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Nanoparticles are commonly found in everyday life ranging from additives in consumer 

products to naturally occurring minerals. Despite being either engineered or naturally occurring, 

these nanoparticles often interact with environmental aqueous systems that are rich in 

biomolecules or can be internalized into the human body to encounter biological fluids. Adsorption 

of biomolecules onto nanoparticle surfaces often changes physicochemical properties, reflecting 

properties of adsorbed components rather than the nanoparticle. These property changes can 

influence intermolecular interactions and reduce the number of free molecules in solution, 

restricting bioavailability. Moreover, the adsorption process can change protein and DNA 

conformation where misfolded structures can lead to diseases such as, Alzheimer’s and 

Creutzfeldt-Jakob disease. As these nanoparticle-biological complexes move through different 

biomes, variations in pH and temperature or exposure to nanoscale confinement can occur. The 

changes to surrounding conditions can further alter the adsorbed composition, biomolecule 

structure, and nanoparticle physicochemical properties. To predict the fate of these dynamic 

processes in a multicomponent system, it is necessary to understand the detailed surface chemistry 

occurring at the nano-bio interface. This dissertation aims to probe the effects of environmental 

conditions on the stability and persistence of biomolecules and small organic acids on metal oxide 

nanoparticles and within metal oxide nanoscale pores. These interactions are probed using 

vibrational spectroscopy as well as other complementary spectroscopic and microscopic 

techniques. The results from this dissertation provide insights into metal oxide nanoparticle surface 

chemistry and nanoscale confinement to better understand nano-bio interactions over a range of 

environmental conditions.
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Chapter 1. Introduction 

Nanotechnology is a rapidly developing field that has become prevalent in everyday use.1 

Nanomaterial applications impact human life in various ways, which include drug delivery and 

therapeutics, medical imaging, water filtration, cosmetics, and sunscreen.2–5 With increasing use 

of engineered nanomaterials in consumer and commercial applications comes inevitable exposure 

to biological and environmental systems. Since physiochemical properties of nanomaterials are 

highly dependent on surface chemistry, it is important to monitor these dynamic processes. In 

aqueous systems, for example, molecular adsorption and interactions with nanoparticle (NP) 

surfaces occur, and the formation of an adsorbed layer can alter the physicochemical properties of 

the NP.6,7 Size and surface charge can determine the biodistribution and toxicity of internalized 

NPs5,8–11 and, when in the environment, particle aggregation impacts sedimentation and 

translocation through different groundwater biomes. Furthermore, once introduced into a 

biomolecular-rich milieu containing proteins, lipids, and nucleic material, a biocorona forms. This 

corona is a dynamic molecular multilayer that can undergo exchange with bulk solution 

components, altering the nanoparticle-biological (nano-bio) physicochemical properties. As this 

nano-bio entity passes through different environmental conditions, such as pH and temperature, 

additional changes can occur to corona composition and surface chemistry. For this reason, it is 

imperative to understand the biocorona and physicochemical properties because they often 

determine the fate and transport of NPs within physiological and environmental systems.5 Ligand 

adsorption is one important aspect of surface chemistry that results in a new surface identity and 

surface composition that are greatly affected by solution pH, temperature, and the presence of 

other ligands.6,12,21–25,13–20 The pH often determines the surface charge distribution, which is 
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especially crucial for adsorption processes involving electrostatic interactions. Chemical 

interactions of surface functional groups and the surface are largely modified by pH. Changes to 

solution temperature can irreversibly affect biomolecular structure, and specific functions can be 

lost.26,27 In addition to the effects of pH and temperature, recent studies have started to focus on 

the influence of surfaces precoated with molecules, either purposefully or from the surrounding 

environmental and biologically relevant milieux.12–17,25,28,29 Metal oxides are prevalent in the 

environment, whether as engineered anthropogenic or naturally occurring geochemical entities, 

and they provide active sites for intermolecular interactions that can be detected using vibrational 

spectroscopy. Of the many types of nanomaterials, nano-TiO2 is both found in the environment 

and one of the most produced engineered nanomaterials, with 10,000 tons produced annually, 

followed by 1,600 tons of ZnO.30,31 Many of these engineered NPs have already been found in 

environmental aqueous systems due to sewage treatment plants, waste incineration plants, and 

landfills.30,32 Furthermore, use of TiO2 in consumer products includes sunscreens, paints, food 

additives, and cosmetics30,32–34, which has warranted multitudes of studies assessing the effects of 

NP exposure in the environment and biological systems.5,7,35–40 NP surfaces evolve in complex 

aqueous media due to adsorption, desorption, and displacement reactions that significantly alter 

NP properties and affect their lifetimes in the environment. Adsorption of naturally occurring 

molecular species, such as oxyanions, amino acids, humic substances, and proteins, on NPs has 

attracted much attention because they provide a practical understanding of physiochemical 

property changes when NPs are in different environmental and biological compartments.41–45 

Herein, we focus on reviewing studies of surface chemistry using vibrational spectroscopy on 

common metal oxide NPs, such as TiO2, SiO2, and Fe2O3. 
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In this chapter, we focus on infrared spectroscopy as a tool that can provide insight into NP 

surface chemistry in aqueous media. Attenuated total reflectance–Fourier transform infrared 

(ATR-FTIR) spectroscopy studies are highlighted as a specific application of infrared 

spectroscopy. One of the primary features of ATR-FTIR spectroscopy is in-situ, aqueous 

measurements to probe molecularly dynamic interactions, such as protein conformational 

changes28,46,47, displacement reactions48, and chemical transformations49–51 on NP surfaces. Most 

Figure 1.1 ATR-FTIR spectroscopy experiment schematic 

 
Pictorial representation of a typical attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectroscopy 

experiment and different surface processes. Several dynamic physicochemical processes, such as surface adsorption, 

pH-induced transformations, displacement reactions, and temperature effects that can occur on nanoparticle (NP) 

surfaces under different conditions of pH and temperature in different environments can be probed. 
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importantly, ATR-FTIR spectroscopy with a horizontal flow cell is able to study the kinetics of 

adsorption in the presence of a strong absorption solvent, such as water, in-situ.6,10,53–

57,12,18,28,41,43,46,47,52 Studies that involve horizontal flow cells are able to flow solutions over thin 

films to investigate NP-induced changes as a function of time, thus changing experimental 

conditions and adsorbate surface concentration. A pictorial representation of several types of 

transformations on NP surfaces that can be probed using ATR-FTIR spectroscopy is shown in 

Figure 1.1. These dynamic processes and interactions include surface adsorption and desorption, 

displacement, electrostatic interactions, and structural transformations as a function of pH and 

temperature. As shown, the adsorption of oxyanion molecules and amino acids comprises a 

mixture of physisorption and chemisorption interactions that are pH dependent. Additionally, 

competitive adsorption of molecules can occur where adsorbates occupy the same surface-binding 

sites. This is due to the various surface affinity energetics and is behind the concept of the dynamic 

exchange process occurring for biocoronas. Moreover, by adsorbing biomolecules such as proteins 

and DNA onto particle surfaces, conformational changes due to denaturants can be mitigated and 

molecules can be stabilized. This stabilization effect can increase the persistence and 

bioavailability of biomolecules in the environment. In this review, we first discuss NP surfaces 

and the propensity of certain ligands that preferentially bind to them, then provide a brief overview 

of ATR-FTIR spectroscopy. We then present several case studies, focusing on the surface 

chemistry influenced by environmental factors: (a) the effects of environmental pH on the 

adsorption and structures of the adsorbed molecules; (b) synergistic effects of competing 

molecules on adsorption, including displacement and coadsorption; and (c) the temperature effects 

on conformation of adsorbed proteins. This is followed by a discussion of two-dimensional 

correlation spectroscopy (2DCOS) as an analysis method for understanding surface adsorption and 
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surface chemistry in multicomponent, multivariable systems. Finally, we present an outlook of 

challenges and future opportunities. 

1.1 Environmental Aspects of the Surface Chemistry of Oxide Nanoparticles 

Surface chemistry focuses on the phenomena and reactions occurring at the surface or 

interface, including surface adsorption, surface displacement, ligand reactions, and redox 

reactions. Molecular adsorption to surfaces can be reversible and/or irreversible, often referred to 

as physisorption and chemisorption. Physisorption interactions are derived from intermolecular 

forces (e.g., Van der Waals), whereas chemisorption involves the formation of chemical bonds by 

transferring, exchanging, and sharing electrons between adsorbate and adsorbent. Typically, 

chemisorption has a stronger binding energy than physisorption through formation of chemical 

bonds and thus a smaller interaction distance.58 The adsorption of molecules depends on the NP 

composition owing to different surface affinities between chemical groups.59 As a result of water 

dissociation, hydroxylation can occur on metal oxide surfaces to form surface hydroxyl groups.60 

Figure 1.2 Surface binding coordination modes 

Possible binding modes of −COOH onto a metal oxide nanoparticle surface. (a) Electrostatic attraction, 

(b,c) H-bonding, (d) bidentate chelating, (e) monodentate binding, and (f) bidentate bridging. 
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Molecules with carboxylic, hydroxyl, silane, and phosphate groups are easily chemisorbed to oxide 

surfaces (Fe3O4 and TiO2) through surface hydroxyl groups, which are called ligand exchange 

reactions. Carboxylic and oxyanion moieties6,61–68 (e.g., carbonate, phosphate, sulfate, and 

arsenate) are known to complex with surface hydroxyl groups through either physisorption or 

chemisorption. Figure 1.2a–c displays various physisorption modalities for carboxylic acids 

through hydrogen bonding, whereas Figure 1.2d–f shows three main chemisorption modes: 

bidentate bridging, monodentate binding, and bidentate chelating. Generally, chemisorption 

requires more energy and is more stable than physisorbed molecules due to bond formation. 

Moreover, adsorption energies are dependent on crystal facets, as determined using ATR-FTIR 

and ab initio calculations.62 For phosphate adsorption onto iron oxide, the NP-oxyanion complex 

is pH and crystal facet dependent and usually a mixture of multiple modes.65 This mixture of 

complexations highlights the different adsorption energies associated with each complex.61,62 As 

a result of specific environmental conditions, these different adsorption energies, and subsequently 

desorption energies, can determine which binding mode is the most prevalent. This can yield 

insight into changing surface charges as the dominant mode changes from deprotonated 

monodentate binding to bidentate chelating or bridging. Moreover, the adsorbed adsorbates can 

compete with other moieties by occupying binding sites69 , preventing conformational change28, 

or by changing NP surface charge.55 Thus, the liquid-solid interface is important to probe for many 

biological or environmental systems where water is present. For these reasons, we concentrate this 

discussion on the water-solid interface in this review. For an oxide NP, the surface is covered by 

hydroxyl groups and can range from 1 to 10 −OH/nm2, depending on particle composition.70–72 

When oxide NPs are in an aqueous medium, the surface can be charged due to protonation and 

deprotonation processes of the surface hydroxyl groups.73 Protonation and deprotonation are 
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highly influenced by the surrounding pH, and for metal oxides (M), the protonation states are 

described as below6,74: 

≡ 𝑀𝑂𝐻 ↔ 𝑀𝑂− + 𝐻+    Equation 1.1 

≡ 𝑀𝑂𝐻 + 𝐻+ ↔ 𝑀𝑂𝐻2
+    Equation 1.2 

The pH-dependent protonation and deprotonation states change the surface charge of the particle 

and form the basis of many electrostatic interactions and particle isoelectric point. The pH effects 

on the adsorption of various types of molecules on NPs are discussed later.28,46–48,54,57 

1.1.1 pH Effects 

Changes to pH can drastically influence NP interactions with the surrounding milieu. Protic 

molecules have pKa values that correspond to the pH where (de)protonation occurs and the charge 

of a molecule can be changed. As stated by Equation 1.1 and Equation 1.2, NPs can be charged. 

The pH where the negative ([MO-]) and positive ([MOH2
+]) surface concentrations are equal, a 

surface charge of 0, is called the point of zero charge (PZC). At a pH lower than then PZC, the 

particle is positively charged. If the pH is higher than the PZC, the particle is negatively charged. 

PZC and isoelectric points (IEP) are often used interchangeably but have a subtle distinction 

between the two terms. The PZC refers to a pristine particle surface, whereas the IEP is where the 

zeta potential of a particle is zero. The IEP encompasses the PZC and includes any ligands, 

adsorbed species, or ions surrounding the particle. If it is a pristine particle surface, the PZC is 

equal to the IEP. The PZC of some common metal oxide surfaces are 1 to 4 for SiO2, 5.5 to 6.7 for 

TiO2, 7 to 8.9 for α-Fe2O3, 7.9 to 9 for Al2O3, and 6.9 to 9.6 for α-FeOOH to name a few.75 There 

is a wide range of PZC for these particles because the value can depend on the synthesis method, 

morphology, measurement method, and phase of the particle due to the presence of different faces 

with different hydroxyl group densities and PZC values.  
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As NPs are transported through different environmental conditions, variations in solution 

pH can occur. Previous studies reported environmentally relevant pH values ranging from 5 to 8 

that can cause alterations to surface charge, molecular speciation, and surface chemistry.76–78 With 

an abundance of different naturally occurring oxide NPs and physicochemical properties, it is 

necessary to understand how nano-bio complexes respond to pH. 

Metal oxide chemisorption is highly dependent on surface charges and ligand exchange 

reactions with surface hydroxyl groups. For example, selenium predominantly enters the 

environment via anthropogenic sources and is detrimental to aquatic life. Remediation of selenium 

using various natural minerals as an adsorbent is one common method for its removal. Lounsbury 

et al. studied the in-situ adsorption of Se(VI) ions on nano-hematite and showed that NP adsorption 

capacity is dependent on pH and surface area.78 Moreover, above pH 6, Se(VI) forms primarily 

outer-sphere complexes, and the amount of Se(VI) adsorbed is influenced by readily accessible 

reactive sites. Furthermore, another study revealed that the amount of Se(VI) remediated decreases 

with increasing pH on alumina.79 The spectroscopic results show that the Se(VI) outer-spherical 

bidentate surface complex is the dominant interfacial species.  

Oxyanions, such as phosphate, carbonate, and arsenate, are prevalent in both biological 

and environmental milieux and can readily adsorb onto NP surfaces. Rubasinghege et al. 

investigated the proton-promoted dissolution of α-FeOOH caused by carbonate and phosphate 

adsorption on micro- and nanorods.64 Upon oxyanion adsorption, there is a loss of molecular 

symmetry that can affect the number of peaks and spectra. For example, carbonate symmetry is 

lowered from D3h to C2v with a loss of degeneracy and subsequently fewer active IR peaks. 

