 

therefore, the surface electrostatic potential directly affects the pKa of the attached nitroxide. For 

an isolated nitroxide attached to silica surface, the 𝑝Ka
obs is described by Equation 2.2. Δ𝑝Ka

el and 

surface electrostatic potential are related as:  

Δ𝑝Ka
el =

−𝑒𝛹

𝑙𝑛(10)𝑘𝑇
 

(2.4) 

where e is the elementary charge, k is the Boltzmann constant.  

Fraction of the non-protonated form of the nitroxide could be determined using the 

Equation 2.3. Then the equation that links surface electrostatic potential, pH, intrinsic 𝑝Ka
w and 

polarity contribution,  ΔpKa
pol

, could be derived as follows: 

𝛹 =
− ln(10) 𝑘𝑇

e
 (𝑙𝑜𝑔10 (

1

𝑓
− 1) + 𝑝H −  𝑝Ka

w −  ∆𝑝Ka
pol

) 
(2.5) 

For an accurate calculation of the surface electrostatic potential, a proper reference for 

Δ𝑝Ka
pol

 has to be established. This could be done by using (i) the pKa shift observed for fully 

screened SiO2-IKMTSL ([NaCl]=2.0 M, Δ𝑝Ka
el=0) (Figure 2.8), or (ii) the literature data66 on silica 

isoelectric point confirmed by our own results of -potential measurements (Figure 2.9). 
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Figure 2.8. Surface potentials calculated based on the results of SiO2-IKMTSL EPR titration in 

2.0 M NaCl solution (Δ𝑝Ka
el=0,  Δ𝑝Ka

pol
= -0.14; see Table 2.3). The solid lines represent the results 

of the liner fit. 

As we can see from Fig. 2.8, Δ𝑝Ka
pol

 obtained from a single experiment is not reliable for 

using as a reference, because the polarity contribution changes with the ionic strength. We believe 

that to account for the dependence on the NaCl concentration, using the data on isoelectric point 

(pI) obtained from -potential titration would be more accurate. 

As we have already shown, the isoelectric point for silica NP depends on the salt 

concentrations.  Thus, for the range of [NaCl] used in this work the following isoelectric points 

were chosen: pI = 2.5 for 0.05 M, pI = 4.0 for 0.2 M and 0.3 M, and pI = 4.5 for 0.5 M. We adjusted 
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Δ𝑝Ka
pol

 parameter in the Equation 2.5 so the surface potentials for all the samples to be =0 at 

pH=pI (Figure 2.9). The results of the linear fits of the experimental data into modified Eq. 2.5 are 

given in Table 2.4, and the calculated Δ𝑝Ka
pol

 shifts are given in Table 2.5. 

Figure 2.9. Electrostatic surface potentials calculated based on the assumption that at the 

isoelectric points ψ≈0. The following data for isoelectric points were used: pI = 2.5 for 0.05 M, pI 

= 4.0 for 0.2 M and 0.3 M, and pI = 4.5 for 0.5 M. Solid lines represent the results of linear fits. 

[NaCl]: 0.05 M (black), 0.2 M (red), 0.3 M (green), 0.5 (blue), 1 M (cyan), and 2 M (pink). The 

results of the linear fits are summarized in Table 2.4. 
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Table 2.4. Results of linear fits of surface potential data titration data for silica modified with 

IKMTSL (Figure 2.9). The isoelectric points used for calibrations are pI = 2.5 for 0.05 M, pI = 4.0 

for 0.2 M and 0.3 M, and pI = 4.5 for 0.5 M. 

 [NaCl], M ψ, mV Rsqr 

0.05 (80.91 ± 2.60) - (32.37 ± 0.41)pH 0.988 

0.2 (98.97 ± 2.05) - (24.78 ± 0.34)pH 0.989 

0.3 (76.92 ± 2.09) - (19.38 ± 0.33)pH 0.976 

0.5 (64.08 ± 2.09) - (14.35 ± 0.34)pH 0.923 

Using these fit results, the surface potentials at the locations of the nitroxide probe could 

be readily determined. For example, the samples with fully screened surfaces charges at [NaCl]= 

1.0 M and 2.0 M show zero surface potentials throughout the whole titration region.  As it could 

be seen from Table 2.5, the pKa shift gradually decreases with [NaCl], suggesting that nitroxide 

local environment is highly dependent on the salt concentration. 

Table 2.5. Δ𝑝Ka
pol

 shifts obtained based on the following  isoelectric points: pI = 2.5 for 0.05 M, 

pI= 4.0 for 0.2 M and 0.3 M, and pI = 4.5 for 0.5 M. 

 [NaCl], M 0.05 0.2 0.3 0.5 1.0 2.0 

𝚫𝒑𝐊𝐚
𝐩𝐨𝐥

 -1.98 -1.02 -0.72 -0.55 -0.30 -0.23 

Note that for 1.0 M and 2.0 M samples, the obtained Δ𝑝Ka
pol

 shifts are slightly different 

from what was determined from comparison of IKMTSL-ME and SiO2-IKMTSL titration data 

(Table 2.3): the polarity shift was found to be Δ𝑝Ka
pol

= -0.14 ± 0.04 for both [NaCl]=1.0 M and 

2.0 M. The difference, however, is not significant and can be attributed to an inaccuracy of 

magnitude of pI chosen for calculation. The fact that  ΔpKa
pol

 of SiO2-IKMTSL noticeably differ 
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from that of fully screened probe in SiO2-IMTSL (Table 2.1, [NaCl] = 2.0 M) suggests that the 

locations of these probes relative to the silica surface are different. 

2.4. Conclusions 

Electrostatic and dielectric properties of silica nanoparticles in a wide range of salt 

concentrations ([NaCl] = 0.05 M  2.0 M) were studied by means of spin labeling EPR. Two pH-

sensitive thiol-specific nitroxide probes – IMTSL and IKMTSL – were used to target pH regions 

where acidic (pKa≈4.5) and basic (pKa ≈8.5) silanols undergo ionization. To determine the intrinsic 

𝑝Ka
w of these probes attached to SH group of a thiol, we pH titrated adducts formed by IMTSL 

and IKMTSL with 2-mercaptoethanol.  The titration pH region of the first adduct, IMTSL-ME 

(𝑝Ka
w=3.33), covers the acidic area; silanols in this group constitute ~15% of total silanol 

population. The titration range of the second adduct, IKMTSL-ME, (𝑝Ka
w=5.98) allows to target 

the pH range where silica nanoparticles develop a significant charge due to ionization of silanols 

of both types. To take into account the effect of ionic strength on the pH measured by glass 

electrode, a correction model was developed and applied to all pH measurements.  

Ionic strength was found to have a strong effect on the pKa of the nitroxide probes. Thus, 

𝑝Ka
w of IMTSL-ME changed from 3.33±0.03 to 3.96±0.03 when [NaCl] increased from 0.05 M to 

2.0 M. In the same NaCl concentration range, 𝑝Ka
w of IKMTSL-ME changed from 6.01±0.04 to 

6.43±0.03. Upon this ionic strength change, pKa of the spin labeled silica nanoparticles, SiO2-

IMTSL, changed from 2.80±0.02 to 3.30±0.02.  

According to -potential titration, in 2.0 M NaCl solution the surface charges are fully 

screened, therefore the pKa shift is attributed to the polarity effect. Thus, for SiO2-IMTSL Δ𝑝Ka
pol

 

was found to be Δ𝑝Ka
pol

= - 0.66±0.04, whereas for SiO2-IKMTSL Δ𝑝Ka
pol

= -0.14 ± 0.04.  
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At NaCl concentrations in the range from 0.05 M to 0.5 M the electric charges on the 

surface of silica are not screened, and we analyzed the surface electrostatic potentials as a function 

of pH. Surface potential at the location of the reporter group of the nitroxide was found to grow 

linearly with pH.  Due to the partial screening of the SiNP’s surface, the slopes are decreasing 

while NaCl concentration is increasing. The polarity term (Δ𝑝Ka
pol

) was found to inversely 

correlate with [NaCl]. 

Using the literature data on the dependence of dielectric constant, ε, on the NaCl 

concentration, and our own data on the dependence of 𝑝Ka
obsof IKMTSL-ME on the NaCl 

concentration, a 𝑝Ka
obs-ε correlation plot was generated. We applied this correlation to estimate 

the dielectric constant in the location of the surface-tethered nitroxide. We have found that in 1.0 

M NaCl solution the spin probe in SiO2-IKMTSL (𝑝Ka
obs=6.14±0.03) was experiencing the local 

dielectric environment with =75.20. In 2.0 M NaCl solution, SiO2-IKMTSL (𝑝Ka
obs=6.29±0.02) 

was experiencing the local dielectric environment with =67.60. That means, that the environment 

of the probe attached to silica is more polar than that of the free probe in NaCl solution of the same 

concentration.  