Similarly, phosphate symmetry decreases from C3v to C2v or lower. Moreover, by comparing 

solution phase to adsorbed phase spectra, new peaks appear that correspond to oxyanion-binding 
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complexation with the surface. The symmetric and asymmetric wavenumber splitting of the ν3 

mode can elucidate the specific binding mode complex. For carbonate, the smaller splitting for 

microrods suggests a monodentate complexation, whereas for nanorods, bidentate chelating is 

dominant. For phosphate, there are multiple peaks present, suggesting a mixture of surface 

complexes. These spectroscopic differences can be used to determine the adsorption binding mode 

on the NP surface, which can affect macroscopic aggregation and lower dissolution rates. In the 

case of microrod adsorption of phosphate, the inner-sphere complexation with Fe(III) made the 

particle more dissolution susceptible than carbonate. Conversely, for nanorods, carbonate 

adsorption made the particle more readily dissolvable. In general, particle reactivity increases with 

smaller particles. However, this study emphasized that particle dissolution can occur over the range 

of sizes investigated. The study also emphasized that particle size can impact surface adsorption 

of these oxyanions due to differences in surface site density and the propensity of different surface 

planes.80–82 

 Many adsorbed complexes depend on solution pH, and for proteins in solution, it has been 

shown that secondary structural changes can occur at different pH values. However, adsorbed 

protein conformational changes in response to solution pH are yet to be fully understood. When 

metal oxide NPs interact with milieux containing biological components, the formation of a 

biocorona occurs. In the case of a solution containing proteins, a protein corona occurs. This corona 

is the result of dynamic, competitive adsorption of proteins with different affinities to particle 

surfaces and changes in physiochemical properties. Some of the more pliable, soft proteins can 

undergo conformational changes and alter protein structure to conform to the surface.83 To better 

understand the effects of protein adsorption onto metal oxide surfaces, a thorough investigation of 

amino acid surface interactions is necessary. Mudunkotuwa & Grassian have examined l-histidine 
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adsorption onto TiO2 NPs with ATR-FTIR spectroscopy to investigate surface complexation and 

adsorption kinetics and mechanisms.41 In particular, the 1,800–1,200 cm-1 bands were curve fitted 

to elucidate specific functional group interactions with the TiO2 surface. By monitoring the 

intensity changes in solution phase and the adsorbed phase spectra, they concluded that the 

imidazole side chain, amine group, and π-orbital interacted with the hydroxylated surface. 

Figure 1.3 ATR-FTIR spectra of BSA adsorbed onto metal oxide nanoparticle 

(a) Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra of 1 mg/mL bovine serum albumin 

(BSA) adsorbed onto the SiO2 nanoparticle surface at different pHs with increasing time. Representative adsorption 

spectra shown after 30 min (purple), 60 min (blue), 90 min (green), and after 60 min desorption (red). Adapted with 

permission from Reference 46; copyright 2017 American Vacuum Society. (b) ATR-FTIR spectra of BSA adsorbed 

onto different oxide nanoparticle surfaces. Representative spectra increase in time points, 10, 30, 60, and 90 min from 

bottom to top. (c) The effects of BSA adsorption onto metal oxide nanoparticle surfaces.  
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Adsorption isotherms and surface charge measurements also indicated that electrostatics play a 

role in the surface chemistry but are not the only interaction. Clearly, this is not a simple interaction 

but is one comprised of multiple, complex adsorption modes. To expand the suite of amino acid 

interactions with TiO2, Ustunol et al. investigated the effects of pH on additional amino acids, i.e., 

l-lysine, l-glycine, l-glutamic acid, and l-serine.6 By using multiple experimental pH ranges that 

also coincided with different amino acid speciation, the authors could monitor peak shift and 

intensity to the νs(COO−) and νas(COO−). These carboxylate vibrational modes are important to 

determine binding modes by taking the difference between the two stretches. Deacon & Phillips 

found a general relationship between frequency splitting between the antisymmetric and 

symmetric COO- stretching vibrations (Δνas-s) and the coordination on metals.84 This general 

relationship indicates that Δνas-s(monodentate) > Δνas-s(ionic) > Δνas-s (bidentate bridging) > Δνas-s 

(bidentate chelating). This correlation is empirical but is a good starting place to decipher possible 

coordination surface complexes. The bond formed from a monodentate to a bidentate coordination 

releases energy and lowers the energy of the molecule. 

 Protein conformation has been reported to change with surrounding pH environment.85–87 

For example, as pH decreases, BSA elongates and has various conformational forms that change 

from normal form to fast form and extended form.47,85 Proteins, including BSA, have characteristic 

IR absorption bands in the ranges of 1,700–1,600 cm-1, 1,600–1,500 cm-1, and ∼1,500–1,200 cm-

1 corresponding to amide I, II, and III, respectively. These bands originate from amino acid 

intermolecular interactions yielding protein secondary structure. Amide I and II are typically used 

for secondary structure analysis, as the two bands are the most sensitive to conformational change 

with the highest intensities. Givens et al. studied the BSA adsorption on SiO2 NPs as a function of 

pH and concluded that the spectral intensity of adsorbed protein is the highest at the NP isoelectric 
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point (Figure 1.3a).46 Moreover, adsorbed BSA shows distinct IR band profiles between different 

pH values ranging from 2 to 8, particularly the appearance of a 1,700 cm-1 band assigned to 

protonated carboxylic groups within the amino acid residues at lower pHs. Deconvolution of amide 

I indicated that the adsorbed proteins onto NP surfaces undergo conformational changes involving 

secondary structural changes regardless of pH. The pH effects on adsorption on NPs are mainly 

due to electrostatic interaction or ligand exchange reactions.88–91 The surface charge on the silica 

surface is regulated by the protonation and deprotonation reactions of dissociable functional 

groups. As previously mentioned, the surface charge density that is important to the interaction 

between BSA and silica surface is highly dependent on the solution pH.47,74 Because adsorption 

on metal oxide surfaces can be through surface hydroxyl groups, BSA shows a weaker binding 

affinity onto SiO2 than TiO2 owing to a lower surface hydroxyl group density.72 This can be seen 

in Figure 1.3b, where the amide I and II intensities are much higher for TiO2 as compared to 

SiO2.
47 Moreover, the relative ratio of the amide I/II band shows an adsorbed conformational 

difference between substrates. Between pHs on TiO2 substrate, the pH 2 amide I band appears to 

be highly distorted, suggesting major conformational changes under acidic conditions. Figure 1.3c 

summarizes the effect of pH and NP composition on the adsorption of BSA onto NP surfaces by 

emphasizing the solution phase conformational dependence, conformational change, and protein 

loading. 

 Apart from proteins, humic substances are another type of macromolecule that are present 

in environmental systems and consist of large, often aromatic, conjugated structures with various 

functional groups, including carboxylic acids, thiols, and amides. Humic substances are produced 

from degradation of biological organisms and are highly prevalent in soils. Thus, the adsorption 

of humic substances on metal oxide surfaces has attracted much attention. The adsorption of humic 
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substances onto a TiO2 NP surface has been shown to increase the dispersion and stability in 

aqueous systems owing to increased surface charge density.92 Jayalath et al. found that Suwannee 

River humic acid (SRHA) showed pH-dependent adsorption mechanisms and intermolecular 

interactions with TiO2 NPs.54 Using ATR-FTIR spectroscopy, the researchers suggested that 

environmentally complex acid molecules are predominantly bound to surface hydroxyl groups via 

carboxylic groups and are irreversibly adsorbed. Moreover, the binding mode of SRHA is highly 

dependent on pH and is observed to be primarily monodentate and bidentate, bridging inner-sphere 

complexation at lower pH values.93 Upon adsorption, SRHA induces a negative surface charge, 

increases electrostatic repulsion, and increases the stability of NPs by reducing aggregation. 

Smaller agglomerates are more persistent in aqueous systems because of the reduced 

sedimentation rates, which is why SRHA was shown to potentially increase both the transport and 

bioavailability of nanoscale TiO2. 

1.1.2 Synergistic Effects due to Coadsorption 

The adsorption of molecules is also influenced by moieties on NP surfaces in various pH 

environments.57 The kinetics are changed by the presence of these surface coatings because they 

compete for adsorption sites and displacement processes.12,28,48 Environmental and biological 

systems are often composed of molecularly diverse components, and the displacement process of 

adsorbed components with higher affinity molecules is necessary to predict the fate and transport 

of NPs. Situm et al. investigated the adsorption behavior of dimethylarsinic acid (DMA) and 

arsenate on hematite NPs preexposed to citrate, oxalate, and pyrocatechol.12 The results showed a 

strong dependence on the desorption of preadsorbed components due to surface complexation. 

Strongly bound inner-sphere citrate and pyrocatechol were not as easily displaced with arsenate 

compared to outer-sphere oxalate. When DMA was used as the desorbing agent, it did not remove 
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as many organics compared to arsenate due to a weaker outer-sphere complexation to hematite 

after displacement. The degree of adsorbate displacement is highly dependent on the product 

surface complexation. Kim & Doudrick indicated that precoated TiO2 NPs with oxalate hinder the 

adsorption of BSA.29 The authors suggested a multistep kinetic pathway starting with the ramping 

adsorption rate of BSA as oxalate was displaced. Interestingly, oxalate peak intensities were seen 

to increase over time after initial desorption decreased, suggesting a temporary displacement or 

rearrangement of adsorbates while BSA desorption slowed until saturation was reached. However, 

the amount of BSA adsorbed was reduced when oxalate was present. The degree of BSA 

adsorption-induced denaturation was dependent on the type of oxalate binding mode to the surface. 

In the presence of a more complex macromolecule such as natural organic matter, BSA adsorption 

was hindered on TiO2 NPs but a small amount was still coadsorbed.25 Coadsorption with buffer 

molecules such as phosphate is a consequential factor on the degree of conformation change for 

BSA adsorbed to NP surfaces.28 At acidic pH values, phosphate was shown to prevent 

conformational changes by occupying surface hydroxyl groups. The phosphate surface 

complexation and the electrostatic interactions between the phosphate coated TiO2 NPs and BSA 

Figure 1.4 Humic acid displacement reactions on TiO2 

Displacement reactions of humic acid (HA) on TiO2 nanoparticles precoated with (a) ascorbic acid (AA), (b) citric acid 

(CA), and (c) bovine serum albumin (BSA).  
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are pH dependent, favoring attraction at lower pH values. This study shows that coadsorbed 

phosphate affects protein stability and affinity toward NP surfaces.  

Recent research conducted by the Grassian group extended understanding of the adsorption 

of humic acid on various environmentally relevant surface coatings, ascorbic acid, citric acid, and 

BSA.48 As expected, results showed that the extent of displacement correlated with binding 

complexation and surface affinity (Figure 1.4). By comparing solution phase spectra to adsorbed 

spectra, the authors suggested that small molecules such as ascorbic acid are bound to TiO2 through 

the enediol functional groups, while citric acid was shown to bind to TiO2 via monodentate and 

bidentate bridging complexation modes. As previously mentioned, BSA undergoes 

conformational change to conform to the surface and is irreversibly adsorbed through the various 

functional group multivalent interactions. In order to investigate displacement reactions on the 

TiO2 surface, single component spectra were compared to multicomponent, coadsorbed spectra. 

When humic acid was introduced as a coadsorbate onto an ascorbic acid and citric acid precoated 

surface, they were shown to either fully displace or partially displace, respectively (Figure 1.4a,b). 

For BSA, humic acid was seen to form layers on top of adsorbed BSA, highlighting that BSA has 

a higher affinity to the surface (Figure 1.4c). Humic acid adsorption behavior is dependent on the 

presence of coadsorbates, and structural stability can change by interacting with other 

multifunctional macromolecules. This study shows the effects of binding modes on the 

reversibility and displacement tendencies of some environmentally relevant adsorbates. 

1.1.3 2DCOS to Investigate Environmental DNA Adsorption and Other Surface Processes 

2DCOS is a spectral processing tool that analyzes spectral data to produce maps that 

determine the sequential order of change in spectral peaks. As a system is perturbed by an external 

variable, which could time, concentration, pH, or temperature, changes in spectral intensities 
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and/or peak positions changes can occur. 2DCOS compares spectra and determines how similar or 

dissimilar spectra are with respect to each other. This results in heat maps that indicate the peaks 

that are most responsive to the external perturbation. These maps can be analyzed to yield 

sequential peak changes. Thus, 2DCOS can be quite powerful in analyzing spectroscopic data for 

Figure 1.5 ATR-FTIR spectra and 2DCOS maps of eDNA adsorbed on hematite 

(a) Original attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra for environmental DNA 

(eDNA) in 30 mM NaCl at pH 5, 1.5 ug/mL in solution phase (top), adsorbed on hematite nanoparticles at 0.1 ug/mL 

shown every 10 min for 150 min (middle) and desorbed with NaCl shown every 10 min for 60 min (bottom). (b) Two-

dimensional correlation spectroscopy (2DCOS) maps for eDNA adsorption onto a hematite nanoparticle surface at 

pH 5 using ATR-FTIR spectra. Autocorrelation spectrum (top), synchronous 2DCOS map (middle), and 

asynchronous 2DCOS map (bottom). The dotted line in the synchronous 2DCOS corresponds to the intensity line 

trace autocorrelation spectrum, highlighting the peaks most responsive to the external perturbation, time. Red and 

blue for the synchronous and asynchronous 2DCOS map correspond to positive and negative values, respectively. 
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systems that are sensitive to external perturbations. A more thorough discussion of how these 

spectra are processed can be found in Chapter 2.  

These systems can be proteins or biological in nature because protein structure is highly 

sensitive to the surrounding environment. For example, 2DCOS has been used to determine the 

sequential protein secondary structural changes. A recent study by Schmidt & Martínez probed 

BSA conformational change as a function of particle loading on montmorillonite.52 Structural 

changes were proposed as a function of surface concentration by determining the sequential 

structure changes using 2DCOS. Barreto et al., analyzed BSA adsorption onto hematite as a 

function of surface concentration.94 At the initial stages of adsorption, which is low surface 

coverage, the protein adsorption is due to protein-mineral interactions and the protein undergoes 

significant unfolding. As the surface coverage increases, adsorbed BSA refolds and leads to a more 

compact loading on the hematite surface.  

Figure 1.5a shows an example of the use of 2DCOS using ATR-FTIR spectra for a 

different biological sample, namely environmental DNA (eDNA) at pH 5 in solution phase, 

adsorbed onto α-Fe2O3 NP surfaces and desorbed from the surface with NaCl solution. By 

comparing the solution phase to adsorbed spectra, one can identify specific functional group 

surface interactions by observing frequency shifts and band shape differences. Some peaks remain 

unchanged, specifically 1715 cm-1 and 1,491 cm-1 assigned to ν(C = O) guanine and δ(CH), 

δ(CH)scissor, respectively. The 1643 cm-1 and 1,610 cm-1 peaks cannot be resolved and are merged, 

centered around ∼1650 cm-1, suggesting there is some interference from the broad water bending 

mode due to the low concentration of adsorbed eDNA molecules. Phosphodiester peaks centered 

at 1225 cm-1 and 1087 cm-1 are seen to slightly broaden, whereas the presence of the eDNA Z-

form conformation is seen to appear once adsorbed onto hematite. The purine and pyrimidine bases 
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are on the interior of the double helix, while the phosphodiester and deoxyribose remain on the 

exterior, suggesting interaction with the surface is most likely via the phosphate or sugar. This 

specific interaction with the surface has been reported and simulated for other surfaces.95,96 DNA 

has three conformations, A-, B-, and Z-forms; the A- and B-forms are most common, but Z-form 

exists in small quantities in cells. Increasing in vertical distance between base pairs are the A-, B-

, and Z-forms. Interestingly, peaks indicative of the Z-form conformation is only seen to appear 

when adsorbed on hematite, where it is not observed in solution. Moreover, in a previous study by 

Schmidt & Martínez, the Z-form peaks are not observed when DNA is adsorbed onto goethite, 

which suggests that DNA retains the B-form solution phase secondary structure.95 As a desorbing 

Cross Peak Synchronous Asynchronous Order

(1,716, 1,652) + − 1,716 < 1,652

(1,716, 1,487) + NA NA

(1,716, 1,411) + + 1,716 > 1,411

(1,716, 1,221) + NA NA

(1,716, 1,088) + + 1,716 > 1,088

(1,716, 1,054) + + 1,716 > 1,054

(1,652, 1,487) + + 1,652 > 1,487

(1,652, 1,411) + + 1,652 > 1,411

(1,652, 1,221) + + 1,652 > 1,221

(1,652, 1,088) + + 1,652 > 1,088

(1,652, 1,054) + + 1,652 > 1,054

(1,487, 1,411) + + 1,487 > 1,411

(1,487, 1,221) + + 1,487 > 1,221

(1,487, 1,088) + + 1,487 > 1,088

(1,487, 1,054) + + 1,487 > 1,054

(1,411, 1,221) + NA NA

(1,411, 1,088) + NA NA

(1,411, 1,054) + + 1,411 > 1,054

(1,221, 1,088) + NA NA

(1,221, 1,054) + NA NA

(1,088, 1,054) + + 1,088 > 1,054

Table 1.1 2DCOS analysis of eDNA adsorbed on hematite 

Two-dimensional correlation spectroscopy (2DCOS) analysis for environmental DNA adsorption on a hematite 

surface at pH 5 showing relevant synchronous and asynchronous cross peak signs and sequential order. 
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solution is flowed over the eDNA-coated surface, minimal peak changes are observed, indicating 

that the eDNA is irreversibly adsorbed on the surface. This difference in secondary structure 

highlights the surface chemical dependence on adsorbent composition.  

2DCOS analysis can be done for ATR-FTIR spectra to yield autocorrelation and 

synchronous and asynchronous maps, as shown in Figure 1.5b. The autocorrelation intensity 

spectrum yields peaks that are the most responsive to the external perturbation and time, whereas 

synchronous and asynchronous maps can indicate the sequential order of peak changes. The 

autocorrelation spectrum shows several peaks that can be used to determine the sequential order 

change as eDNA adsorbs onto the hematite surface. The 2DCOS maps can be interpreted by using 

Noda’s rule, which is dependent on the positive or negative signs for synchronous and 

asynchronous maps. The corresponding cross peak signs are seen in Table 1.1. All the 

synchronous cross-peak values are positive, which is expected because all the peaks increase in 

intensity as eDNA adsorbs to the surface. However, some asynchronous cross-peak values are 

zero, which has been previously reported and is caused by frequency or bandwidth changes.18,52 

Cross peaks with an asynchronous value of zero will be ignored when the sequential order is 

determined, which will result in overlapping peak changes. Sequential peak changes can be 

determined as the following: 1652 cm-1 → 1716 cm-1, 1487 cm-1 → 1411 cm-1, and 1221 cm-1 → 

1054 cm-1. The 1652 cm-1 broad band is seen to first change, possibly due to the water reorientation 

needed for eDNA to adsorb to the surface. The 1411 cm-1 Z-form peak is seen to change before 

the final phosphodiester surface interactions, suggesting that the eDNA secondary structure 

develops, then the phosphodiester interacts with the surface to yield an equilibrated NP-

biomolecule complex. 2DCOS can elucidate the dynamic adsorption steps for many biological 

molecules, oxyanions, and other environmentally relevant species.  
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Humic acid, being a complex, multifunctional, large macromolecule, is a standard source 

of investigation to determine the fate of the moiety in the environment. Many studies model the 

presence of humic acid in aqueous environments and adsorb the molecule onto surfaces relevant 

in the environment. Chen et al. modeled humic acid adsorption on TiO2 at various pH values with 

ATR-FTIR spectroscopy.97 The study concluded that the structure of humic acid is dependent on 

the surface charge and pH of the environment where at low pH, humic acid is aggregated and 

functional groups are located inside the molecule. At higher pH levels, the molecules begin to 

dissociate and break apart, exposing more functional groups that can bind to the surface. With the 

use of 2DCOS, Chen et al. were able to determine the sequential attachment of humic acid 

functional groups as a function of pH. A sequential order of functional group interaction with the 

surface shows there is a preferential binding of functional groups to the surface as a function of 

pH. 

1.2 Description of Thesis Chapters 

 Chapter 2 will focus on the detailing the experimental methods used in this dissertation. 

This chapter will explain the theory, experimental setup, and processing for ATR-FTIR 

spectroscopy. The details of the theory behind 2DCOS and how this analysis is done, will also be 

discussed.   

Chapter 3 probes the impact of pH and coadsorption of a nucleotide and oxyanion 

phosphate onto hematite. This chapter investigates the adsorption behavior of deoxyadenosine 

monophosphate at slightly acidic and basic environments which results in electrostatic dominant 

interactions. The competitive adsorption of oxyanion phosphate with the nucleotide is also 

analyzed.  An adsorption pathway is also proposed from the results of 2DCOS. This chapter 
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provides a further understanding of the geo-bio and nano-bio interactions and interfaces at 

environmentally relevant conditions.  

Chapter 4 expands on Chapter 3 by investigating the adsorption of four nucleotides on 

titanium dioxide as a function of pH and the coadsorption of complementary or noncomplementary 

base pairs. This chapter has similar conclusions with respect to pH as Chapter 3 but builds a more 

complex system by introducing a second nucleotide. The addition of a second nucleotide changes 

the adsorption behavior depending on whether the two nucleotides are complementary or 

noncomplementary. This chapter highlights the synergistic interaction between two nucleotides 

and provides insight into the formation of prebiotic life with the templating of nucleotides on 

mineral surfaces.  

Chapter 5 investigates the surface chemistry of adsorbed nucleotides for the four 

nucleotides on hematite and goethite using ab-initio calculations. This chapter probes the surface 

chemistry of nucleotides adsorption on two different mineral surfaces by comparing spectra 

collected from experimental and ab-initio calculations. This chapter emphasizes the surface 

chemistry dependence on nanoparticle composition.  

Chapter 6 discusses the effects of nanoconfinement on acid-base properties for two simple 

organic acids. This chapter investigates the effects nanoconfinement within porous silica to 

elucidate the surprising shift on pKa values for formic and acetic acids. This chapter uses the two 

model organic acids to pave the way for a unifying theory predicting the impact of 

nanoconfinement on acid-base chemistry. 

Chapter 7 assesses the difference in structural stability of two blood plasma proteins in 

solution and adsorbed using temperature. This chapter uses a subset of 2DCOS to analyze the 
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denaturation temperature of the two model proteins and the effects of adsorption on protein 

stability.  

Chapter 8 highlights the applications for and implications to human health of nanoparticles 

using spectroscopy. This chapter is comprised of two collaboration projects where ATR-FTIR 

spectroscopy was used to provide insight into the structure-property relationship of ligands with 

gold nanorods and to characterize irreversible protein coatings on copper oxide particles which 

were then tested for cardiotoxicity.   
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Chapter 2. Experimental Methods 

In this chapter, general experimental used throughout this dissertation will be discussed and 

described. Primarily, attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopy will be explained. A spectral processing method called two-dimensional correlation 

spectroscopy (2DCOS) methodology will be described in detail. Both techniques have been used 

extensively in this dissertation.   

2.1 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

Reflection IR spectroscopy can be employed for samples that are difficult to measure with 

conventional transmission FTIR spectroscopy.98 Reflection IR spectroscopy can be classified as 

internal or external reflection. Internal reflection is based on interaction of the infrared radiation 

between the sample and the higher refractive index medium, whereas external reflection stems 

from reflected radiation from the sample surface. Herein, the focus is on ATR spectroscopic 

techniques, namely, ATR-FTIR spectroscopy. A typical ATR-FTIR spectroscopy experiment 

probing the surface chemistry of NP surfaces is shown in Figure 2.1a. First, a thin film is formed 

by drop-casting NPs dispersed in a solvent and allowing them to dry. Second, a background 

solution is flowed over the thin film to collect a background and to remove any loosely bound 

particles. The flow stream can then be switched to the sample solution and spectra can be collected 

as a function of flow time. Figure 2.1b shows a cross-sectional scanning electron microscope 

(SEM) image of a typical TiO2 thin film. As observed in the micrograph, the thin film represents 

aggregated NPs, not dispersed, isolated particles.  
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ATR-FTIR spectroscopy is developed based on the total internal reflection phenomenon 

that occurs at the interface when a light beam propagates from a medium of high refractive index 

n1 (optically denser medium; internal reflective element) to a medium of low refractive index n2 

(optically rarer medium; sample). The reflection generates an evanescent electric field, the 

Figure 2.1. ATR-FTIR experimental setup and theory, SEM of thin film, and protein spectrum  

(a) Schematic representation of the experimental setup up for attenuated total reflectance–Fourier transform infrared 

(ATR-FTIR) spectroscopy used to study the liquid–solid interface. (b) Cross-sectional scanning electron microscope 

micrograph of a TiO2 P25 film on the substrate. (c) Electromagnetic wave reflection depicting the evanescent wave 

near the interface in an internal reflection element. (d) Illustration of the effective penetration depth for a nanoparticle 

thin film. (e) Solution phase spectrum of bovine serum albumin (BSA) highlighting the various amide bands (I, II 

and III) associated with protein secondary structure. (f) Adsorbed phosphate spectra on α-Fe2O3 at two different pH, 

5 and 8. These differences demonstrate pH dependent surface complexation modes.  
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direction of which is perpendicular to the interface, as illustrated in Figure 2.1c.99 The electric 

field amplitude exponentially decays with distance from the interface, as shown by Equation 2.1: 

0
p

z
d

E E e
−

=      Equation 2.1 

where E represents the electric field amplitude of the evanescent wave, E0 is the electric field 

amplitude at the crystal interface, z is distance from the interface, and dp is penetration depth. It is 

useful to note that dp is not constant but dependent on the incident wavelength and refractive index 

of the interfacial sample, as described by Equation 2.2100: 
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where λ is incident light wavelength, n1 is the refractive index of the internal reflective element 

(ATR crystal), n2 is the refractive index of the sample, n21 is the relative index of refraction n2/n1, 

θ is the incident angle, and λ1 is λ/n1. Note that dp expressed by Equation 2.2 is for a homogeneous 

solution. For total reflectance to occur, the refractive index of the crystal must be much larger than 

the sample. For aqueous samples where n2 is 1.33, all the commonly used crystals such as diamond, 

Ge, ZnSe, and amorphous material transmitting infrared radiation (AMTIR), with an n1 of 2.4, 4, 

2.4, and 2.5, respectively, are acceptable to use.101 However, each type of crystal is only usable 

within their working pH range.  The working pH range is 1-14, 1-14, 5-9, and 1-9 for diamond, 

Ge, ZnSe, and AMTIR, respectively. Despite the wide working pH range for many of these 

crystals, careful selection of crystal housing is also important. The standard flow cell is nickel 

coated aluminum, however when dealing with acidic or basic samples, it is wise to use a Teflon 

coated cell to minimize corrosion. The standard flow cell is susceptible to corrosion at the extreme 
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working pH range and to large ionic strengths. So careful consideration of the ATR crystal and 

housing is important for experimental design.   

Spectra are obtained by measuring the absorption of the evanescent wave from IR active 

moieties at the interfacial region. This feature makes ATR-FTIR spectroscopy more relevant for 

studying the interfacial region than more conventional transmittance FTIR in the presence of a 

strong absorbing solvent such as water. Therefore, in-situ ATR-FTIR spectroscopy can be applied 

to examine adsorption kinetics and molecular structural change associated with adsorption.  

In addition to qualitative analysis, ATR-FTIR spectroscopy also offers semiquantitative 

information. The number of reflections in the internal reflecting element can be a single bounce or 

a multibounce ATR. The relationship between absorbance and interfacial concentrations follows 

Beer’s law. The derived format of Beer’s law for quantitative ATR-FTIR spectroscopy is shown 

in Equation 2.3: 

𝐴 = − 𝑙𝑜𝑔 𝑅 =  εn𝑑𝑒𝑐    Equation 2.3 

where R is reflectivity of ATR, ε is the molar absorption coefficient, n is the number of active 

internal reflections in the reflection element, de is the effective evanescent wave penetration depth, 

and c is the concentration of absorbing species. Here, because of the presence of an NP thin film, 

the assumption of a homogeneous solution is invalid. Thus, an effective evanescent wave must be 

used, as shown by Equation 2.4100,102: 
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    Equation 2.4 

where z1 and z2 are the distances extending from the ATR plate representing film thickness, and 

Er
02 is the relative electric field amplitude at z = 0 in the sample. Figure 2.1d shows an illustration 
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of the effective penetration depth extending through the particle film and into the bulk aqueous 

solution. The effective penetration depth is therefore: 

( ) ( )liquid above film particle film
.e e e

d d d= +    Equation 2.5 

To probe the surface chemistry of a nanoparticle surface, a solution spectrum needs to be 

collected. This spectrum is taken of only the ligand in solution without the nanoparticle present. 

This serves as a reference spectrum to compare to when nanoparticles are present. Any spectral 

differences, such as peak shifting, broadening, and intensity changes, can be attributed to the ligand 

interacting with the particle surface.  Once the ligand solution spectrum is taken, the nanoparticles 

can then be exposed to the ligand solution. A colloidal suspension of nanoparticles can be prepared 

by sonication. The suspension can be pipetted onto the ATR crystal and dried to leave a thin film 

of particles. A background solution can be flowed over the film and a spectrum can be collected. 