To conclude, the results of this spin probe EPR studies demonstrate that the ionic strength 

of a solution dramatically impacts both electrostatic and dielectric properties of water-silica 

interface.   
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Appendix 2A: Influence of Ionic Strength on pH Calibration 

Using glass pH electrodes, one often observes significant errors due to the existence of 

cations similar to the proton in solutions. In particular, Li, Na, and K can give rise to proton 

measurement errors in concentrated solutions. These cations can exchange with the protons in the 

glass membrane of the pH electrode resulting in erroneous potentials across the membrane and 

thus erroneous pH. Another source of error is the change in proton activity due to the ionic strength 

of solution. 

Here, we present a simple method of correcting a pH-meter calibration for the ionic 

strength effects in case of concentrated NaCl solutions based on a standard potentiometric titration 

experiment. A series of titrations in NaCl solutions at different ionic strength was performed. 

Experimentally obtained titration curves were fitted with theoretical curves allowing to vary 

parameters that linearly recalibrate the pH axis. We found that single multiplicative parameter, 

that essentially recalibrates the slope of the pH dependence on the electrode potential, was 

sufficient to obtain high quality titration fits. A series of these recalibration parameters was then 

plotted against the corresponding solution ionic strength. Again, it was found that a linear fit 

provides a sufficient description of the concentration dependence. Thus, a single proportionality 

parameter p = 0.0266 M-1 was obtained providing a simple means of calculating the difference 

between corrected pH values pHcorr and experimental readings pHexp at a given ionic strength I: 

𝑝𝐻𝑐𝑜𝑟𝑟 − 𝑝𝐻𝑒𝑥𝑝 = 𝑝 ∗ 𝑝𝐻𝑒𝑥𝑝 ∗ 𝐼  
(2A.1) 

In order to estimate errors in pH readings a series of titration experiments was first 

performed. Batch solutions of NaCl in DI water at different ionic strength were prepared at 

concentrations 0M, 0.1M, 0.3M, 0.5M, 1.0M, 1.5M, 2.0M. For each concentration, a batch of 

200mL was split in two bottles, 100mL each. Both bottles were thoroughly bubbled with argon 
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gas and stirred for about 1-2h in order to displace carbonates from the solution. The pH was 

continuously monitored with pH-meter connected to PC and Matlab code collecting and plotting 

data. After the pH readings settled one bottle was mixed with about 0.5mL of HCl, intended as the 

titrant solution at about pH≈1. Although rather arbitrary, the pH of the titrant was carefully 

measured as it is a required parameter for further evaluation. The other bottle was mixed with a 

half of a sodium hydroxide pellet, about 50mg, bringing pH of the solution to about pH≈12. Again, 

precise target pH value is rather arbitrary, but precisely measured later during the titration. Keeping 

solution values around pH≈12, and titrant pH values around pH≈1 allows to collect titration curve 

in the wide range of pH≈12 to pH≈2 at total titrant infusion volumes between 5-15mL per 30mL 

of initial volume of the solution. 

 Initial volume of the alkaline solution and infusion volumes of the acidic titrant are another 

necessary prerequisite for further evaluation. In order to precisely control infusion volumes, we 

utilized high precision syringe pump. The syringe pump takes as a parameter the diameter of the 

syringe used. Although manufacturers provide syringe diameters, we corrected the values using a 

simple gravimetric measurement. Dispensing a known volume V (10mL) of DI water of known 

mass density ρ (0.99707g/mL at 25oC) one can weigh the mass of water m and correct syringe 

diameter given by manufacturer Dman to the corrected diameter Dcorr according to following 

formula: 

𝐷𝑐𝑜𝑟𝑟 = 𝐷𝑚𝑎𝑛√
𝑚

𝜌∗𝑉
  

(2A.2) 

After having a precise volumetric control and well calibrated pH-meter in the anticipated 

range of titration extent, we dispensed precisely 30mL of solution in a small 50mL beaker. This 

small beaker was placed in another water jacketed beaker tempered at 25oC and closed with laser 
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cut polystyrene lid with openings for pH-meter, and infusion and argon gas tubing. In fact, the 

whole infusion was done in such a manner that no contact of prior carefully bubbled titration 

solution with open air happened. The solution also remained well stirred with small magnetic bar 

and argon bubbled for the duration of the titration experiment. In a similar fashion we handled 

infusion of the acidic titrant. The infusion volumes were automatically controlled with a Matlab 

script allowing for collection of approximately pH equidistant points, set to about 0.1 pH step, but 

with minimal infusion volume about 5ul. The automatic titration was allowed to continue until 

target pH differential of 10 pH units or total infusion volume of 15mL was achieved, whichever 

came first. 

In the following, accumulated titration data were fitted with theoretical curve based on 

standard solution of equations of mass balance, electro neutrality and first order kinetic equilibrium 

equations (water dissociation equation in this case). This is again the best handled with a Matlab 

script that calculates expected pH values dependence on total titrant infused volume and on other 

initial titration parameters. The basic initial parameters can be expressed in terms of the pH of the 

titrant, initial pH of the solution, and initial volume of the solution, that are fixed and readily know 

through direct measurement. However, one quickly finds that fits, especially at high ionic strength 

are rather poor. In order to rectify the discrepancy, we modified pH axis with a linearly scaled 

equation, introducing new scaling parameters p1 and p2: 

𝑝𝐻𝑐𝑜𝑟𝑟 = 𝑝1 ∗ 𝑝𝐻𝑒𝑥𝑝 + 𝑝2  
(2A.3) 

Varying parameter p1 alone provided sufficient fit improvement. Varying parameter p2 as 

well improves slightly overall fitness values but we decided to set it equal to zero. The meaning 

of the parameter p2 is the pH offset at pH=0. Although physically meaningful it is expected to be 

a small value due to a high proton concentration in the solution (1 M at pH=0), which is for the 
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most part higher or comparable to the ionic strength range in this study. Such an offset would be 

most meaningful at ionic strength that maximizes deviation due to activity changes. Analyzing 

empirical Davie equation one can find that the most unfavorable case of ionic strength around 0.1 

M results in pH changes of about 0.1 pH unit. Setting p2 equal to zero also simplifies scaling 

equation to a single parameter p1. Parameter p1 is still dependent on the ionic strength. By plotting 

fitted values against ionic strength we can establish yet another linear dependence. We can assume 

p1 equal to one at zero ionic strength, as it should be an ideal titration in pure DI water, and write 

𝑝1 = 𝑝 ∗ 𝐼 + 1  
(2A.4) 

Thus, substituting equation (2A.4) into (2A.3) and setting p2=0 we arrive to the calibration 

equation (2A.1). 
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Figure 2A.1. Example of titration at ionic strength I = 1.5 M. Experimental values (black circles) 

were fitted with theoretical curve (red line). Fixed parameters of the fit were initial solution volume 

V = 30mL, titrant pHt = 1.05 and temperature t = 25oC. Optimal fit was achieved for variable 

scaling parameter p1=1.037. 

Table 2A.1. Dependence of scaling coefficient p1 on ionic strength of the solution. Linear fit with 

equation (2A.4) provides the scaling coefficient p = 0.0266 (0.0236, 0.0296) M-1 with 95% 

confidence bounds. 

Ionic 

Strength 

(M) 

0 0.1 0.3 0.5 1 1.5 2 

Scaling 

Coeff. p1 
0.999 1.002 1.005 1.02 1.029 1.037 1.053 
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Figure 2A.2. Dependence of scaling coefficient p1 on ionic strength of the solution. Graphical 

representation of Table 2A.1. 

Appendix 2B: Electrostatic shifts (∆pKa
el) as a function of pH 

Silica surface charges when the pH of a solution increases. During EPR titration, non-

protonated nitroxide fraction dependence on pH diverges from the classical Henderson-

Hasselbalch sigmoidal curve, which corresponds to eq.(2.3). This effect is shown in Figure 1.16 

and thoroughly discussed in Results and Discussion section in Chapter 1. Due to the charging 

surface, an effective pKa
obs of an attached nitroxide is dependent on pH because the ∆pKa

el 
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contribution in eq.(2.2) grows as a function of pH. Its value differs from ~0, when pH equals the 

isoelectric point, and up to ~3.4, in the case of fully charged surface in 0.05 M solution, where the 

screening effect is minimal. It is possible to estimate ∆pKa
el value using eq.(2.4) and function of 

ψ dependence on pH (Figure 2.9 and Table 2.4). Moreover, with calculated ∆pKa
el and estimated 

∆pKa
pol (Table 2.5), we can find a dependence of effective pKa

obs on pH. The results for salt 

solutions with different concentrations are summarized in Figure 2B.1 and Table 2B.1.  

As the salt contraction increases, the more prominent screening effect becomes. When 

[NaCl] = 0.05 M, the probe is fully exposed to the surface potential, and therefore, it shows the 

broadest range of ∆pKa
el (from 0 to 3.4) and the largest slope in Figure 2B.1 (black circles, black 

line). Meanwhile, when the surface is effectively screened, at [NaCl] = 0.5 M, ∆pKa
el does not 

exceed 0.7, thus showing that the local environment of the nitroxide is not significantly affected 

by the electrostatic contribution.  
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Figure 2B.1. Electrostatic pKa shift (∆pKa
el) of IKMTSL spin probe attached to SiNP surface 

depending on pH in solutions with different NaCl concentrations. 

Table 2B.1. Electrostatic pKa shift (∆pKa
el) and corresponding  pKa

obs of IKMTSL spin probe 

attached to SiNP surface depending on the pH of the solution. The results are presented for each 

NaCl concentration. 

[NaCl] = 0.05 M [NaCl] = 0.2 M [NaCl] = 0.3 M [NaCl] = 0.5 M 

pH ∆pKa
el pKa

obs pH ∆pKa
el pKa

obs pH ∆pKa
el pKa

obs pH ∆pKa
el pKa

obs 

4.41 0.99 5.02 4.58 0.31 5.37 4.51 0.21 5.60 5.05 0.05 5.68 

4.98 1.40 5.43 4.87 0.37 5.43 4.99 0.38 5.77 5.30 0.28 5.91 

5.21 1.41 5.44 5.21 0.54 5.60 5.32 0.44 5.83 5.68 0.42 6.05 

5.74 1.85 5.88 5.63 0.58 5.64 5.57 0.60 5.99 6.06 0.40 6.03 

5.95 1.87 5.90 5.91 0.80 5.86 6.07 0.63 6.02 6.24 0.45 6.08 

6.37 2.17 6.20 6.47 1.05 6.11 6.25 0.73 6.12 6.46 0.57 6.20 
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Table 2B.1. (continued). 

6.53 2.37 6.40 6.72 1.15 6.21 6.59 0.85 6.24 6.57 0.54 6.17 

6.81 2.52 6.55 7.16 1.27 6.33 6.78 0.88 6.27 6.82 0.53 6.16 

7.22 2.66 6.69 7.33 1.49 6.55 7.10 0.96 6.35 7.10 0.60 6.23 

7.55 2.75 6.78 7.66 1.64 6.70 7.31 1.14 6.53 7.39 0.67 6.30 

7.85 2.85 6.88 8.02 1.71 6.77 7.67 1.23 6.62    

8.05 3.08 7.11 8.57 1.91 6.97 7.98 1.45 6.84    

8.61 3.36 7.39      

Appendix 2C: Dielectric constant calibration based on pKaobs of IKMTSL-ME in salt 

solutions with various concentrations 

The effect of ionic strength on dielectric constant (ε) of bulk water has been thoroughly 

studied.76 Combining our EPR titration data for IKMTSL-ME in various NaCl concentrations 

(Table 2.2) with the previously reported data for ε, we were able to build a collaboration equation 

that allows estimating dielectric constant based on the pKa
obs of IKMTSL-ME spin probe (Figure 

2.7, solid line):  

ε = -(1537.66 ± 233.19) + (568.20 ± 74.96)*(pKa
Obs) - (49.76 ± 6.02)*(pKa

Obs)2  
(2C.1) 
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CHAPTER 3 

Thermal Unfolding and Monomer Migration in Anabaena Sensory Rhodopsin (ASR) in 

Lipid Bilayers by Site Directed Spin Labeling EPR 

Vladislav Perelygin, Sergey Milikisiyants, Maxim A. Voinov and Alex I. Smirnov 

 

3.1 Introduction 

3.1.1 Anabaena sensory rhodopsin (ASR) as a model system for membrane protein studies 

Structure and function of membrane proteins have been subjects of a large number of 

studies due to their key role in many cellular processes, such as ion regulation, enzymatic activity 

cellular reception, and many others.1,2 Membrane receptor proteins relay signals between the cell's 

internal and external environments. Typically, proteins need to fold to a certain conformation in 

order to function properly. It’s been shown that misfolding can be a primary cause for many severe 

diseases.3 Therefore, it is of tremendous importance to understand the mechanisms behind 

membrane protein assembly.  While folding mechanisms of soluble proteins have been extensively 

studied, membrane proteins are an extremely hard target due to the complexity of their 

environment. Factors, such as pH and ionic strength of the media, lipid composition of the 

membrane, temperature, have the most prominent effect on protein stability, folding, and an ability 

to form oligomers.4 When designing an experiment, not only does a researcher need to express and 

purify a sufficient amount of the protein, but also it is necessary to  artificially create the protein 

local environment closely mimicking the natural one. 

Among many membrane proteins, the rhodopsin family has attracted a significant interest 

from the scientific community. Due to extensive research efforts, genes corresponding to different 

types of rhodopsin have been found in many organisms including archaea, fungi, numerous 
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eubacteria, and viruses.5–7 The reason for such interest is that the diverse rhodopsin family is a part 

of G-protein-coupled receptors (GPCRs) superfamily, and they serve as a suitable model system 

for the research of membrane proteins and GPCRs in particular. GPCRs occupy a special place 

among other membrane proteins since they are one of the most common regulatory systems in the 

human body. There are approximately 950 genes corresponding to GPCR in human genome with 

half of them being sensory GPCR.8 Therefore, it comes as no surprise that approximately 34% of 

FDA approved drugs target GPCR,9  which creates a high demand in precise understanding of their 

function and structure.  

 Rhodopsin family is divided into two classes: bacterial rhodopsin, produced in Bacteria, 

Archaea, and some Eukaryotes, also recognized as type-I, and animal rhodopsins, known as type-

II.10 The very first representatives of these groups were bacteriorhodopsin (BR), light-dependent 

proton pump of Halobacteria bacteria,11 and Type II bovine visual rhodopsin,12 which was used 

as a model system to study vision in animals and humans. Several advantages, including high 

expression level and ease of isolation, made them a remarkable model for studying membrane 

proteins and their folding pathways using experimental techniques such as X-ray 

crystallography,13 solid-state NMR (ssNMR),14 cryogenic electron microscopy (cryo-EM),15 and 

high-speed Atomic Force Microscopy (AFM).16 

Although rhodopsins of different origins often considerably vary by their amino acid 

composition, they have the similar secondary structure of seven transmembrane α-helices (TM), 

also known as Opsin, which is a distinct feature of all GPCRs (Figure 3.1). Another property that 

is shared by majority of rhodopsins is the ability to bind with a chromophore retinal, which serves 

as a light-absorbing and energy-storing agent. After the retinal binding, a photoactive protein can 
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use it to execute one of its diverse functions, such as ion transport, enzymatic activity, and signal 

transfer in light registering complexes.   

Figure 3.1 demonstrates basic structural properties of rhodopsins with the C-terminus 

merged inside the cell and N-terminus placed outside of the cell. Its cofactor retinal is bound by 

forming a Schiff base with lysine in TM 7 helices.17 The Schiff base protonation state of the retinal 

serves as a trigger for signaling or transport activity. 

 

Figure 3.1. Cartoon representation of structure of a typical rhodopsin. (A) Rhodopsin immersed 

in a lipid membrane with retinal bound to TM 7 helix. (B) BR helixes arrangement. Adapted from 

literature.17 

Rhodopsin is functionally activated  when its cofactor retinal captures a photon of an 

appropriate wavelength. A closer look at this process reveals one of the fundamental differences 

between type-I and type-II rhodopsins (Figure 3.2). Bacterial rhodopsins typically have an all-
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trans configuration of retinal and, upon light absorption, it undergoes photoisomerization to 13-

cis retinal. Meanwhile, type-II retinal is in 11-cis conformation and it converts to all-trans form.10 

The absorption maximum, corresponding to the energy of π – π* transition, is determent by the 

length of the π-conjugated polyene chain, protonation state of the Schiff base, and local 

environment, that includes pH and ionic strength.18 Thus, retinal can absorb light in the range of 

400−700 nm depending on the conditions, causing different coloration in rhodopsins of different 

origins. 

 

Figure 3.2.  Retinal structure transitions upon light absorption. (A) Retinal transition in bacterial 

rhodopsins. (B) Light-driven transition in animal rhodopsin. (C) Diversity of rhodopsin types with 

an absorption maximum at different wavelengths; numbers correspond to the following 

rhodopsins:  (1) a blue- proteorhodopsin (LC1-200, pH 7), (2) Q105L mutant of LC1-200 (pH 7), 

(3) a green-proteorhodopsin (EBAC31A08, pH 7), (4) A178R mutant of green-proteorhodopsin 

(pH 7), (5) bacteriorhodopsin (pH 7), (6) H. salinarum sensory rhodopsin I (pH 4).17 

 

In order to enhance their stability, many proteins of the rhodopsin family tend to form 

oligomers. It has also been shown that oligomerization is directly correlated with protein 
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allostery.19 Oligomerization is affected by many factors, and its underlying mechanism may rely 

on different intra-molecular interactions. For instance, Gloeobacter rhodopsin forms the 

His87−Asp121 bond, also known as a salt bridge, which leads to trimerization of the protein.20 

While the formation of salt bridges seems to be a common feature,  other interactions often have 

a significant effect on the process. For example, it has been shown that in bacteriorhodopsin 

oligomerization is promoted by intrinsic glycolipid molecules.21 In Halorhodopsins this process is 

supported by intermolecular interaction between aromatic residues of the individual monomers.22 

Among the most common oligomerization patterns are dimers (e.g. channelrhodopsin23), trimers 

(e.g. Halobacterium salinarum bacteriorhodopsin24), penta- and hexamers (e.g. blue light-

absorbing PR25). Such multi-protein structures are hard to study due to the complexity of the local 

protein environment.  