Then, the ligand solution is flowed over the film and temporal, in-situ spectra can be taken in 

regular intervals. However, careful consideration needs to be given in the number of scans and 

resolution of the spectra. The higher the resolution and number of scans, the longer it takes for a 

spectrum to be collected. This affects how regular the temporal spectra are taken. There is a balance 

between high resolution spectra and how often spectra can be taken.  

Several examples of ATR-FTIR spectra can be seen in Figure 2.1e-f. Distinct amide I, II, 

and III bands are visible in the aqueous bovine serum albumin (BSA) solution phase spectra of 10 

mg/mL, shown in Figure 2.1e. These bands are sensitive to conformational changes and can be 

used to estimate secondary structures for proteins. Secondary structure changes caused by external 

variables such as pH, ionic strength, or adsorption can be monitored by curve fitting the amide I 

band. In Figure 2.1f, adsorbed oxyanion phosphate at pH 5 and 8 has differing band shape profiles 

within the 1,200–900 cm−1 band, indicating varying surface complexation modes. This pH 
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dependence affects adsorbate protonation states and sorption energetics, altering subsequent 

interactions with other bulk components. ATR-FTIR spectroscopy is a multifaceted tool that can 

be used to probe nanomaterial interfaces both quantitatively and qualitatively. Moreover, this 

technique can be used in-situ to monitor multicomponent molecular kinetics, chemical reactions 

and transformation, and thermodynamics to better understand interfacial surface chemistry.55,76,103–

106 The thin films and solution are highly modular, increasing the usability and versatility of ATR-

FTIR, where the limitations are often within experimental conditions such as internal reflective 

element pH compatibility. 

2.2 Two-Dimensional Correlation Spectroscopy  

2DCOS has been used as an analytical method to study changes induced by external 

perturbations such as temperature, surface reactions, pH, and adsorbate concentration.18,48,97,107 In 

typical one-dimensional spectroscopic experiments, an electromagnetic probe is used to 

investigate interactions of the probe and system. However, once an external perturbation is used 

to stimulate the system, spectral intensity changes can occur. 2DCOS is a way of aggregating 

spectra to establish whether intensity fluctuations are correlated and to determine the sequential 

sequence of peak changes. Spectra analyzed by 2DCOS should be taken in regular intervals from 

the external perturbation. For example, Sit et al., used 2DCOS to analyze the secondary structural 

changes of two blood plasma proteins in solution and adsorbed as a function of temperature.18 The 

spectra was taken as a function of increasing temperature by increments of 0.5℃, where the 

temperature was the external perturbation variable. Experiments that have regular intervals of the 

external perturbation, like increasing time, pH, or concentration are ideal for 2DCOS. In another 

study by Sit et al., a monophosphate nucleotide was adsorbed onto hematite particles and an 

adsorption mechanism was proposed with the help of results from the sequential peak change 
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determined by 2DCOS.76 Both papers will be highlighted in this dissertation. Schmidt and 

Martinez used 2DCOS to suggest several pathways for bovine serum albumin conformations 

adsorbed on montmorillonite.52 2DCOS is useful to analyze spectral data to propose mechanisms 

and pathways due to some external perturbation to a system. In the case of ATR-FTIR spectra, it 

is incredibly useful as experiments are often taken as a function of time which can be correlated to 

surface coverage or concentration, pH, or temperature  

These transient spectral fluctuations are deemed dynamic spectra �̃�(v,t) and are defined by 

�̃�(𝜐, 𝑡) = {
𝑦(𝑣, 𝑡) − �̅�(𝑣), 𝑇𝑚𝑖𝑛 ≤ 𝑡 ≤ 𝑇𝑚𝑎𝑥

0, 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
  Equation 2.6 

�̅�(𝑣) =
1

𝑇𝑚𝑎𝑥−𝑇𝑚𝑖𝑛
∫ 𝑦(𝑣, 𝑡)𝑑𝑡

𝑻𝒎𝒂𝒙

𝑻𝒎𝒊𝒏
   Equation 2.7 

where ν is the spectral variable (wavenumber for FTIR spectra), t is the perturbation variable, and 

�̅�(ν) is considered the reference spectrum that could be the initial state before perturbation but is 

customarily equal to the averaged spectrum. 

 2DCOS can be considered a quantitative intensity comparison of two spectra between some 

perturbation interval. This is a way to visualize similarity or dissimilarity of the correlations 

between intensity fluctuations. The similarity between two spectra as the perturbation variable is 

changed is measured using the synchronous spectrum, Φ(v1, v2). Likewise, the out-of-phase or 

dissimilarity between two spectra is measured using the asynchronous spectrum, Ψ(v1, v2). For a 

set of m equally spaced spectra between the interval of Tmin and Tmax, along the perturbation 

variable t, the synchronous and asynchronous 2D correlations are given by 

𝛷(𝑣1, 𝑣2) =
1

𝑚−1
�̃�(𝜐1)⊺�̃�(𝜐2)    Equation 2.8 

𝛹(𝑣1, 𝑣2) =
1

𝑚−1
�̃�(𝜐1)⊺𝑵𝒊𝒋�̃�(𝜐2)   Equation 2.9 

The Nij term refers to the ith row and jth column element in the Hilbert-Noda transformation 

matrix (Nij), which is defined as 
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𝒚 ̃(𝜐) = [

𝑦 (𝜐, 𝑡1)
𝑦 (𝜐, 𝑡2)

⋮
𝑦 (𝜐, 𝑡𝑚)

]    Equation 2.10 

The synchronous and asynchronous correlation maps can be analyzed by following Noda’s 

rules. The Φ(v1, v1) diagonal peaks are always positive and correspond to the peaks that are more 

responsive to the external perturbation and are called the autocorrelation peaks. These 

autocorrelation peaks can be correlated to each other and a sequential order of how the peaks are 

changing can be determined. This can be done by using whether the signs of Φ(v1, v2) and Ψ(v1, 

v2) are positive or negative. If Φ(v1, v2) is positive, then ν1 and ν2 intensity values are changing in 

the same direction, whether increasing or decreasing, whereas, if Φ(v1, v2) is negative, then ν1 and 

ν2 intensity values are changing in opposite directions; i.e., one is increasing and the other is 

decreasing. The sequential order spectral variations can be determined using the signs of both 

asynchronous and synchronous correlation maps. If Φ(v1, v2) and Ψ(v1, v2) are the same signs, the 

change to ν1 occurs before changes to ν2. If the signs are negative, then the change to ν1 occurs 

after changes to ν2. If there is a zero value for the correlation map, then the bands have no 

correlation.  

Generalize 2DCOS can be used to determine the sequential changes with respect to an 

external perturbation but additional analysis can be used to pinpoint an interval that has the most 

spectral changes. This is a subset of 2DCOS called moving window 2DCOS (MW2D). Instead of 

the synchronous and asynchronous maps that plot the spectral variable versus spectral variable, 

MW2D yields a map of external perturbation versus spectral variable. As the system is probed by 

the external perturbation, the spectra will change in response to the external perturbation. 

However, there could be a certain value of the external perturbation at which the spectra undergo 

drastic changes when compared to previous spectra. This type of analysis has been previously used 
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to determine the temperature denaturation onset for proteins18, phase transition temperatures108, 

and pH induced protein conformation changes109. MW2D theory can mostly be found elsewhere 

but as an approximation, MW2D  correlation maps are proportional to the square of the derivative 

along the perturbation axis.110–112  

Importantly, recent 2DCOS experiments have been used along with IR spectroscopy to 

investigate different NP surface interactions such as oxyanion adsorption113,114, protein 

conformational change18,52,115–117, and displacement reactions48. An article by Pazderka et al., 

provides insight into how to generate 2DCOS synchronous and asynchronous maps on MATLAB 

with generic code testing to ensure the algorithm runs correctly.118 Additional resources discussing 

2DCOS can be found elsewhere by Dr. Isao Noda, the founder of 2DCOS.110–112,119,120 Generated 

synchronous and asynchronous maps can be checked with literature and a program developed by 

Dr. Noda called 2dShige (Shigeaki Mortita, Kwansei-Gaukuin University, 2004–2005).118 The 

MATLAB code that was used for this dissertation can be found in Appendix A and Appendix B.  
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Chapter 3. Nucleotide Adsorption on Iron (III) Oxide 

Nanoparticle Surfaces: Insights into Nano-Geo-Bio 

Interactions Through Vibrational Spectroscopy of dAMP 

on Hematite 
 

3.1 Abstract 

Molecular processes at geochemical interfaces impact many environmental processes that 

are critical to the fate and transport of contaminants in water systems. Often these interfaces are 

coated with natural organic matter, oxyanions, or biological components, yet little is understood 

about these coatings. Herein, we are interested in better understanding the interaction of biological 

components with nanoscale iron oxide minerals. In particular, we use attenuated total reflectance 

Fourier transform infrared (ATR-FTIR) spectroscopy to investigate the adsorption behavior of 

deoxyadenosine monophosphate (dAMP) on hematite nanoparticle surfaces as a function of pH 

and in the presence and absence of adsorbed phosphate. These results show that fewer nucleotides 

adsorb at higher pH. Additionally, when phosphate anions are pre-adsorbed, nucleotide adsorption 

is significantly limited due to site-blocking by adsorbed inorganic phosphate. The pH dependence 

provides insights into the adsorption process and the importance of electrostatic interactions. Pre-

adsorbed phosphate affects the binding mode of dAMP, suggesting synergistic interactions 

between the co-adsorbates. Two-dimensional correlation spectroscopy was used to further analyze 

the infrared spectra. Based on this analysis, a dAMP adsorption pathway onto a pre-adsorbed 

phosphate hematite surface was proposed, suggesting the displacement of adsorbed phosphate by 

dAMP. Overall, this study provides some insights into geochemical-biological interactions on 

nanoscale iron oxide surfaces using vibrational spectroscopy. 
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3.2 Introduction 

The most abundant transition metal present in Earth’s crust is iron in the form of iron-

containing particles including iron oxides, with particle sizes often on the nanoscale,121,122 can 

provide a surface for biomolecular adsorption.123 Aqueous environments such as ground water in 

contact with iron oxide surfaces are often composed of a complex multitude of constituents such 

as oxyanions, biomacromolecules, and heavy metals which all have different binding 

affinities.62,65,66,124–126 With the abundance of extracellular nucleotides found in water from active 

or passive cellular extrusion or by cellular lysis, understanding this nano-bio interaction is of 

particular interest.127 Additionally, the adsorption of biomonomer nucleotides onto geochemical 

surfaces has been proposed to be related to the origin of prebiotic life, increasing the local 

concentration under rather dilute solution phase concentrations.128,129 Adsorbed nucleotides can 

polymerize to form DNA and RNA which have been seen to be stabilized on surfaces, increasing 

the persistence in water as well as providing a source of genetic information for gene transfer.127 

Another source of nucleotides entering the environment is through sewage, where nucleotide 

concentrations in urine can range from nanomolar to a few hundred micromolar.130  

Nucleotide and nucleoside adsorption onto other metal oxide and clay surfaces has been 

investigated but adsorption onto iron oxide surfaces has yet to be fully explored. For example, 

adsorbed purine and pyrimidine nucleotides on TiO2 were quantified as a function of pH and 

concluded that at higher pH, there were fewer nucleotides on the surface.131,132 It was suggested 

this behavior could be due to electrostatic interactions where TiO2 has an isoelectric point around 

6.5. At environmentally relevant pH values between 5-8, the phosphate functional group on the 

nucleotide is deprotonated, inducing a negative charge which does not favorably adsorb onto a 

negatively charged TiO2 surface at higher pH values. On clay surfaces, the chemistry of nucleotide 
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adsorption has been investigated with similar results via ligand exchange with the phosphate and 

surface hydroxyl groups.129,133,134 Additionally, it has also been observed that nucleobases and 

nucleosides can interact with clay surfaces between the purine or pyrimidine rings and surface 

hydroxyl groups.135,136 Clearly, the surface chemistry depends on the various nucleobase 

derivatives with these different surfaces.  

Other than one at a time surface adsorption studies, it is necessary to build up complexity 

using multicomponent systems to start to predict and model geochemical interfaces in more 

realistic environments. Another common component in environmental aqueous systems is 

phosphate, where the amount of free phosphate in groundwater can be influenced by adsorption 

and which can impact biogeochemical cycles.137 Excessive amounts of phosphate due to long-term 

anthropogenic sources from industrial and agricultural effluents can lead to eutrophication, the 

rapid growth of aqueous plants leading to the death of animals due to an oxygen deficiency.138 

Leaky sewage lines and septic tanks that can leach into groundwater have orthophosphate 

concentrations as high as 400 μM while measured aqueous groundwater well concentrations 

around 60 μM.139 Adsorbed phosphate surface chemistry is highly pH dependent and involves 

several multivalent species and coordination modes.140 For example, Elzinga et al. concluded that 

the phosphate complexation to hematite was dependent on both pH and surface coverage.65 Ab 

initio quantum chemical calculations and experimental studies for phosphate adsorption on iron 

oxides, such as hematite, goethite and ferrihydrite, have provided additional insights into the 

interaction of phosphate with these different iron oxides.62,64,66,141,142 Particularly relevant to the 

current study is that phosphate has been shown to competitively adsorb to the same binding sites 

as biomolecules6,28 and other oxyanions143–147. An investigation of the surface chemistry between 
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nucleotides and geochemical surfaces in complex milieu is needed to better understand 

environmental interfaces.  

To probe the dynamic surface chemistry occurring between nucleotides and iron oxide 

nanoparticle surfaces, a surface sensitive, in-situ method is needed. For this reason, attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) spectroscopy proves to be an ideal technique 

for these studies. By comparing the spectrum of solution phase nucleotide to that of an adsorbed 

nucleotide, it is possible to observe peak shifts in band position, intensity, and shape to elucidate 

the details of the surface chemistry. Different phosphate binding mode coordinations can be 

distinguished on the surface of an iron oxide surface by observing phosphate band shape changes. 

As components adsorb onto the nanoparticle surfaces, co-adsorbate interactions can arise. Then to 

process and elucidate changing spectral features as a function of the external perturbation, two-

dimensional correlation spectroscopy (2DCOS) can be used. In general, 2DCOS can be used to 

analyze the spectral peaks in a system that is perturbed by an external variable such as temperature, 

pH, and for this study, time.110 Interpretation of 2DCOS allows for the correlation of spectral peak 

changes with respect to other peaks, as well as sequential peak changes with respect to time. 

2DCOS has previously been used to assess the effects of surface adsorption on protein stability18,52 

and ligand exchange48. Herein, we use 2DCOS to correlate oxyanion phosphate absorptions with 

nucleotide absorptions to determine sequential peak changes. 