Although it was shown that rhodopsin monomers are functionally active, monomerization 

might affect its activity and stability. In the attempt to find what might cause monomerization, 

researchers tried to use point mutations and diverse stress factors, including elevated temperatures 

and detergents.22,26,27 For instance, it was demonstrated that oligomers can be decomposed to 

monomers when they are solubilized in a detergent28,29, while mutation in His residue (H87M) of 

Gloeobacter rhodopsin, was shown to break the salt bridge, causing monomerization.20   

Thermal stability of integral membrane protein rhodopsin is crucial for many organisms 

living in elevated temperatures. Each of the rhodopsin molecules contains covalently bound 

cofactor retinal.  Because half-life time of a liberated retinal is about 1 h at 52 °C and shorter at 

higher temperatures,30 it has to be conformationally protected in the protein binding pocket in order 

to retain functionality. This is the case for Thermus thermophilus JL-18, a thermophilic bacterium 
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that lives at high temperature (75 °C). Thermus thermophilus uses thermophilic rhodopsin (TR) as 

a light-activated proton pump.  

Numerous studies demonstrated that a native lipid environment greatly promotes thermal 

stability of rhodopsins and prevents monomerization. For example, by using Size-Exclusion 

Chromatography (SEC) and visible Circular Dichroism (CD) spectroscopy, it was shown that  the 

TR trimers dissolved in a detergent irreversibly dissociate to monomer at 68 °C.31  However, the 

consequent AFM, ssNMR, and Raman spectroscopy studies revealed that in lipid environment TR 

forms pentamers and retains its oligomeric structure at its physiological temperature (75 °C).32  In 

addition to that, it was shown that monomeric TR remains functional, although it led to helixes 

conformational changes, and specifically in the retinal pocket.31  

The protein of interest in this work, Anabaena sensory rhodopsin (ASR), is a cyanobacteria 

rhodopsin that serves as a translational regulator and is known to be responsible for activation a 

soluble transducer protein for photosensory reception.33 In contrast to TR, ASR demonstrates  an 

enhanced oligomer stability. Using ssNMR, it was shown that ASR forms trimers that retain their 

structure even in the presence of detergents and when it is reconstituted in lipid environment.34,35 

Furthermore, a study, where ASR thermal unfolding was monitored through H/D exchange, 

suggested that trimers do not dissociate even at 80 °C, and that the oligomerization might be the 

key reason of its high thermal stability.36 Combination of site-directed spin labeling (SDSL), EPR 

and ssNMR allowed to elucidate the structure of the trimer  (Figure 3.3), where EPR was used to 

provide constraints with respect to intra-trimer distances between selected residues.37 
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Figure 3.3. ASR trimer with indicated mutation sites and corresponding distances. Thus, distance 

between two S26C mutation sites is approximately 3.2 nm, while labels at N148C sites show 4.9 

nm. Adapted from literature.37 

The studies of conformation of integral membrane proteins are particularly difficult 

because of the severely limited arsenal of chemicals to induce controllable monomerization and 

unfolding, as well as the pronounced propensity of such proteins to aggregate.  Thermal 

denaturation methods are becoming increasingly popular to characterize the protein stability 

because of ease of implementation and nearly universal applicability to different protein classes. 

While many biophysical methods could be employed to monitor thermal rearrangements in 

proteins at a large scale, SDSL EPR brings in the capability to monitor local unfolding events.  

In this study, CW EPR and site-directed spin labeling were employed to elucidate the 

mechanism of thermal unfolding in ASR monomers. To target different regions of the protein, two 
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mutations were introduced, S26C to the helix A and N148C to the loop E-F. Then the cysteine was 

labeled with MTLS spin label (Figure 3.3) according to the procedure described earlier.37 It was 

previously proven that these mutations do not cause protein misfolding.38,39 In addition, Double 

electron-electron resonance (DEER) traces have been measured for S26C ASR with paramagnetic 

dilution factors 1:6 (labeled to unlabeled mutants) and 1:4 (labeled mutant to wild-type ASR). The 

effect on the protein conformation upon heat exposure was investigated, resulting in a proposition 

of a monomer exchange model. 

3.1.2 Double electron-electron resonance (DEER) theory 

Over the past two decades, double electron-electron resonance (DEER) spectroscopy has 

been established as one of the most applied tools for measuring nanometer scale distances and 

distance distributions in disordered (non-crystalline) samples.  

Up to this date, the dead-time free four-pulse DEER sequence40 remains the most used 

pulsed EPR method for inter-spin distance measurements. This pulse employs microwave pulses 

at two separate frequencies:  three pulses at “observer” frequency 𝜈1 and one pulse at “pump” 

frequency  𝜈2 (Figure 3.4). Thus, electron spins involved in a DEER experiment are of two groups: 

A-spins, excited by the three observer pulses and B-spins, excited by the single pump pulse. These 

two spin sub-ensembles are selected to be spectrally well separated to avoid simultaneous 

excitation by both applied frequencies.  In a DEER experiment, interspin distance information is 

obtained via direct observation of their magnetic dipole-dipole coupling.  
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Figure 3.4 Schematic representation of the four-pulse DEER sequence.  Delays τ1 and τ2 between 

the observer pulses (blue) are fixed, delay t between the primary echo and the pump pulse (red) is 

varied. Refocused echo intensity, observed at time 2 ∗ (τ1 + τ2) after the first observer pulse, is 

monitored as a function of the delay t. Picture adapted from the literature.41 

In further description of DEER, we will neglect electron spin relaxation for simplicity. 

Without the pump pulse, the observer spins would be fully refocused to their initial magnetization 

at time2 ∗ (τ1 + τ2) after the first observer pulse creating a refocused spin echo. When the pump 

π-pulse flips B spins, it inverses the direction of the dipolar magnetic field induced by these spins 

and therefore changes the local magnetic field experienced by A spins. This shifts the precession  

frequency of A-spins by ±𝜔𝑒𝑒,𝑖 (corresponding to A-𝐵𝑖 magnetic coupling), which in turn induces 

the phase shift of their   magnetization 𝜙 = ±𝜔𝑒𝑒,𝑖𝑡. This phase shifts decrease the refocused echo 

amplitude inducing periodic modulations (as 𝑡 is valied) of the observed signal. In real systems, 

its spin pairs are not fully isolated.. Therefore, it is usually necessary to take into account the effect 

of multiple B-spins simultaneously interacting with each of the A-spin. Let’s denote by λ < 1 the 
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fraction of B-spins flipped by the pump pulse. Thus, the dependence of echo amplitude on 𝜔𝑒𝑒,𝑖 is 

defined by equation:  

𝜈(𝑡) = ∏(1 −  𝜆𝑖[1 − cos(𝜔𝑒𝑒,𝑖𝑡)])

𝑖

 
(3.1) 

where ν(t) – amplitude of refocused echo signal,  ωee,i -electro-electron coupling, λi – fraction of 

the magnetically coupled B-spins excited by the “pump” pulse.41 

Magnetic dipole-dipole coupling between two isolated spins A and B depends on the angle 

𝛩 between the external static field and the vector connecting these spins: 

𝜔𝑒𝑒 = 𝜔𝑑𝑑(3𝑐𝑜𝑠2𝛩 − 1) (3.2) 

Here 𝜔𝑑𝑑 is dipole-dipole coupling constant defined as, 

𝜔𝑑𝑑 =
𝑔𝐴𝑔𝐵𝜇𝛽

2 𝜇0

4𝜋ℎ

1

𝑟3
 

(3.3) 

where gA and gB – g-values for A and B spins, μβ - Bohr magneton, r – distance between the spins. 

By measuring spin echo amplitude as a function of time t, it is possible to obtain the distance 

between the spins.  

The B-spins coupled to an A-spin usually consist of a single B-spin located on the same 

molecular frame with the A-spin and multiple B-spins not rigidly connected to the A-spin and thus 

randomly distributed in space with respect to the A-spin. In this case,  the observed spin echo 

amplitude (DEER signal) can be written in the following form:  

𝜈(𝑡) = (1 − 𝜆 [1 − ∫ cos (𝜔𝑑𝑑 (1 − 3
1

0

𝑐𝑜𝑠2𝛩)𝑡) 𝑑 cos 𝛩]) B(t) 
(3.5) 
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Here 𝜔𝑑𝑑 is the coupling between the A-spin and spatially correlated B-spin 

(intramolecular contribution) and B(t) is a background decay coming from randomly distributed 

B-spins(intermolecular contribution).  

During the signal post-processing, B(t) is carefully estimated and subtracted. Thus, permits 

extraction of the so-called form factor -  periodically modulated function corresponding to spatially 

correlated A-B spins dipolar coupling (Figure 3.5). One of the essential features of the DEER form 

factor is its modulation depth. In case, where more than one B-spin is spatially correlated with an 

A-spin, the modulation depths is proportional to the number of spatially correlated B-spins (Figure 

3.5 B). This property for example can be used to count number of monomers in an oligomer.   

 

Figure 3.5. (A) An example of a DEER trace. The background function (solid red line) is fitted 

and subtracted during the signal postprocessing. (B) The extracted form factor, representing a 

dumped oscillating function and corresponding to spatially correlated B-spins. Adapted from 

literature.41 
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3.2 Experimental Section 

3.2.1 ASR expression, labeling and reconstitution in lipids 

Samples were expressed, labeled, and reconstituted by Prof. Ladizhansky’s research group 

(University of Guelph, Guelph, ON, Canada). The two Cys mutants of ASR, N148C and S26C, 

were employed in this study. S26C mutation is located on the A-helix loop facing towards the 

confined space between the helixes. N148C is located on the E-helix loop, exposed to the 

environment outside the protein. Protein samples were labeled with a nitroxide MTSL- 

methanethiosulfonate (Figure 1.7, Chapter 1)  spin label highly specific to SH groups of cysteines.  

The spin labeling procedure was applied to a protein solubilized in detergent (DDM).  When the 

spin labeling procedure was complete, the spin labeled protein was reconstituted into DMPC-

DMPA (9:1, w/w) lipid vesicles; excess detergent was removed using Bio-beads (SM-II, Bio-Rad 

Laboratories, Inc., Hercules, CA, USA). Two samples were prepared: 1 to 6 mixture of labeled 

and unlabeled ASR, respectively, as well as 1 to 4 labeled to wild type ASR. The need for dilution 

was due to fact that pure labeled ASR demonstrated short electron spin relaxation times (in 

particular T2) and, subsequently, fast echo decay during DEER experiments. Also, the unwanted 

background signal in the DEER traces caused by intermolecular magnetic interactions was 

strongly pronounced in the undiluted samples. The diamagnetic dilution both, increased electron 

spin relaxation and strongly decreased the background signal, which in turn helped to improve 

accuracy of determination of distance distribution especially over the longer distances. The 

diamagnetic dilution ratios 1:4 and 1:6 were shown to be optimal for DEER spectroscopy.37 

Finally, the samples were suspended in D2O based buffer with 24 mM Chess, 10 mM NaCl and 

adjusted to pH=8.9. The solution was transferred to Q-band quartz tubes (O.D. = 1.6 nm,  I.D. = 

1.1 nm, VitroCom, Maintain Lake, N), and the liquid excess was removed. 
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3.2.2 EPR measurement of ASR thermal unfolding 

X-band (9.5 GHz) continuous wave (CW) EPR spectra of the spin labeled protein were 

acquired using either Bruker Biospin (Billerica, MA) ELEXSYS E500 spectrometer equipped with 

a Selected Super High-Q Sensitive Resonator or ELEXSYS E580 spectrometer  equipped with a 

standard rectangular TE102 microwave cavity. The magnets with EPR probeheads were located at 

about 8 ft from each other allowing for a rapid (a few seconds) switching between the experimental 

condition. All CW EPR spectra were obtained using following experimental settings: modulation 

amplitude was set to 1 G; time constant, 20.48 ms; conversion time 20.55 ms, scan width 120 G, 

sweep time 42.09 s, incident microwave power, 6.3 mW.  The number of accumulated scans was 

varied depending on the EPR signal intensity. On average, 15 scans were collected and averaged 

out to achieve a satisfactory signal-to-noise ratio. 

The  ELEXSYS E500 spectrometer was outfitted with The Digital Temperature Control 

System, ER 4141VT, which was employed to control the temperature inside the microwave 

resonator. To avoid the effects of unwanted temperature gradients and accurately estimate actual 

temperature of the sample, a thermocouple emerged in mineral oil inside a Q-band quartz tube was 

used to mimic the thermal properties of the sample.  

CW EPR spectral acquisition was performed in the following steps. First, the sample was 

rapidly inserted to the pre-heated cavity of the  ELEXSYS E500 spectrometer and a  spectrum was 

collected over ca. 2 min period. After that, the sample was cooled back to room temperature, and 

another spectrum was collected using ELEXSYS E580 at room temperature (21 oC). Therefore, 

two CW EPR spectra were collected for each temperature step: i) during the heat exposure and ii) 

at room temperature after. The CW EPR spectra were analyzed using a two-state model to derive 
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the fraction of the unfolded component that was plotted as a function of temperature. CW EPR 

measured at room temperature was used to control label stability upon heat exposure.  

The spectra were analyzed using a two-state model to derive the fraction of the unfolded 

component that was plotted as a function of temperature.  Double integrals of the spectra at room 

temperature were calculated to evaluate stability of the nitroxide upon the heat exposure. 

3.2.3 Reversible thermal monomerization-trimerization of ASR followed by DEER  

Trimer exchange in ASR protein was studied by Q-band (34 GHz) DEER spectroscopy. 

The spectra were measured using a custom-built Bruker ELEXSYS E580 spectrometer outfitted 

with SuperQ-FT bridge and SuperQ-FT Solid State 10 W Amplifier (all components are from 

Bruker Biospin, Billerica, MA, USA). Bruker ER 4118CF flow cryostat operated with liquid 

nitrogen was employed to maintain 74 K during the measurements. Dead-time-free four-pulse 

sequence40 was used with the following parameters: pump and observer frequencies equal 

33.786GHz and 33.726 GHz, respectively; magnetic field was set to 12.009.8 G; three observer 

pulses had fixed position; time separation between the first and the second pulse of τ1 = 140 ns, 

and the separation between the second and the third pulse was τ2 = 2340 ns; the lengths of the 

observer pulses were set to 16 and 28 ns for the π/2- and π-pulses, respectively, and the pump pulse 

was 22 ns; pump pulse increment was 2-ns for the overall range of 2200 ns. 

A lipid reconstituted SR sample in a Q-band capillary tube was subjected to heating for 30 

s at a target temperature. To do that, the sample was inserted into a pre-heated copper block with 

a drilled hole to closely match the diameter of the Q-band tube. The temperature of the sample was 

monitored by a thermocouple immersed in the mineral oil inside a separate Q-band tube inserted 

into another hole of the same copper block.  The copper block was placed in a compartment of a 

thermocycler (VWR, analog dry block heater, Model #949310) which was set to a desired 
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temperature.  The measurements with a thermocouple indicated that the sample was fully 

equilibrated to a target temperature in less than 30 s upon insertion of the Q-band EPR tube into 

the pre-equilibrated copper block.  

After the equilibration of the sample at a target temperature, the sample was flash-frozen 

by immersing the tube into iso-pentane maintained at approximately -150 oC (123 K). A beaker 

with iso-pentane was placed into a liquid nitrogen bath, and when the temperature in the beaker 

reached ~-150 oC, ASR sample was flash-frozen. The Q-band tube with a frozen ASR was inserted 

into a precooled EPR cryostat at 77 K. After each measurement and before the next heat exposure, 

ASR was kept wrapped in aluminum foil for 5 to 10 min to let it completely equilibrate with room 

temperature. The same protein sample (S26C or N148C mutant) was used in the heating-cooling 

cycles, so the collected data are the result of cumulative hearing steps each time to a higher 

temperature.   

3.3 Results and Discussion 

A series of CW EPR measurements were performed to investigate thermal unfolding of 

ASR. Rotational correlation time of a nitroxide spin label is an extremely sensitive indicator of the 

label local environment. That is reflected in the shape of CW EPR spectra. These changes provide 

means for monitor local effects of thermal unfolding. An EPR spectrum corresponding to a spin 

label in a slow-motion regime suggests that the label is conformationally restricted. Such 

molecular movement restrictions indicate that the protein is in its compact folded conformational 

state. The protein unfolding decreases steric restrictions. This decreases the rotational correlation 

time of a spin label which in turn decreases spectral line width resulting in observable sharpening 

of the spectral features. It should be noted, however, that due to motion restriction imposed by the 
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linker and covalent attachment of the probe, EPR spectra inevitably exhibit broadening of the 

spectral features caused by incomplete averaging of magnetic anisotropies.  