In this study the adsorption of deoxyadenosine monophosphate (dAMP), a nucleotide, onto 

high surface area hematite nanoparticles, α-Fe2O3, in the presence or absence of phosphate is 

explored at pH 5 and 8. Single component dAMP solution phase spectrum was compared to 

adsorbed spectrum to understand the nano-bio interaction. To build complexity, effects of 

phosphate were used to model the impact of oxyanions on the adsorption behavior of dAMP. These 
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time-dependent spectra were processed using 2DCOS to elucidate adsorption and desorption 

mechanisms. Finally, a nucleotide adsorption pathway was proposed using results from ATR-

FTIR spectroscopy and 2DCOS. Overall, this study provides a further understanding of these geo-

bio and nano-bio interactions and interfaces at environmentally relevant concentrations. 

3.3 Experimental Methods 

3.3.1 Materials 

2'-Deoxyadenosine-5'-monophosphate (dAMP), Disodium phosphate, sodium chloride, 

1N hydrochloric acid, and 1N sodium hydroxide was purchased from Sigma-Aldrich. The 

chemical structure of dAMP is shown in Figure 3.1. Hematite (α-Fe2O3) was purchased from Alfa 

Aesar (stock #44666). dAMP has a molecular weight of 331 g/mol and four pKa values, 0.9, 3.7, 

6.1, and 13.1.148 All chemicals were used without additional purification. 

 

3.3.2 Iron Oxide Nanoparticle Characterization 

The crystalline phase of α-Fe2O3 nanoparticles was confirmed with X-Ray Diffraction 

(XRD) using an APEX II Ultra diffractometer with Mo Kα radiation at λ= 0.71073 Å. To measure 

nanoparticle size, 10 uL of a sonicated 0.03 g/L α-Fe2O3 suspension was placed on a 

formvar/carbon coated 100 mesh copper grid and dried. The copper grid was then analyzed using 

 

 

Figure 3.1 Chemical structure of 2'-Deoxyadenosine-5'-monophosphate (dAMP) 

and pKa values 
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a JEM-1400 Plus Transmission electron microscope (TEM) at 80 kV. Size distributions were 

analyzed with ImageJ software using more than 100 particles. Average particle sizes were fit to a 

Gaussian function. For specific surface area, a Quantachrome Nova 4200e analyzer was used to 

measure a Brunauer-Emmett-Teller (BET) N2 adsorption isotherm. ~100-120 mg of α-Fe2O3 

particles were loaded into the glass cell and degassed for 18 hours at 150 ℃. BET data were 

analyzed using a 15 multipoint curve. 

3.3.3 Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy 

A description of the setup for ATR-FTIR measurements has been given previously.101 

Briefly, ATR-FTIR spectroscopy is based on the total internal reflection of an infrared beam at an 

interface between an optically dense medium and an optically rare medium. This total internal 

reflection creates an evanescent wave within the high refractive index medium that exponentially 

decays into lower refractive index medium. The ATR accessory was a horizontal flow cell with an 

amorphous material transmitting IR radiation (AMTIR) crystal. Infrared spectra were collected 

using a Nicolet iS10 FTIR spectrometer (Thermo-Fisher) equipped with a mercury cadmium 

telluride detector (MCT/A). Spectra were collected at a resolution of 4 cm-1 and averaged over 100 

scans in the spectral range extending from 750 to 4000 cm-1. All ATR-FTIR spectra were collected 

and background subtracted using a linear baseline between 900-1800 cm-1 with the OMNIC 9 

software.  

Solution phase spectra of dAMP were taken to observe any spectral changes compared to 

adsorbed dAMP onto α-Fe2O3.  Solutions of 6 mM dAMP in 10 mM NaCl aqueous solution were 

prepared and titrated to pH 5 and pH 8 using HCl or NaOH. First, a background spectra of 10 mM 

NaCl at the corresponding pH was taken after purging atmospheric gases out of the sample 
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chamber for approximately 30 minutes. Then, 800 uL of the dAMP solution was pipetted onto the 

crystal and a spectrum was collected after purging for an additional 30 minutes.  

For single-component dAMP adsorption measurements, a α-Fe2O3 thin film was prepared 

by sonicating 5 mg of α-Fe2O3 in 800 uL of Milli-Q water and then drop casted onto an AMTIR 

crystal. The hydrosol was left to dry overnight, leaving a α-Fe2O3 thin film. To remove loosely 

packed α-Fe2O3 particles and to collect a background spectrum, 10 mM NaCl at pH 5 solution was 

flowed over the thin film with a peristaltic pump at ~1 mL/min for 30 minutes. A solution of 30 

μM dAMP in 10mM NaCl was sonicated and titrated to pH 5 with HCl and NaOH and then flowed 

over the film at ~1 mL/min for 90 minutes, while spectra were collected every 5 minutes. Then, a 

desorption solution of 10mM NaCl was flowed over the film for 90 minutes. The same method 

was done to collect single-component adsorption spectra at pH 8.   

For multi-component adsorption spectral measurements an α-Fe2O3 thin film was prepared 

and a solution of 300 μM phosphate (Na2HPO4) solution in 10 mM NaCl was titrated to pH 5 with 

HCl and NaOH. To saturate the film with phosphate, the 300 μM Na2HPO4 solution was flowed 

over the thin film for 90 minutes and spectra were collected every 5 minutes. For the co-adsorption 

experiments, 30 μM dAMP solution in 10mM NaCl was flowed over the phosphate saturated film 

at ~1 mL/min for 150 minutes where spectra were collected every 5 minutes. The same method 

was done for pH 8.  

3.3.4 Two-Dimensional Correlation Spectroscopy (2DCOS) 

2DCOS is an analytical tool to investigate spectral changes caused by external 

perturbations such as time, pH, concentration, and temperature. 2DCOS analysis was previously 

described18 and the details of the mathematical construct can be found elsewhere.110,112,119 

Sequential molecular functional group interactions with the surface can be determined using 
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generalized 2DCOS synchronous (Φ) and asynchronous (Ψ) correlation maps and can be 

interpreted using Noda’s rules.119  Briefly, the Φ(ν1, ν1) diagonal peaks are always positive and 

correspond to the peaks that indicate the most responsive peaks to the external perturbation and 

can be deemed the autocorrelation peaks. The off-diagonal Φ(ν1, ν2)  peaks, cross peaks, are 

coupled spectral intensity changes and indicate intensity directional changes. A positive Φ(ν1, ν2) 

value suggests that both ν1 and ν2 are changing in the same direction, either both increasing or 

decreasing. A negative Φ(ν1, ν2) value suggests the opposite, where ν1 is increasing and ν2 is 

decreasing or vice versa. The Ψ correlation map can be used to determine sequential changes to 

spectra. If the sign of Φ(ν1, ν2) is the same as Ψ(ν1, ν2), then ν1 occurs before ν2 whereas if the sign 

of Φ(ν1, ν2) and Ψ(ν1, ν2) are opposite, then ν1 occurs after ν2. All computational algorithms were 

checked by generating simulated spectra and compared to literature and 2dShige version 1.3 

(Shigeaki Mortita, Kwansei-Gaukuin University, 2004–2005) developed by Noda as already 

discussed in Chapter 2.118,120   

3.4 Results and Discussion 

3.4.1 Iron Oxide Nanoparticle Characterization 

Iron oxide nanoparticles were characterized using different methods and the data are 

presented in Figure 3.2. The average size of iron oxide nanoparticles was determined to be 84 ± 

53 nm by analyzing the TEM micrograph (Figure 3.2a). The micrograph also indicates a small 

deviation from spherical particles with an aspect ratio, which is the ratio of particle width to length, 

being slightly larger than one (1.3 ± 0.2). The particles are also seen to be aggregated. Figure 3.2b 

shows the iron oxide XRD pattern consisting of single-phase hematite. The experimental set-up 

for ATR-FTIR is shown in Figure 3.2c where the thin film is first made, then a sample solution is 
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flowed over the thin film where in-situ measurements can be collected. The BET surface area of 

hematite used is 24 m2/g.  

 

3.4.2 Analysis of Solution Phase and Adsorbed Nucleotide 

dAMP consists of a phosphate group, sugar ribose, and adenine nucleobase. The aqueous 

solution phase spectra of dAMP at pH 5 and pH 8 are shown in Figure 3.3 (top). Using the 

Hendersen-Hasselbalch equation (Supporting Information (SI) Figure 3.13), at pH 5, 4.4%, 88.5% 

and 7.0% are divalent anionic, monovalent anionic, and zwitterionic forms of dAMP, respectively. 

For pH 8, 98.8% and 1.2% are divalent anionic and monovalent anionic protonation forms of 

dAMP, respectively. The vibration indicating the basic protonation of δ(N1H+) on the adenine 

nucleobase from the zwitterionic form can be seen at 1707 cm-1 for pH 5 but not for pH8. The 

solution phase phosphate functional group peaks can be seen between 900 to 1200 cm-1 and are 

noticeably different between pH 5 and pH 8. All three speciation forms can be observed in the 

a) b) 

c) 

 Figure 3.2 α-Fe2O3 nanoparticle characterization and experimental schematic  
 

a) TEM micrograph with size distribution analysis (insert). b) XRD data of α-Fe2O3. c) Representative diagram of 

the ATR-FTIR experimental set-up with an evanescent wave penetration depth, dp. 
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solution phase spectrum for pH 5, divalent anionic νs(PO3
-2), monovalent anionic ν(PO3H

-), and 

zwitterionic δ(N1H+) at 980, 1059, and 1707 cm-1, respectively. For pH 8, the divalent anionic 

form is the major form and is observed to have a very sharp peak at 978 cm-1.  The monovalent 

anionic form is not visible as it is within a broad phosphate peak centered around 1101 cm-1. The 

Figure 3.3 ATR-FTIR spectra of deoxyadenosine monophosphate  
 

ATR-FTIR spectra of deoxyadenosine monophosphate at a) pH 5 and b) pH 8 for different stages of the 

experiment. Solution phase dAMP (top), time dependent adsorption spectra of dAMP onto α-Fe2O3 thin film 

(middle), and time dependent desorption of dAMP with NaCl (bottom). * in the adsorption and desorption spectra 

represent the ν(P-OFe) vibrational mode used for kinetic analysis. All spectra are on the same absorbance scale. 

Lighter color spectra represent earlier time points where darker spectral lines represent later time points. Solution 

phase spectrum are multiplied by 10 to indicate there is minimal absorbance contribution from the bulk in 

adsorption spectra. The shaded box represents the phosphate band region where spectral differences can be seen 

between solution and adsorbed phosphate, suggesting surface interactions via the phosphate group.   
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phosphate region contains a mixture of multiple speciations with overlapping peaks, which causes 

significant peak broadening.62,65 

In Figure 3.3 (middle), the time resolved spectra for dAMP adsorbed on α-Fe2O3 is shown 

and compared to solution phase spectra to identify specific functional group surface interactions 

causing frequency shifts and band shape differences. It should be noted the solution phase spectra 

are scaled ten-fold and the concentration of solution phase dAMP is 200 times more than adsorbed 

solution flowing over the thin film. This difference in solution phase intensities ensures that dAMP 

bulk contributions are minimal and peaks in the adsorbed spectra are only that of adsorbed dAMP. 

The solution and adsorbed phase at pH 5 was compared in Figure 3.3a. The adenine and ribose 

peaks above 1200 cm-1 shift minimally, less than 4 cm-1, while retaining similar peak shapes, 

suggesting little interaction with the hematite surface. This is shown in Table 3.1 where peak shifts 

are given and seen to be small for many of the vibrational bands.126,149–153 However, absorptions 

<1200 cm-1 broaden significantly, suggesting that the hematite surface is largely interacting with 

the nucleotide phosphate group. It has been previously reported that oxyanion phosphate can 

coordinate to hematite surfaces to form multiple complexes such as monodentate and bidentate 

bridging, each with different protonation species.62,65,141,142,154 Significant P-O band broadening 

has been previously observed while other functional groups, not directly associated with surface 

binding, show minimal peak shift and broadening.153 Furthermore, it has been reported that 

deprotonation and a mixture of monodentate and bidentate coordination modes can occur on iron 

oxide surfaces, increasing the surface chemistry complexity.64,66,155 Drawing on these analogous 

past studies and since dAMP is observed to adsorb via the phosphate group with band broadening, 

it is reasonable to suggest that multiple binding coordinations may also exist. The deprotonation 

of dAMP following a condensation reaction with hematite surface hydroxyl groups is suggested 



 

43 

 

by Reaction 3.1. The δ(N1H+) 1707 cm-1 peak is no longer present upon adsorption, indicating 

another deprotonation step. 

 

The 997 cm-1 peak appears for adsorbed dAMP, which is assigned to the ν(P-OFe). The 

936 cm-1 peak, which is assigned to the δ(POH) vibrational mode in solution, is also present when 

dAMP is adsorbed onto hematite. Yan et al. studied the glyphosate adsorption onto goethite and 

observed P-O band broadening with minimal changes to carboxylate and amine related peaks. 

Within the P-O band envelope, the 936 cm-1 was assigned to the binuclear bidentate symmetric 

stretch and was confirmed with DFT calculations.153 Similarly, the study confirmed the presence 

of multiple complexation modes between pH 5-9. Fry et al. used solid-state NMR and ab-initio 

calculations to observe both primarily monodentate and bidentate dAMP surface complexation 

with alumina at pH 5.5.156 Therefore the 936 cm-1 peak has been assigned to the bidentate binding 

mode. Figure 3.3a (bottom) shows the desorption spectra depicting little change to the spectra 

other than lower intensity values corresponding to a loss of loosely bound surface adsorbate 

species and negligible changes to surface chemistry. Figure 3.14 compares the spectral differences 

at the last adsorption and desorption time points for both pH values and shows little changes to 

bands above 1200 cm-1 in the spectra and band broadening for absorptions below 1200 cm-1. For 

the spectra of adsorbed dAMP at pH 8 (Figure 3.3b), adenine and ribose sugar show minimal peak 

shifts and maintain similar peak shape when compared to solution phase. Like pH 5, the phosphate 

group band broadened, indicating specific interactions with the surface. Additionally, the distinct 

ν(P-OFe) peak at 992 cm-1 is present but not as intense compared to pH 5. The 935 cm-1 peak is 

present, indicating a bidentate surface complex as discussed previously for adsorption of dAMP at 

pH 5.

Equation 3.1 ≡ 𝐹𝑒 − 𝑂𝐻 + 𝑑𝐴𝑀𝑃 → ≡ 𝐹𝑒 − 𝑑𝐴𝑀𝑃 + 𝐻2𝑂 
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However, the adsorbed phosphate region band shapes are different between pH 5 and 8, which 

suggest a different mixture of surface complexes. This pH dependent binding coordination is not 

surprising as this phenomenon has been observed in other studies.65,66,153,157 Upon desorption, there 

is little change to peak positions or band shapes but lower spectral intensity is observed. 