The two mutants studied, N148C (Figure 3.6) and S26C (Figure 3.7), were found to have 

different transition temperatures. EPR spectra acquired at room temperature demonstrate the spin 

label being in a slow-motion regime, suggesting that the protein is in the folded state. Gradual 

temperature increase results in observable changes of the EPR spectra, caused by a decrease of  

rotation correlation time. As temperature increased, the spectral features corresponding to the 

unfolded protein became more pronounced. Finally, at 74 oC for N148C and 96 oC for S26C, the 

spectral features corresponding to the folded form of ASR completely vanished. EPR spectra did 

not change when the protein was further exposed to higher temperatures, which confirmed that the 

unfolding was complete. Thus, for N148C the spectral changes were observed in the temperature 

range 55 to 70 oC (Figure 3.6 A), while S26C demonstrates the transition at higher temperatures - 

from 74 to 94 oC (Figure 3.7 A). This suggests that the S26 site is located in a more confined local 

environment, which is also confirmed by its spectral features corresponding to slower spin label 

motion. That is expected since  the S26C spin probe faces the inter-helical space. 
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Figure 3.6. Thermal unfolding of N148C mutant monitored by CW EPR spectroscopy. (A)  EPR 

spectra, each on  measured at indicated temperature. (B) EPR spectra, each measured at room 

temperature after the sample exposure at indicated temperature. 

After each heat treatment cycle, an EPR spectrum was acquired at room temperature for 

each of the mutants (Figure 3.6 B and Figure 3.7 B for N148C and S26C mutants respectively). 

All room temperature spectra demonstrate the same pattern: regardless of the treatment 

temperature that the protein was exposed to, each room temperature adapted sample showed 

spectral features corresponding to the slow-motion regime of the spin label indicating that the 

nitroxide is located in a conformationally restricted region.  Moreover, all the room temperature 

adapted spectra were nearly identical to that measured prior to the heat treatments.  
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Figure 3.7. Thermal unfolding of S26C mutant monitored by CW EPR spectroscopy. (A)  EPR 

spectra, each on  measured at indicated temperature.  (B) EPR spectra, each measured at room 

temperature after the sample exposure at indicated temperature.  

This suggests, that after being exposed to elevated temperatures, the protein returns to its 

original folded conformation upon adapting it to room temperature. This in turn strongly indicates 

an important property: the unfolding process caused by the protein heat treatment is fully 

reversible, at least on the scale of the spin label conformational volume (~1nm).    

It is important to note here however, that for S26C mutant (Figure 3.7 B) a very small 

fraction of free radical appeared on the EPR spectra corresponding to temperatures above ~70 oC 

gradually growing upon accumulation of the heat exposure. This could be due to incomplete 

labeling, which provides conditions for thiol-disulfide exchange reaction.42  

For each of the measured EPR spectra  the double integral over the magnetic field axis has 

been numerically calculated (Figure 3.8). Its value is proportional to the total number of spins in 

the sample and hence can be used to monitor the changes in the overall spin concentration. The 
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observed spin concentration remained roughly the same throughout the whole thermal unfolding 

process for N148C and started to decline at temperature above ~83 oC for S26C. At 89 oC, the 

S26C sample lost ~11% of its initial spin labels. After exposure to 91 oC the number of the spins 

decreased by ~19%. Eventually, at 94 oC, S26C sample retained about 77% of its original spin 

label concertation. However, the room temperature adapted spectrum measured after this heat 

treatment showed only a minor fraction of free label (in the order of 1%), suggesting that the signal 

intensity reduction might be due to a partial reduction of the nitroxide label occurring at higher 

temperatures. This effect  is minor at lower exposure temperatures and becomes more pronounced 

at ~89 oC and above. It is also worth noting that the disulfide attachment of the spin probe is 

sufficiently stable.  

 

Figure 3.8. Dependence of the doubly integrated EPR signal measured for room temperature 

adapted samples on heat exposure temperature. Data correspond to S26C (open circles) and N148C 

(filled circles). 
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EPR spectra at intermediate range heat exposure temperatures represented a superposition 

of two fractions: corresponding to folded (native) and unfolded protein conformations (Figure 3.9), 

confirming the above suggested idea of a two-state folding process. 

 

Figure 3.9. Numerical decomposition of the experimental EPR spectrum of N148C acquired at 64 

oC into two fractions:  corresponding to folded  and unfolded state. 

For each target temperature, the fraction of the unfolded ASR was determined and plotted 

as a function of the target temperature (Figures 3.10 A and 3.11 A for N148C and S26C mutants 

respectively). The sigmoidal shape of these functions is characteristic of  a two-state transition 

process, providing another indirect confirmation of the proposed two-state folding model. Rather 

unexpectedly, the temperature related parameters of the s-shaped dependencies were found to be 

strikingly different for two mutants. Specifically, for N148C the unfolding transition was found to 

be approximately within the range of 52 oC  to 70 oC with the denaturation midpoint (Tm) equal 62 

oC. On the other hand, S26C site experienced thermal unfolding at 76 to 94 oC and Tm ≈ 88 oC. 
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This indicates that the site on A-helix is thermodynamically more stable than on E-helix. In 

contrast to the inter-helical label at S26 position, the probe located in the loop region at N148 site 

faces the external environment, which imposes fewer conformation restrictions, resulting in 

substantially lower measured Tm. 

Taking into account the fact that the experimental results suggest the unfolding process is 

reversible at least locally in the vicinity of the labeled sites, the Van't Hoff approach can be 

employed to estimate their unfolding activation parameters, namely reaction enthalpy ∆H and 

reaction entropy ∆S . For that purpose, equilibrium constants were calculated using the following 

expression (calculated for each experimental temperature point): 

𝐾𝑒𝑞 =
[𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑]

[𝑛𝑎𝑡𝑖𝑣𝑒]
 

(3.6) 

where [𝑢𝑛𝑓𝑜𝑙𝑑𝑒𝑑] and  [𝑛𝑎𝑡𝑖𝑣𝑒] are unfolded and folded protein fractions, respectively.   

Figures 8B-9B show dependencies of log-scaled 𝐾𝑒𝑞 on inverse temperature for N148C 

and S26C, respectively. Using the slopes and intercepts of the least square linear fits, the values of 

∆H and ∆S for  were estimated for both mutants and are summarized in Table 3.1. Alternatively, 

fractions can be fitted with a sigmoidal curve obtained from Van’t Hoff equation: 

𝑓 =
1

1 +
1

𝐾𝑒𝑞

=
1

1 + exp (
1
𝑅 (

∆H
𝑇 − ∆S ) )

  
(3.7) 
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Figure 3.10. (A) Dependence of the unfolded fraction on heating temperature for the N148C 

mutant. Sigmoidal fit was obtained using eq.(3.7); (B) The corresponding Van‘t Hoff plot. 

 

Figure 3.11. (A) Dependence of the unfolded fraction on heating temperature for the S26C mutant. 

Sigmoidal fit was obtained using eq.(3.7); (B) The corresponding Van‘t Hoff plot.  
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Table 3.1. Estimated values of thermal unfolding  enthalpy (∆H) and entropy (∆S) for N148C and 

S26C mutants based on the Van‘t Hoff method.  

Sample N148C S26C 

a ∆H, kcal*mol-1 70.24 ± 7.88 87.68 ± 10.75 

b ∆H, kcal*mol-1 65.60 ± 8.22 50.84 ± 4.99 

a ∆S,  kcal*mol-1*K-1 0.209 ± 0.023 0.243 ± 0.030 

b ∆S,  kcal*mol-1*K-1 0.196 ± 0.025 0.141 ± 0.014 

Tm, oC 62.0 ± 0.4 87.3 ± 0.4 

aThe values are calculated based on the sigmoidal Van‘t Hoff fit, eq.(3.7) (Fig. 3.10 A and 3.11 

A); bCalculationd based on the linear fit using classical Van‘t Hoff plot (Fig. 3.10 B and 3.11 B). 

In order to further investigate the process of thermal unfolding a series of DEER 

experiments was performed for a sample containing spin labelled S26C mutant  diamagnetically 

diluted (using the unlabeled S26C mutant) with 1:6 ratio (labeled to unlabeled ASR). It has been 

shown previously that DEER spectroscopy can be successfully applied to detect intra-monomer 

distances, while the interaction between trimers in hexagonal lattice contributes only to the 

background signal and their distance distribution cannot be extracted.37 The distance between the 

labeled intra-trimer monomers (Figure 3.3)  of the untreated sample was remeasured and found to 

be identical (within small experimental inaccuracy) to the previously reported 3.27 ± 0.26   nm37 

and taken as a reference for the following experiments.  

As an attempt to capture the protein in its unfolded state, a rapid freeze trapping of 

thermally unfolded protein was applied. In the case of successful trapping, the distance was 

expected to change compared to the untreated sample. If in turn a subsequent DEER measurement 
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for the  room temperature adapted sample provided the distance identical to the reference (distance 

in the untreated sample), that would provide additional support to suggested reversibility of the 

ASR unfolding. However, analysis of the acquired DEER traces did not reveal any noticeable 

changes in distance distribution between the freeze trapped and room temperature adapted samples 

(Figure 3.12). Considering the clear observation of thermal unfolding of ASR by CW EPR 

spectroscopy,  one may conclude that the time scale of the freeze-trapping process might be 

insufficiently fast, thus providing enough time for the protein to relax to its folded state. 

 

Figure 3.12. Distance distributions for the S26C ASR (1:6 diamagnetically diluted by the 

unlabeled trimers) freeze-trapped immediately after the heat exposure. The distance distributions 

of for the untreated sample (labeled as Reference) as well as for the sample exposed to 87 oC for 

30 seconds and shock-frozen after being room temperature adapted are also shown. (A) raw (as 

extracted from the actual DEER traces) distributions; (B)  normalized distributions. 

Figure 3.12 shows  distance distributions obtained for the heat-treated sample as well as 

the distance distribution measured for the untreated sample and used as a reference.  All 
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distributions correspond to the same average intra-monomer distance that equals approximately 

3.3 nm. The shape distance distribution was found to slightly broaden, and the value of its integral 

was found to decrease significantly  with the increase of temperature of the heat exposure. The 

most likely explanation of this phenomenon is the inter-trimer monomer exchange process, which 

will be further discussed in more details.  

Besides the shape of the distance distribution, the value of its first integral, which is directly 

proportional to the DEER signal modulation depth, Δ, is another useful source of information about 

electron spin-spin interactions. By monitoring the DEER modulation depth, one can analyze the 

labeled vs unlabeled fractions within the ASR trimers. The modulation depth of S26C sample with 

a paramagnetic dilution factor of 1:6 was measured and is shown in Figure 3.13A. Its value directly 

depends on the probability of more than one spin to be within the same ASR trimer. However, to 

properly assess this number, it is necessary to take into account the probability to excite a so called 

“pumped” spin during a DEER experiment. The equation that expresses DEER modulation depth, 

Δ,  and the “pumped” spin excitation probability, λ was provided previously:37 

Δ = 2𝜆 − 𝜆2  (3.8) 

Simple rearrangement of the equation yields: 

𝜆 = 1 −  √1 − Δ   (3.9) 

DEER modulation depth as a function of heat exposure temperature (above 70 oC)  is 

shown in the Figure 3.13A (filled circles), this includes modulation depth measured for the 

untreated sample (one empty circle). Corresponding spin excitation probabilities calculated using 

Equation 3.9 and subsequently normalized to yield 1.0 for the untreated sample are shown in 

Figure 3.13B.  As can be seen, the cumulative heat exposure decreases spin excitation probability 
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, thus suggesting that fewer chance of two more spins to be within the same ASR trimer. This trend 

continues to a point where the normalized excitation probability reaches the value of λ≈0.35 ± 0.06 

for 90 oC. After that, λ showed only a minor decline (λ≈0.26 ± 0.03) even upon dramatic increase 

of the heat exposure (3 minutes exposure at 84 oC) (Figure 3.13B, red circle). Moreover, the 

subsequent exposure for 6 min at 84 oC (Figure 3.13B, green circle) did not indicate any substantial 

change (λ≈0.23 ± 0.03), suggesting that the sample approaches a plateau corresponding to the 

value of its lower bound. Existence of the non-zero lower bound for λ is more evident if λ is 

considered as a function of cumulative heat exposure. As a parameter characterizing, we have used 

a product of exposure time and trimer exchange rate introduced to the discus later. The 

corresponding plot is shown in Figure 3A.1 of Appendix 3A. 

Figure 3.13. S26C sample with 1:6 diamagnetic dilution subjected to heat exposure at different 

temperatures (filled circles). The open circles show the untreated sample. Red and green circles 

show 3- and 6-min exposure at 84 oC, respectively. (A) DEER modulation depth (Δ). (B) 

Normalized spin excitation probability (λ). 
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To exclude the possibility that the λ decrease  might be due to thermally induced disulfide 

bond breakage, which would result in a spin label detachment,  CW spectra for several selected 

heat expose temperatures were acquired right after to the corresponding DEER experiments. The 

spectra are shown in Figure 3.14. The spectra were virtually to those previously measured to 

investigate the thermal unfolding (Figure 3.7 B). Only a very minor fraction of free label appeared 

after substantial cumulative heat exposure. However, the comparison of double integrals of the 

measured CW EPR spectra between 90 oC (for 30 sec) and 84 oC (for 6 min) spectra indicates 

more pronounced but still rather minor decay of spin concentration, by approximately 13%. This 

suggests that a small fraction of the spin label was reduced upon the cumulative heat exposure. 

However, in contrast to the previous experiment (Figure 3.8) the rates were much slower due to 

the shorter treatment time (30 sec vs 2 min), and subsequently smaller level of the cumulative heat 

exposure. 
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Figure 3.14. CW spectra of the 1:6 diamagnetically diluted S26C sample. The spectra were 

taken at room temperature after the indicated heat exposure. 

The most probable reason for the modulation depth behavior upon the cumulative heat 

exposure could be explained using the specifics of ASR oligomerization. In a DEER experiment 

the echo amplitude and hence the monitored signal is proportional to the number of  spins being 

excited by the “observer” pulses. Within a trimer an observer spin may interact with none, one or 

two ”pumped” nitroxide spins , corresponding to one, two or three spin labeled monomers in a 

trimer, respectively. If there is zero spin labeled monomer in a trimer, no DEER signal is detected. 

If only one spin labeled monomer is present in the trimer, DEER signal is not modulated and 

represents pure background decay due to inter-molecular interactions. It has been shown 
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previously that upon solubilization and subsequent reconstitution in lipids, ASR trimers remain in 

their  composition.43,44 Therefore, it is expected that in untreated samples, the hexagonal lattice of 

ASR consists of a random mixture of fully labeled and fully unlabeled trimers. Once the sample is 

subjected to a substantial thermal stimulus, monomers from neighboring trimers exchange their 

positions, effectively “mixing” the oligomer compositions (Figure 3.15). This process continues 

until the protein lattice reaches its equilibrium state when the trimers represent a fully random 

combination of labeled and unlabeled monomers. This leads to the decrease of the  observed DEER 

modulation via decrease of the probability of two or three spins to be within the sample ASR trimer 

(Figure 3.12 A). When the “randomization” process is complete for the 1:6 paramagnetic dilution 

sample, the probabilities to detect a trimer with two and three labeled monomers are 0.245 and 

0.020, respectively. Considering that in each fully labeled trimer an observer spin interacts with 

two other spins, the average number of neighboring spins (within the same trimer containing the 

“observer” spin) is 0.285. That value is in good agreement with the  estimated lower bound of the 

normalized excitation probability, λ,  for the 1:6 ASR sample, (≈0.26 ± 0.03), thus confirming the 

proposed inter-trimer monomer exchange mechanism. The small difference between the λ values 

corresponding to exposures at 84 oC (for 3 min) and 84 oC (for 6 min)  (Figure 3.13 red and green 

circles) by a factor of 1.16 ± 0.20 times, is negligibly small and most likely attributed to a minor 

fraction of nitroxide being reduced. 
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Figure 3.15. Cartoon representation of the inter-trimer monomer exchange mechanism for 1:6 

dilution sample. Blue pointers indicate the exchange process. Initially, all hexamers contain either 

fully labeled (red circles) or unlabeled (yellow circles) monomers. After heat exposure, some 

labeled monomers exchange their positions with unlabeled ones. Finally, the sample reaches its 

fully “randomized” equilibrium state. 

Assuming that the monomer exchange is the 1-st order kinetic process, the reaction rates 

can be estimated using the following equation: 

𝑑𝜆

𝑑𝑡
=  

𝜆0 − 𝜆 −  𝜆𝑙𝑖𝑚

𝜏
 

 

 (3.10) 

where λ is current “pumped” spin excitation probability, λ0 corresponds to the previous state, λlim 

is the lower bound that was estimated experimentally, t is the heat exposure time, 𝜏 is exchange 

time constant  

The value of λ  corresponding to the current state can be found: 

𝜆 = 𝜆0𝑒−𝑟𝑡 +  𝜆𝑙𝑖𝑚  (3.11) 

where, exchange rate r = 1/ τ was introduced. 



 

132 

Since the heat exposure was a series of subsequent events, Equation 3.11 can be rewritten 

in recursive form: 

𝜆𝑖 = 𝜆𝑖−1𝑒−𝑟𝑖𝑡 +  𝜆𝑙𝑖𝑚  (3.12) 

Finally, simple rearrangement yields:  

𝑟𝑖  =
−ln (

𝜆𝑖 −  𝜆𝑙𝑖𝑚

𝜆𝑖−1
)

𝑡
 

 (3.13) 

In general, the value of λlim depends on the paramagnetic dilution factor. In the case of 1:6 

sample, its value can be estimated ad ≈0.26 ± 0.03, the value of λ corresponding to 3 min exposure 

time at 84 oC. The  monomer exchange rates calculated using Equation 3.13 are shown as a 

function of exposure temperature in Figure 3.16 A. 