 Adsorption and desorption kinetics can be determined by monitoring peak intensities as a 

function of time and is shown in Figure 3.4 using ν(P-OFe) peak height. In the adsorption stages, 

the intensity values seem to exponentially increase and plateaus out suggesting a maximum coated 

surface. Following this, a desorbing aqueous solution not containing dAMP, was introduced into 

the flow cell. There is only a small decrease in peak intensity on the time scale of ca. two hours 

which suggests that most nucleotides are irreversibly bound to the surface regardless of pH. 

Hematite dissolution at pH 5 would show a continual loss of peak intensities as the number of 

binding sites is reduced but that is not seen. Lanzl et.al. showed hematite dissolution rates 

decreased logarithmically as pH increased between 1-2.5.158 At pH values between 2-6, dissolution 

rates are even further decreased, suggesting hematite dissolution is not expected at pH 5. One 

noticeable difference between the two saturated hematite surfaces are the intensity values. At 90 

minutes, the intensity for pH 5 is ca. 150% higher than at pH 8, suggesting that nucleotide surface 

coverage is greater at pH 5. The isoelectric point of hematite is 7.9 and at a lower pH value than 

this, the particle is positively charged whereas at a higher pH value, the particle is negatively 

charged. At pH 5, hematite is positively charged and at pH 8, the particle is approximately neutral. 

At pH 5, dAMP is mostly a monovalent anionic species, thus carrying a negative charge. At pH 8, 

dAMP is divalent anionic, carrying a more negative charge. Therefore, at pH 5, there is an 

electrostatic attraction between hematite and dAMP whereas there is reduced interaction at pH 8, 

explaining the differences in adsorption intensities. 
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3.4.2 Effects of Adsorbed Oxyanion on dAMP Adsorption on Hematite 

 Oxyanions are present in groundwater and phosphate is one of the common 

components.138,159 As noted above, phosphate adsorption can occur on different types of 

environmental surfaces. Upon adsorption on iron oxide surfaces, deprotonated phosphate has been 

observed to lead to negative particle zeta potential values of -15 to -30 mV.160 This change in zeta 

potential of the particle can further influence subsequent multicomponent adsorption 

mechanism.161 Figure 3.5a shows the adsorbed spectra of disodium phosphate on hematite at pH 

5 and 8. Most notably are the prominent peaks between 900 to 1200 cm-1, representing the main 

region where P-O bonds absorb infrared light. The band shapes for this region are different 

between pH 5 and 8. For pH 5, there are two prominent peaks at 1004 and 1116 cm-1 whereas for 

pH 8, the region is broader, suggesting multiple absorptions contributions. Integrated peak area 

was done between 900-1200 cm-1 instead of peak intensity as the ν(P-OFe) peak was not clear at 

Figure 3.4 dAMP adsorption kinetics onto α-Fe2O3 using the ν(P-OFe) vibrational mode 

intensity occurring at 997 and 992 cm-1 for pH 5 and pH 8, respectively 
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all time points for both pHs (Figure 3.5b). Adsorbed phosphate peak area is seen to exponentially 

increase and begin to plateau, suggesting a saturated surface at 90 minutes. Phosphate appears to 

be irreversibly bound to the surface as the peak area does not fall back to zero when desorbed with 

water. The time resolved phosphate adsorption and desorption spectra on hematite is shown in 

Figure 3.15 and Figure 3.16 for pH 5 and pH 8, respectively. As mentioned previously, phosphate 

has been shown to coordinate to the hematite surface hydroxyl groups as a mixture of monodentate 

and bidentate species and observed here with broad bands.    

Figure 3.6 shows the effects of pre-adsorbed phosphate on the adsorption behavior of 

dAMP. Figure 3.6a shows the ATR-FTIR spectra of dAMP adsorption onto a phosphate saturated 

hematite surface at pH 5 and pH 8. Adenine and ribose groups are observed to have minimal peak 

shifts compared to solution phase and adsorbed onto a bare surface for both pH values. The ν(P-

OFe) shifts from 997 to 991 cm-1 and from 992 to 983 cm-1 when adsorbed onto a pre-adsorbed 

phosphate surface at pH 5 and pH 8, respectively. Figure 3.6b are the peak intensities for the ν(P-

OFe) peak at both pH values. For pH 5 at 90 minutes, the intensity for dAMP adsorbed on a 

phosphate-hematite surface is 25% of that in the absence of phosphate and 13% for pH 8. This 

a) b) 

Figure 3.5 Spectra of phosphate adsorbed on hematite and kinetics 

 
Phosphate adsorption onto α-Fe2O3 at pH 5 (red) and pH 8 (blue). a) ATR-FTIR spectra of phosphate adsorption at 90 

minutes onto α-Fe2O3. b) Integrated peak area between 900-1200 cm-1 representing the phosphate region for 

adsorption and desorption.  
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significant reduction in dAMP adsorbed on the surface suggests that phosphate occupies some of 

the same binding sites as dAMP. Moreover, the intensity for pH 5 is about twice than that of pH 8 

on a phosphate saturated surface. This phenomenon cannot be solely explained by electrostatics as 

was hypothesized for surfaces without pre-adsorbed phosphate as both the surface and nucleotide 

are negatively charged. The surface is negatively charged due to the adsorbed deprotonated 

phosphate at both pHs. A previous study simulated DNA adsorption onto a MoS2 surface and 

concluded that the adsorption energy was mostly due Van der Waal interactions while 

electrostatics contributed minimally.96 Furthermore, the study observed that the equilibrated 

orientation of the DNA strand was perpendicular to the surface via the phosphate terminal 

backbone. This suggests that the dAMP could be interacting with the surface via Van der Waal 

a) 

b) 

Figure 3.6 ATR-FTIR spectra of dAMP adsorbed on phosphate coated hematite and kinetics 

a) ATR-FTIR difference spectra for the displacement of adsorbed phosphate with dAMP at pH 5 (top) and pH 8 

(bottom). Spectra were ratioed against saturated phosphate α-Fe2O3 film. b) peak height kinetics for the ν(P-OFe) 

vibrational mode for the adsorption of deoxyadenosine monophosphate on a bare α-Fe2O3 surface at pH 5 (red 

empty circles) and pH 8 (blue empty squares), as well as a pre-adsorbed phosphate α-Fe2O3 surface at pH 5 (red 

filled circles) and pH 8 (blue filled squares). 
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interactions. However, the surface hydroxyl groups are occupied by phosphate oxyanions but the 

increase in ν(P-OFe) peak intensity suggests dAMP is binding to the surface, not to the pre-

adsorbed phosphate. Interestingly, Figure 3.6a shows a broad negative peak at earlier adsorption 

time points around 1124 and 1110 cm-1 for pH 5 and 8, respectively. This suggests that pre-

adsorbed phosphate is either first desorbed, freeing a coordination site for dAMP or displaced by 

dAMP. As seen in Figure 3.5b, phosphate can be partially desorbed with only aqueous NaCl and 

in another experiment of washing the pre-adsorbed phosphate with water then adsorbing dAMP 

(data not shown), the ν(P-OFe) intensity was ca. 2x and 2.5x higher when the film was washed for 

pH 5 and pH 8, respectively. This intensity difference could suggest that when dAMP is a co-

adsorbate with phosphate, there is a synergistic stabilization effect, minimizing the desorption or 

displacement of phosphate.  

When oxyanion phosphate adsorbs to the surface the spectrum has strong, broad peaks 

centered around 1116 and 1092 cm-1 for pH 5 and pH 8, respectively. As dAMP adsorbs onto the 

phosphate covered surface, it interacts with already adsorbed species, causing changes to spectral 

a) pH 5 b) pH 8 

Figure 3.7 dAMP adsorbed on hematite functional group peak positions  
 

dAMP functional group peak positions as a function of time during the adsorption onto a phosphate coated surface 

α-Fe2O3 at a) pH 5 and b) pH 8. Dashed lines represent the solution phase peak positions. ν(P-OFe)* dashed line 

represents the single component dAMP adsorption onto hematite surface peak position. 
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features. The peak loss stemming from the desorption of phosphate could be shifted due to 

interactions from adsorbing dAMP molecules. This synergistic interaction between co-adsorbates 

influencing the mechanism of adsorption of another species has been seen in previous 

studies.28,153,161  

Peak position shifts can indicate functional group interactions with the hematite surface 

and could elucidate any time dependent interactions. Figure 3.7 shows various dAMP functional 

group peak positions as a function of adsorption time onto a phosphate coated surface. The ν(P-

OFe) peak is seen to shift 10 cm-1 for pH 5 and 8 cm-1 for pH 8 as dAMP adsorbs to the phosphate 

coated surface. Interestingly, the ν(P-OFe) peak appears to approach the frequency observed for 

single component dAMP adsorption as noted by the dotted line in Figure 3.7 for both pH 5 and 8. 

As pre-adsorbed phosphate is displaced by dAMP, there are fewer co-adsorbate interactions, 

leading to a peak position that is more closely related to single component adsorbed dAMP. As 

noted previously, adenine and ribose show no frequency shifts when comparing the frequencies 

observed in solution compared to when adsorbed. If adenine or ribose peak positions deviated from 

solution phase at earlier time points, it could be possible that the nucleotide initially interacted 

with the surface with those functional groups and a molecular reorientation occurred where at 

equilibrium, the phosphate group complexed with the surface. However, the only peak shifts 

observed at earlier time points are the phosphate group, indicating a functional group specific 

interaction with the surface. The small fluctuations for δ(NH2) at pH 8 could be due to interference 

with the broad water bending vibration mode centered around ~1640 cm-1. This is only seen for 

pH 8 due to the fewer amount of adsorbed dAMP molecules compared to pH 5, thus a potentially 

larger interference with the water bending mode.  
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For dAMP to coordinate to the surface, adsorbed phosphate must be desorbed which was 

observed as negative peak intensities at 1124 and 1110 for pH 5 and pH 8, respectively. Peak loss 

intensities were shown as a function of adsorption time in Figure 3.8. Interestingly, local minima 

are observed at 35 and 45 min for pH 5 and pH 8, respectively. For the sake of clarity, these time 

points will be referred to as the critical adsorption time (Tc). At time points earlier than Tc, 

phosphate is desorbed while dAMP is adsorbing. At Tc, the intensity changes due to phosphate 

desorption and dAMP adsorption are equal, showing a local minimum. After Tc, the intensity starts 

to increase as dAMP begins to adsorb to available surface binding sites. As previously mentioned, 

phosphate has various surface complexes when adsorbed onto the hematite surface. Kubicki et al. 

simulated phosphate adsorption onto multiple goethite facets which resulted in varying adsorption 

energies, suggesting that stable complexes are dependent on crystal faces.62 Phosphate desorption 

energies are equal to the negative of adsorption energies which suggests there can be specific 

desorption of complexes depending on desorption energies. Moreover, the standard deviations for 

the simulated adsorption energies are high, suggesting large uncertainty. This highlights the partial 

displacement complexity of adsorbed phosphate with dAMP which is dependent on multiple 

factors including, pH, crystal face, and surface complex.  

Figure 3.8 Peak loss absorbance kinetics for 1124 and 1110 cm-1 in Figure 3.5 for pH 5 and 

pH 8, respectively 
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3.4.4 Two-Dimensional Correlation Spectroscopy 

The difference in adsorption mechanism marked by a critical time which differentiates 

between the desorption of phosphate and the adsorption of dAMP can be analyzed using 2DCOS. 

2DCOS can be used to correlate intensity changes as a function of adsorption time and be used to 

compare the differences in adsorption mechanisms for pH 5 before Tc and after Tc (Figure 3.9) 

and pH 8 before Tc and after Tc (Figure 3.10). Autocorrelation spectra represents peaks that are 

highly correlated to the external perturbation, adsorption time. The autocorrelation spectra can be 

generated by a diagonal intensity line trace for the synchronous 2DCOS map. The autocorrelation 

values are always positive and do not indicate whether peaks are increasing or decreasing. Figure 

9 shows the 2DCOS autocorrelation spectra and maps for dAMP adsorption onto a phosphate 

coated surface at pH 5 before Tc (Figure 3.9a) and after Tc (Figure 3.9b).  The autocorrelation 

spectra highlight phosphate peak shifts between the two regions. Interestingly before Tc, many of 

the dAMP related autopeaks (1651, 1602, 1578, 1480, 1422, 1337, 1306, 1252, 1120, 988 cm-1) 

have a larger relative intensity than the 1120 cm-1 phosphate peak that desorbs. This could suggest 

that as phosphate is either displaced or desorbed, dAMP quickly adsorbs and could be supported 

by the smaller Tc value for pH 5 compared to pH 8. Comparing between Tc regions, the ν(P-OFe) 

is seen to shift from 988 to 1001 cm-1, a possible change in surface complexation modes for both 

dAMP and adsorbed phosphate. The sequential order of peak change can be determined applying 

Noda’s rules to the synchronous and asynchronous signs found in Table 3.2 and Table 3.3 for 

before Tc and after Tc at pH 5, respectively. Sequential order of change before Tc was determined 

to be: 1120 (P-O band) cm-1 → 1602 (purine), 940 (P-O band) cm-1 → 1578 (purine), 1480 (ν(N7-

C8), δ(C8-H)) cm-1 → 1422 (δ(CH2)), 1337 (purine) cm-1 → 1651 (δ(NH2)) cm-1 → 1306 (purine), 

1064 (P-O band) cm-1 → 988 (P-O band) cm-1 → 1252 (δ(C6-NH2) cm-1 → 1216 (ν(N9-C1’)) cm-
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1. Unsurprisingly, 1120 cm-1 is the first peak to change as phosphate desorbs prior to dAMP 

adsorption. There are several cross peak values that show a non-zero synchronous value and a zero 

asynchronous value. This has been previously reported in literature which is caused by frequency 

or band-width changes that can blur peak position and intensity in 2DCOS.18,52 For this reason, 

cross peaks that have a zero asynchronous value will be ignored in determining sequential peak 

order. After the initial 1120 cm-1 change, dAMP associated peaks change indicating the adsorption 

of the nucleotide onto the surface. Phosphate group related peaks, such as 940, 1064, and 988 cm-

1, are seen to change throughout the sequential order, suggesting the constant complexation 

changes while dAMP adsorbs to the surface. After Tc (Figure 9b), the sequential order is: 1604 

(purine) cm-1 → 1578 (purine) cm-1 → 1480 (ν(N7-C8), δ(C8-H)), 1421 (δ(CH2)), 1337 (purine), 

1305 (purine), 1251 (δ(C6-NH2), 1215 (ν(N9-C1’)), 1065 (P-O band) cm-1 → 1001 (P-O band) 

cm-1 → 1151 (P-O band), 1100 (sugar) cm-1 → 1651 (δ(NH2))  cm-1. Notably, the 1120 cm-1 P-O 

band is absent in this time region because most of the pre-adsorbed phosphate has been displaced 

and the peak intensities are increasing due to the adsorption of dAMP. This is marked by adenosine 

related peaks occurring earlier in the sequence. Moreover, the peaks due to the phosphate group 

within dAMP peaks are seen at the end of the functional group sequence changes, possibly 

suggesting the final complexation state where the phosphate group is bound to the surface. 
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Figure 3.9 2DCOS maps for dAMP adsorbed on phosphate saturated hematite surface at pH 5 
 

2DCOS maps for dAMP adsorption onto phosphate saturated hematite surface at pH 5 (a) before Tc and (b) after Tc. 