Figure 3.16. Calculated exchange rates and the corresponding d-Arrhenius plot for 1:6 ASR. (A) 

The rates calculated using Equation 3.13; (B) d-Arrhenius plot: the solid line represents the least 

square fit with the function provided in Equation 3.14. The function parameters can be found in 

Table 3.2.  
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Using the calculated rate values, it is possible to estimate activation energy for the 

monomer exchange process. For that purpose, natural logarithm of the rates is plotted against the 

reverse temperature (Figure 3.16 B). The graph demonstrates a profound concave shape, an 

indication that the activation energy grows as a function of temperature. Such process  property is 

known in the literature as Sub-Arrhenius behavior.45 Generally, it is observed in chemical reactions 

and attributed to quantum tunneling. However, in our case, the quantum tunneling is highly 

unprovable due do large size of the monomers. Thus, an alternative explanation of this 

experimental observation is required. One of the possible reasons for the observed temperature 

dependence of the  calculated activation energy is that Equation 6 assumes the total number of spin 

labeled monomers to be unchanged during the duration of the experiment. In reality as we 

mentioned earlier, cumulative heat treatment results are minor but clearly observable chemical 

reduction of the nitroxide based labels. This, in turn would result in decrease of the observed 

monomer exchange rates and increase of the effective activation energies. Nevertheless, the Sub-

Arrhenius can be used to take into account the observed non-linearity and estimate the barrier 

energy of the transition (E0), employing the equation, known as deformed Arrhenius (d-

Arrhenius):45,46    

𝑟(𝑇)  = 𝐴 (1 − 𝑑
𝐸0

𝑅𝑇
)

1
𝑑

 

 (3.14) 

where r(T) is the temperature dependent rate constant, E0 is the energy barrier, d is the deformation 

parameter, A is the empirical pre-exponential factor, T is the absolute temperature, R is the 

universal gas constant.  

Equation 3.14 was used to fit the Sub-Arrhenius data. The corresponding results are 

summarized in Table 3.2. 
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Table 3.2.  Parameters of the d-Arrhenius plot fitting for the 1:6 dilution ASR sample. 

E0, kcal mol-1 K-1 A - constant, 10-3 d - constant 

76.60 ± 8.19 8.14 ± 0.68 -0.016 ± 0.002 

To further confirm the proposed inter-trimer monomer exchange model and exclude the 

possibility of only spin label being exchanged between the non-exchangeable monomers, similar 

DEER measurements for the sample diamagnetically diluted with wild-type ASR (1:4 ratio) was 

conducted. The modulation depth and normalized “pumped” spin excitation probability are shown 

in the Figure 3.17 and compared to those obtained earlier for the sample diluted using the unlabeled 

S26C mutant (1:6 ratio).  

 

Figure 3.17. Comparison of DEER measurements for two different type of dilutions of spin 

labeled S26C ASR: 1:6 labeled/unlabeled and 1:4 labeled/wild-type. Circles represent heat-

exposure at the indicated temperatures for 30 sec. Diamonds show the exposure at 84 oC for 3 min. 

(A) Comparison of the measured DEER modulation depths. (B) Comparison of the calculated 

normalized “pumped” spin excitation probabilities (λ). 
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For the untreated and low exposure temperatures, the observed modulation depth was 

nearly identical for both samples, as was expected due to fact that for untreated samples, the trimers 

are either fully labeled or fully unlabeled/wild-type. Therefore, the dilution factor did not have any 

effect before the heat-induced “mixing” started. During the heat-treatment, the samples showed 

similar rates of modulation depth decay until they were exposed to ~85 oC and above. Eventually, 

the normalized “pumped” spin excitation probability, λ, for the 1:4 dilution sample approached its 

plateau at the estimated lower bound of ≈0.15 ± 0.03. Further heat-treatment at 84 oC for 3 min 

(Figure 3.17, white diamond) did not show any significant change of the observed modulation 

depth. Assuming the inter-trimer monomer exchange model, it is expected that parameter λ for the 

1:4 labeled/wild-type dilution sample would asymptotically approach the lower bound of ≈0.44, 

which 2.9 times higher than estimated experimentally. 

 

Figure 3.18. CW EPR spectra of 1:4 dilution ASR after corresponding heat-exposure. All spectra 

were acquired at room temperature. 
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To estimate the thermal stability of the spin label CW EPR spectra of the room temperature 

adapted samples after selected heat treatments were measured for the 1:4 dilution sample. The 

spectra, shown in the Figure 3.18 do not show a significant free label content, suggesting the 

similar level of disulfate bond stability as it was found earlier for the 1:6 dilution sample. As 

compared to 1:6 dilution, the double integral indicated an elevated level of signal decline. The CW 

EPR spectrum of the 1:4 diluted sample had a 1.28-times drop of its double integral value between 

the heat treatments indicated in Figure 3.18. In contrast, the double integral of the 1:6 sample in 

similar conditions decreased only by 1.13-times (between 90 oC (for 30 sec) and 84 oC (for 6 min) 

spectra). This is an indication that the most likely reason for the discrepancy between the expected 

and measured lower bounds of λ  for the 1:4 dilution sample could be the increased reduction of 

the spin probe in case when the labeled S26C mutant is diluted with the wild-type ASR. While the 

spin concentration decrement between the indicated conditions was insufficiently large to fully 

explain the observed discrepancy, a cumulative effect of the additional heat exposures, especially 

those at high temperatures might be significantly larger. It is not entirely clear at this point, 

however, why the 1:4 dilution sample might have been more susceptible to chemical reduction of 

the nitroxide labels. Since these two samples were prepared independently, the possible 

explanation might be related to the sample preparation procedure. This yet unanswered question 

will be addressed in the future investigations.  

3.4 Conclusions 

Thermal unfolding of ASR monomers using a combination of CW EPR, pulsed EPR 

nitroxide site directed spin labeling was investigated, providing the local structure denaturation 

midpoint temperatures of 62 oC and 88 oC for N148 and S26 sites, respectively. The observed 

midpoint temperature difference is explained by higher steric restriction and thus lower 
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conformational freedom of the nitroxide label at S26C as compared to N148C site. This 

assumption is also confirmed by the lineshapes of the corresponding CW EPR spectra. It has been 

found that thermal unfolding of ASR is at least a locally (in the vicinity of the two investigated 

spin probe locations) reversible process. The unfolding enthalpy as well as entropy were estimated 

using Van’t Hoff plot and summarized in Table 3.1.  

DEER spectroscopy was used to investigate thermal effect on ASR oligomerization. While 

the proposed freeze-trapping procedure was proven to be insufficiently fast to capture the protein 

in the unfolded state, the obtained distance distributions showed that following the protein 

relaxation to its native structure, the inter-monomer distance remains unaffected by the heat 

exposure. This further confirmed  the proposed idea of thermal unfolding being a reversible 

process. On the other hand, analysis of DEER modulation depths provided evidence of an 

irreversible monomer exchange between the trimers. Upon increased accumulation of the protein 

heat exposure, the DEER modulation depth approached a non-zero lower bound, suggesting that a 

fully random distribution of spin labeled monomers among all trimers. For the sample 

diamagnetically diluted with unlabeled S26C mutants (1:6 ratio), the observed lower bound for the 

normalized “pumped” spin excitation probability was in good agreement with the theoretical 

predictions. Thus, a thermally activated inter-trimer monomer exchange model was proposed. The 

kinetic and thermodynamic properties of the process were quantitatively characterized, providing 

the empirical temperature dependent exchange rates and an estimate of the exchange activation 

energy.  

The same type of DEER experiments but using different type of diamagnetic dilution  (1:4 

dilution ratio using wild-type ASR) was conducted. While as expected the modulation depth as 

well as normalized “pumped “ spin excitation probability exhibited presence of their lower non-
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zero bounds, the observed value of the lower bound for the spin excitation probability was 2.9-

times lower than predicted theoretically. The discrepancy was suggested to be due to sample 

preparation dependent chemical reduction of the nitroxides, which was not taken into account in 

the calculations. 

To completely resolve the discrepancy, additional experiments are required, where 

simultaneously to the DEER measurements a detailed monitoring of the spin concentration in the 

sample is performed via CW EPR spectroscopy.   
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Appendix 3A: Cumulative heat exposure 

To assess the effect of the cumulative heat exposure, normalized “pumped” spin excitation 

probability (λ) were considered as a function of the cumulative parameter composed of the 

exchange rate multiplied by the corresponding exposure time. Figure 3A.1 shows the obtained 

results. The graphs are especially suitable to demonstrate that λ asymptotically approaches its non-

zero lower bound.  

 

Figure 3A.1. Graphical representation of the effects of the cumulative heat exposure. (A) Spin 

excitation probabilities (λ) as a function of cumulative value of the inter-trimer exchange rate 

multiplied by the corresponding exposure time. (B) The same graph but plotted with a log10 scale 

for the vertical axis.  

 