Autocorrelation spectra (top), synchronous 2DCOS map (middle), and asynchronous 2DCOS map (bottom). Dotted 

line in synchronous 2DOCS correspond to the intensity line trace which is the same as autocorrelation spectra. Red 

and blue corresponds to positive and negative correlations, respectively. 
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Figure 3.10 2DCOS maps for dAMP adsorption onto phosphate saturated hematite surface at pH 8 
 

2DCOS maps for dAMP adsorption onto phosphate saturated hematite surface at pH 8 (a) before Tc and (b) after Tc. 

Autocorrelation spectra (top), synchronous 2DCOS map (middle), and asynchronous 2DCOS map (bottom). Dotted 

line in synchronous 2DOCS correspond to the intensity line trace which is the same as autocorrelation spectra. Red 

and blue corresponds to positive and negative correlations, respectively. 
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2DCOS autocorrelation spectra and maps for pH 8 are shown in Figure 3.10. Before Tc 

(Figure 3.10a), large, broad phosphate autopeaks are observed which are related to phosphate 

desorption. dAMP autopeak intensities are low, suggesting a slow adsorption of dAMP molecules 

as phosphate desorbs. After Tc (Figure 3.10b), the 990 cm-1 autopeak appears corresponding to 

dAMP adsorption and surface complexation.  The 2DCOS synchronous and asynchronous signs 

are shown in Table 3.4 and Table 3.5 for before Tc and after Tc for pH 8, respectively. In summary, 

the order of change before Tc is 1110 (P-O band) cm-1 → 1483 (ν(N7-C8), δ(C8-H)), 1423 

(δ(CH2)), 1338 (purine), 1307 (purine) cm-1 → 1423 (δ(CH2)), 1338 (purine), 1307 (purine), 1049 

(P-O band) cm-1 → 1653 (δ(NH2)), 1423 (δ(CH2)), 1338 (purine), 1307 (purine) cm-1 → 1307 

(purine), 1216 (ν(N9-C1’)), 957 (P-O band) cm-1 → 1307 (purine), 1216 (ν(N9-C1’)), 983 (P-O 

band) cm-1. There is an abundance of peak overlap as well as repeated peaks because of the zero 

asynchronous values. There are multiple sequential possibilities in which the peaks change, 

however, the 1110 cm-1 peak is seen to be the first to change. Again, this is related to the desorption 

of phosphate from the surface, allowing dAMP to adsorb. The phosphate peaks are also scattered 

within the sequential order and identical to pH 5, reflect the constant changes to binding modes of 

both adsorbed phosphate and dAMP. The peak change after Tc is 1653 (δ(NH2)) cm-1 → 1603 

(purine) cm-1 → 1579 (purine), 1481 (ν(N7-C8), δ(C8-H)), 1422 (δ(CH2)), 1338 (purine), 1251 

(δ(C6-NH2), 1217 (ν(N9-C1’)) cm-1 → 1422 (δ(CH2)), 1338 (purine), 1306 (purine), 1251 (δ(C6-

NH2) cm-1 → 990 (P-O band) cm-1 → 1117 (P-O band) cm-1. Like at pH 5, the 1120 cm-1 P-O band 

is not present in the sequence as it is related to the desorption of pre-adsorbed phosphate. Instead, 

adenosine related peaks are seen earlier in the sequence with phosphate related bands are towards 

the end of the sequence. The pH 8 sequence for both before Tc and after Tc are analogous to pH 5, 
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suggesting similar adsorption mechanism but with varying surface complexation species as seen 

from these ATR-FTIR spectra.  

3.4.5 Semi-Quantitative Spectral Linear Convolution 

 It has been observed that the hematite surface is a mixture of adsorbed oxyanion phosphate 

and dAMP nucleotide, however, it is unknown the relative percentages of each component. To 

estimate the mixture of adsorbed phosphate and nucleotide on the hematite surface, independent 

adsorbed spectra of phosphate and dAMP on hematite were added together at different ratios at 

pH 5 (Figure 3.11a). This analysis was done for only the 900-1200 cm-1 phosphate region as 

higher wavenumber regions for adsorbed phosphate do not show relevant peaks. These 

independent spectra were added together to and compared to the spectra of a mixed phosphate and 

nucleotide hematite surface (Figure 3.11b).  Figure 3.11c shows the residuals between the linear 

convoluted and experimental spectra. The residuals are seen to be oscillating and yield large 

values, indicating poor linear convolutions. This suggests that the spectra cannot be successfully 

convoluted using a linear scale and is more complicated than this relatively simplistic analysis. 

Furthermore, this shows that the assumption of independent adsorbates cannot be made. This 

simple linear convolution yielding high residuals suggest that the interaction between adsorbates 

is important. Moreover, it is suggested that the binding coordination of the nucleotide is impacted 

by pre-adsorbed phosphate when compared to independent adsorption studies. Additionally, the 

presence of pre-adsorbed phosphate could affect electronic interactions, change binding sites, and 

could affect adsorbate speciation, affecting nucleotide adsorption spectra.28,62,161 For all of these 
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reasons, the fitting residuals are high and a more complex method is needed to quantify the relative 

amounts of phosphate and dAMP adsorbed onto hematite.  

 

3.4.6 dAMP Adsorption Mechanism on Phosphate Saturated Surface 

 There are multiple pathways that can lead to the final state where dAMP is coordinated to 

the hematite surface via phosphate group. There is an initial state where the surface is saturated 

with adsorbed phosphate and a final state where there is a mixture of dAMP and phosphate, both 

complexed with the hematite surface; the intermediate adsorption pathway steps of how this final 

a) 

b) c) 

Figure 3.11 Linear convolution of adsorbed species on α-Fe2O3 
 

a) Representative cartoon emphasizing the possible percent absorbance intensity of a saturated adsorbed phosphate 

surface spectrum (red dashed box) added to a percent of saturated adsorbed dAMP surface spectrum (blue dashed 

box) to yield the spectral absorbance intensity of a multicomponent surface composed of dAMP and phosphate 

(purple dashed boxed). b) the spectra used for the linear convolution at pH 5. c) the residuals of the experimental 

spectrum compared to the linear convolution at various percent combinations where the absorbance ratios 

correspond to % PO4 : % dAMP. The dotted line represents a perfect overlay of the linear convolution to 

experimental spectra.  
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state is reach is unknown. However, several pathways are possible and can be deduced using ATR-

FTIR spectral analysis. Figure 3.12 is a summary of three proposed pathways. Path 1 shows the 

promoted displacement of adsorbed phosphate via adenine nucleobase and a molecular 

reorientation to yield a final complex dAMP state. Path 2 shows the desorption of adsorbed 

phosphate, creating an available binding site for dAMP coordination via phosphate group. Path 3 

shows the promoted displacement of adsorbed phosphate with dAMP. Path 1 is not likely as 

adenine peak shifts at earlier time points were not observed (Figure 3.7). Path 2 is possible because 

phosphate was seen to partially desorb with water (Figure 3.5) and dAMP is seen to readily adsorb 

to available binding sites regardless of pH (Figure 3.4). Path 3 is also possible because the 

displacement of adsorbed phosphate with another adsorbate has been observed in other 

Figure 3.12 Proposed adsorption mechanism for deoxyadenosine monophosphate onto α-Fe2O3  

 
a) Schematic representing the possible adsorption pathways where path 1 is the displacement of pre-adsorbed 

phosphate via the amine functional group and with a molecular reorientation. Path 2 is the desorption of phosphate 

which frees up an available binding site where dAMP can bind to the surface. Path 3 is the displacement of adsorbed 

phosphate via the phosphate functional group.  

 



 

60 

 

experiments.162,163 In summary, the proposed dAMP adsorption mechanism on a phosphate 

saturated surface is a mixture of multiple pathways that first begins the desorption of adsorbed 

phosphate to open an available binding site for dAMP to coordinate with.  

3.5 Conclusion 

 Molecular adsorption onto a geochemical surface in environmental milieu can be complex 

which is why it is not fully understood. However, is an important role in determining the fate and 

transport of biomolecular components. The results from this study suggest that there are 

electrostatic interactions between dAMP and hematite nanoparticle surfaces, where there is an 

increase of adsorbed dAMP at lower pH values. When oxyanion phosphate is present on the 

hematite surface, a reduction in the amount of dAMP molecules adsorbed to the surface was seen 

due to the presence and site-blocking of the phosphate as it occupies the same binding sites as 

dAMP. We show the exchange of pre-adsorbed phosphate molecules with dAMP, indicating a 

multistep adsorption mechanism. 2DCOS analysis elucidated the order of change to relevant peaks 

for the phosphate desorption and dAMP adsorption pathway. With the results and analysis, two 

dAMP adsorption pathways were proposed when adsorbed onto a pre-adsorbed hematite surface. 

One of which involves the immediate desorption of phosphate followed by the adsorption of 

dAMP and the secondly involves a slower displacement of potentially more strongly bound 

phosphate with dAMP. Both pathways result in the surface complexation of the dAMP phosphate 

group with the hematite surface. This study builds complexity upon single component systems to 

highlight the importance of geochemical surfaces, environmental factors, and multi-component 

milieu on molecular stability.  
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Figure 3.13 Henderson-Hasselbalch speciation curve for dAMP at the experimental pHs 

investigated 

Figure 3.14 Last time point spectra for single component dAMP adsorbed on hematite 
 

Last time point spectra for single component dAMP adsorption and desorption on hematite at pH 5 (red) and pH 8 

(blue). Solid line is the 90-minute adsorption spectrum and the dotted line is the 90 minute desorption spectrum.  
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Figure 3.15 ATR-FTIR spectra of phosphate adsorption and desorption on hematite at pH 5 
 

Adsorption (top) onto hematite surface and desorption (bottom) at pH 5 as a function of time. 

 

Figure 3.16. ATR-FTIR spectra of phosphate adsorption and desorption on hematite at pH 8 

ATR-FTIR spectra of phosphate adsorption (top) onto hematite surface and desorption (bottom) at pH 8 as a 

function of time. 
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Chapter 4. Differential Surface Interactions and Surface 

Templating of Nucleotides (dGMP, dCMP, dAMP, and 

dTMP) on Oxide Particle Surfaces 
 

4.1 Abstract 

The fate of biomolecules in the environment depends in part on understanding the surface 

chemistry occurring at the biological-geochemical (bio-geo) interface. Little is known about how 

environmental DNA (eDNA) or smaller components, like nucleotides and oligonucleotides, persist 

in aquatic environments and the role of surface interactions. This study aims to probe surface 

interactions and adsorption behavior of nucleotides on oxide surfaces. We have investigated the 

interactions of individual nucleotides (dGMP, dCMP, dAMP, and dTMP) on TiO2 particle surfaces 

as a function of pH and in the presence of complementary and noncomplementary base pairs. 

Using attenuated total reflectance-Fourier transform infrared spectroscopy, there is an increased 

number of adsorbed nucleotides at lower pH with a preferential interaction of the phosphate group 

with the oxide surface. Additionally, differential adsorption behavior is seen where purine 

nucleotides are preferentially adsorbed, with higher surface saturation coverage, over their 

pyrimidine derivatives. These differences may be a result of intermolecular interactions between 

co-adsorbed nucleotides. When the TiO2 surface was exposed to two component solutions of 

nucleotides, there was preferential adsorption of dGMP compared to dCMP and dTMP, and dAMP 

compared to dTMP and dCMP.  Complementary nucleotide base pairs showed hydrogen-bond 

interactions between a strongly adsorbed purine nucleotide layer and weaker interacting hydrogen-

bonded pyrimidine second layer. Noncomplementary base pairs did not form a second layer. These 

results highlight several important findings: (i) there is differential adsorption of nucleotides; (ii) 

complementary co-adsorbed nucleotides show base pairing with a second layer and the stability 
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depends on the strength of the hydrogen bonding interactions and; (iii) the first layer coverage 

strongly depends on pH. Overall, the importance of surface interactions in the adsorption of 

nucleotides and the templating of specific interactions between nucleotides are discussed.   

4.2 Introduction 

Aqueous environments in ground water are a complex milieu comprised of oxyanions, 

biomolecules, and heavy metals, just to name a few components. These interact with each other 

and geochemical surfaces present in the environment.18,47,62,65,76,106,164 For biomolecules, 

interactions with mineral particle surfaces, especially on high surface area nanoscale particles that 

act as excellent adsorbents,3,63,65,76,164,165 can change biomolecular structure, physicochemical 

properties, and electronic states.18,28,47,104,106 DNA, oligonucleotides, and nucleotide components 

are often found in the environment through cellular lysis, leaky sewages pipes, and active cellular 

secretion.127,130 The role of surfaces and the interactions that occur with surfaces in altering DNA 

decay rates or stabilization, is not fully understood.166 The fate of environmental DNA and 

persistence in aquatic environments is an important question that remains to be answered.  

Titanium dioxide particles are found in the environment as a natural mineral or 

anthropogenic engineered nanomaterials and can provide a surface for biomolecules to adsorb 

onto.18,28 These nucleotides compete with other species that are present in environment aqueous 

systems that make up the ecological-corona surrounding the particle. This ecological-corona is 

dependent on the components present in the environment surrounding the particle as higher affinity 

molecules displace lower affinity species. However, to study the evolution of an ecological-corona 

in multi-component milieu, fundamental interactions need to be understood of single or two 

component studies to build up in complexity and predict the behavior to model realistic 

environments. Additionally, adsorbed DNA can translocate far distances, where transfer of non-
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native genetic information can occur.127,167 Despite being transported through different biomes and 

exposed to milieu with components with varying surface affinities, adsorbed DNA can resist 

degradation.166,168,169 Furthermore, prebiotic life was hypothesized to originate from the adsorption 

of biomonomers onto surfaces, increasing the local concentration and undergoing polymerization 

to form biomacromolecular structures, like DNA and proteins.128,129 To investigate how DNA is 

stabilized on surfaces, it is first necessary to understand the surface chemistry with the individual 

building blocks, nucleotides.   

For the reasons noted above, it is important to use molecular-based probes to interrogate 

the surface chemistry to gain insight into the reversibility or irreversibility of adsorbed nucleotides 

and specific surface interactions. There have been several studies of nucleotide and nucleoside 

adsorption onto clay and iron oxide particles, but few on titanium dioxide.76,126,150,152,156,165,170,171 

The studies thus far on TiO2, have focused on quantifying nucleotide surface coverage but did not 

investigate the details of the surface interactions.131  Cleaves et al. investigated adsorbed 

nucleobases, nucleosides and monophosphate nucleotides and concluded that monophosphate 

nucleotides are more strongly bound to rutile surfaces compared to the nucleobases.171 Zhang et 

al. adsorbed oligonucleotides onto TiO2 and suggested the adsorption occurred through backbone 

phosphate groups but didn’t discuss in detail the coordination of phosphate with the surface.172 In 

another study, Schmidt et al. investigated the adsorption of environmental DNA (eDNA) onto 

goethite and observed the preferential adsorption of the phosphate backbone to the surface.95 

Further understanding of the interaction of DNA and the components that make up DNA would 

require probing the interactions of the phosphate group. The phosphate group binding energies 

differ between monodentate and bidentate modes which influence how stable nucleotides and 

DNA are on surfaces.62  
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In this study, in-situ attenuated total reflectance-Fourier transform infrared (ATR-FTIR) 

spectroscopy was used to probe surface interactions of monophosphate nucleotides with TiO2 

(anatase) surfaces. Solution phase spectra were compared to adsorbed spectra as a function of pH 

to better understand bio-geo interactions and the effects of relevant environmental conditions. To 

build complexity, two-component nucleotide adsorption showed interesting and different 

interactions between complementary and noncomplementary base pairs. From these studies, it is 

shown for the first time that there is differential adsorption of nucleotides and different surface 

interactions as observed in competitive and complementary base adsorption.  Overall, this study 

provides insight into the bio-geo interactions as well as nucleotide templating that could provide 

insights into prebiotic DNA interactions.   

4.3 Materials and Methods 

4.3.1 Materials 

2’-deoxycytidine-5’-monophosphate (dCMP), 2’-deoxyguanosine-5’-monophosphate 

(dGMP), 2’-deoxyadenosine-5’-monophopshate (dAMP), 2’-deoxythmidine-5’-monophosphate 

(dTMP), sodium chloride, 1N hydrochloric acid, and 1N sodium hydroxide were purchase from 

Sigma-Aldrich. Anatase TiO2 particles were purchased from US Research Nanomaterials stock 

number #US3498. All chemicals were used without additional modification or purification. For 

clarity, nucleotides have three main functional groups, the nitrogenous ring, ribose sugar ring and 

the phosphate group. The nitrogenous ring and ribose are defined as the nucleoside. The nucleoside 

with the phosphate group is the nucleotide. 

4.3.2 Particle Characterization 

The crystalline phase of TiO2 was confirmed and determined with X-ray diffraction using 

an APEX II ultra-diffractometer with Cu Kα radiation at λ = 1.54056 Å. To determine the primary 
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TiO2 particle size, an aqueous suspension of a 0.05 g/L was sonicated with a probe sonicator for 

60 seconds with 15 seconds rest over 30 minutes in a room temperature water bath. Afterwards, a 

15 uL aliquot was drop casted onto a formvar/carbon-coated 100 mesh copper grid and dried. The 

copper grid was imaged using an 80kV JEOL-1400 Plus transmission electron microscope. Particle 

sizes were analyzed using ImageJ software for more than 100 particles. For scanning electron 

microscope images for particle film morphology, 2.5 mg of particles were sonicated in 700 uL 

water for 30 seconds. 14 5 mm x 5 mm silicon wafers were laid on ATR crystal and the colloidal 

suspension was pipetted into the trough. The solution was dried and a wafer was imaged using FEI 

Quanta FEG 250 at 10 kV. Specific surface area was determined using a Quantachrome Nova 

4200e N2 adsorption isotherm under liquid nitrogen. Samples were first degassed at 120 ⸰C for 18 

hrs and a 15-multipoint isotherm was collected between P/P0 of 0.05-0.95. 

4.3.3 Zeta Potential using Dynamic Light Scattering (DLS) 

An aqueous solution of 2.5 g/L of TiO2 particles were sonicated for 30 minutes. A solution 

of 200uM dGMP, 200uM dCMP, 200uM dAMP, and 200uM dTMP were separately prepared. All 

solutions were titrated to pH 5 and pH 9 using HCl and NaOH. Minimal titrant was used to ensure 

negligible changes to concentration. Triplicate zeta potential measurements were taken with 

Malvern Instruments Zetasizer Nano. 

4.3.4 Attenuated Total Reflectance-Fourier Transform Infrared (ATR-FTIR) Spectroscopy 

The ATR-FTIR spectroscopy set-up has been previously described.106 Briefly, ATR-FTIR 

spectroscopy is based on the total internal reflection of an infrared beam at an interface between 

an optically dense medium (ATR crystal) and an optically rare medium (sample). The reflection 

of the incident beam at the interface creates an evanescent wave that propagates into the sample 

where absorption of infrared light can occur, decaying exponentially. The ATR accessory was a 
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horizontal flow cell with an amorphous material transmitting IR radiation (AMTIR) crystal. 

Infrared spectra were collected using a Nicolet iS10 FTIR spectrometer (Thermo-Fisher) equipped 

with a mercury cadmium telluride detector (MCT/A). Spectra were collected at a resolution of 4 

cm-1 and averaged over 100 scans in the spectral range extending from 750 to 4000 cm-1. All ATR-

FTIR spectra were collected and background subtracted using a linear baseline between 900 and 

1800 cm-1 with the OMNIC 9 software. All spectra taken was after purging atmospheric gases for 

approximately 30 minutes with zero air. Adsorption spectra were taken every 5 minutes.  

Solution phase spectra of dGMP, dCMP, dAMP, and dTMP were taken to compare spectral 

differences when these nucleotides are adsorbed onto TiO2. A solution of 2mM dGMP in 10mM 

NaCl was prepared and titrated to pH 5 or pH 9 using HCl and NaOH. The solution was pipetted 

onto the AMTIR crystal, and a spectrum was taken using a 10mM NaCl background titrated to the 

appropriate pH. The same was done for the other nucleotides to collect solution phase spectra for 

pH 5 and pH 9. The addition of the small volume of titrant has negligible effects on the total ionic 

strength of the solution.  

For single component adsorption, a TiO2 particle thin film was prepared by sonicating 

2.5mg TiO2 in 500uL of Milli-Q water and pipetting the resulting solution onto the AMTIR crystal. 

The solution was left to dry overnight, leaving a TiO2 thin film. A solution of 10 mM NaCl at pH 

5 or 9, was flowed over the thin film using a peristaltic pump at ~1 mL/min to remove loose 

particles and collect a background spectrum. A solution of 20 μM dGMP in 10 mM NaCl titrated 

to pH 5 or 9 was prepared and flowed over the thin film for 180 minutes. Then, a desorption 

solution of 10mM NaCl at the corresponding pH was flowed over the film for 120 minutes. The 

same method was done to collect the other three nucleotide single component adsorption.  
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For two-component adsorption, a TiO2 thin film was prepared, 10mM NaCl solution was 

flowed over to remove loose particles and to collect a background at pH 5 or 9. To keep the number 

of adsorption sites the same as a single component system, a solution of 10 μM dGMP and 10 μM 

dCMP was prepared and titrated to pH 5. The solution was flowed over the thin film for 180 

minutes. Then a 10 mM NaCl desorption solution was flowed over the film for 120 minutes. The 

same method was done for 10 M dAMP and 10 M dTMP, 10 M dGMP and 10 M dTMP, 

and 10 M dAMP and 10 M dCMP.   

4.3.5 UV-Vis Surface Coverage Quantification 

Separate stock solutions of 1 mM each dGMP, dAMP, dCMP, and dTMP were prepared 

in 10 mM NaCl and titrated to pH 5. A solution of 10 g/L TiO2 was prepared in 10 mM NaCl and 

sonicated for 1 minute to create a colloidal suspension. The suspension was titrated to pH 5. 

Aliquots of the stock solutions were mixed for a final reaction concentration of 5 g/L TiO2 and 20 

M nucleotide. These concentrations were analogous to concentration used in the ATR-FTIR 

experiments. The reactors were put on a rotator for 2 hrs and after, the reactors were centrifuged, 

and the supernatants were collected. Fresh 20 M nucleotide stock solution was added and was 

reacted for another two hours. The reactors were centrifuged for a second time and the supernatants 

were collected. Both supernatants were analyzed with UV-Vis and a surface coverage was 

calculated using 20 M stock measurements and specific surface area measurements. UV-Vis was 

taken with an Agilent Cary 5000 spectrophotometer in the wavelength range of 200-400 nm at a 

scan speed of 600 nm/min. 
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4.4 Results and Discussion 

4.4.1 Titanium Dioxide Particle Characterization 

Titanium dioxide average particle size was determined to be 29.4 ± 8.5 nm with TEM 

(Figure 4.1a). A micrograph of the particle thin film used for the ATR-FTIR adsorption 

experiments can be seen in Figure 4.1b. The film can be seen to be composed of individual 

particles and highly aggregated. The particles were confirmed single-phase anatase with XRD 

(Figure 4.1c). Specific surface area of the anatase particles was measured to be 41.4 ± 4.0 m2/g.  
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Figure 4.1 Particle characterization for TiO2 particles 

(a) TEM micrograph with size distribution analysis (inset); (b) SEM micrograph of ATR-FTIR particle thin film; (c) 

XRD data of anatase TiO2 
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4.4.2 Analysis of Solution Phase and Single Component Adsorption 

Figure 4.2 shows molecular structures of fully protonated forms of dGMP, dCMP, dAMP, 

and dTMP with pKa values of the phosphate groups and nitrogenous rings. The speciation of the 

four nucleotides at different pHs is shown in Figure 4.2 and a table for the species present at pH 

5 and 9 is shown in Table 4.3. At pH 5 for dGMP, the amounts of the zwitterionic, monovalent 

anionic, and divalent anionic forms are 1.8%, 91.0% and 7.2%, respectively. For dCMP at pH 5, 

these percentages change to 15.6%, 78.2% and 6.2% for the zwitterionic, monovalent anionic, and 

divalent anionic forms, respectively. For dAMP at pH 5, these are 4.4%, 88.6%, 7.0% are 

zwitterionic, monovalent anionic, and divalent anionic, respectively, and dTMP are 96.9% and 

3.1% monovalent anionic and divalent anionic, respectively. At higher pH, i.e. pH 9, the phosphate 

group and nitrogenous rings are fully deprotonated leading to all nucleotides residing in their 

divalent or trivalent anionic forms. These speciation forms have been tabulated in Table 4.3 for 

all four nucleotides at pH 5 and 9 and other studies show similar calculations.76,173 The dominant 

species for all four nucleotides at pH 5 is monovalent anion while the dominant species at pH 9 is 

a divalent anion. Since the nucleotides will be negatively charged at both pH 5 and 9, the surface 

charge of the TiO2 surface will determine the electrostatic surface interactions. 
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Figure 4.2 Nucleotide structures and speciation diagrams 

 
Fully protonated nucleotide structures and their pKa values (top) and speciation plots determined from the Henderson-

Hasselbalch equation (bottom) are shown for a) deoxyguanosine monophosphate; b) deoxycytidine monophosphate; 

c) deoxyadenosine monophosphate; d) deoxythymidine monophosphate. 
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Figure 4.3 ATR-FTIR spectra of solution phase nucleotides and adsorbed on TiO2 
 

ATR-FTIR spectra at pH 5 of solution phase nucleotides (top) and adsorbed on TiO2 (bottom) for a) deoxyguanosine 

monophosphate; b) deoxycytidine monophosphate; c) deoxyadenosine monophosphate; d) deoxythymidine 

monophosphate. ATR-FTIR spectra are collected as a function of adsorption time. These spectra are shown every 5 

minutes from light to dark coloration. The red dotted line represents the desorption spectrum after 120 minutes. 

Solution phase spectra have been scaled (x3-4) to on the same scale bar. 
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These speciation forms at pH 5 can be observed in their solution phase spectra which are 

shown in Figure 4.3 (top) as well as at pH 9 in Figure 4.11 (top). In general, the region between 

1200 to 1800 cm-1 can be assigned to the nucleoside while the 900 to 1200 cm-1 region can be 

assigned to the phosphate group. At pH 5, the phosphate band shape for all the nucleotides is 

similar given that the phosphate protonation state is identical. For all four nucleotides, the main 

phosphate absorptions can be grouped in the following: 1164 to 1093, 1081 to 1085, 1002 to 1007, 

and 945 to 951 cm-1. The 1093 to 1164 and 1081 to 1085 peaks represent the νas(PO2
-) and νs(PO2

-

), respectively. The 1002 to 1007 cm-1 peak can be assigned to ν(P-O) while the 945-951 cm-1 band 

is assigned to δ(POH). At pH 9, deprotonation occurs and there is an increase in phosphate 

symmetry. This leads to a reduction in the number of peaks observed. Mainly, solution phase 

nucleotide spectra show three main phosphate absorption bands, a broad 1089 cm-1 and two more 

distinct 934 and 978 cm-1 peaks.  The broadening of the 1089 cm-1 νas(PO3
2-) band and paired with 

the 978 cm-1 νs(PO3
2-) when compared to pH 5, is characteristic of a fully deprotonated phosphate 

group.65 The 934 cm-1 band δ(POH) is very small because the phosphate speciation is heavily 

dominated by the doubly deprotonated species. The presence of the phosphate bands at both pH 5 

and 9 align well with the nucleotide speciation plot. For the solution phase nucleoside spectral 

features in the 1200 to 1800 cm-1 region, there are notable differences between pH 5 and 9. The 

nucleobase for dAMP and dCMP deprotonates which can be seen by the disappearance of the 1710 

and 1717 cm-1 δ(NH+) bands, respectively. As the dGMP nucleobase undergoes deprotonation 

from pH 5 to pH 9, the 1693 cm-1 δ(NH+) band intensity decreases. Vibrational mode assignments 

for solution and adsorbed nucleotide can be found in Table 4.4-4.5.65,76,126,150,152,153,174,175  

 Solution phase nucleotide spectra can be compared to spectra collected of adsorbed phase 

for nucleotides at pH 5 and 9, where any spectral differences can be attributed to changes due to 
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surface adsorption. Figure 4.3 (bottom) shows nucleotide adsorption at pH 5 and Figure 4.11 

(bottom) shows nucleotide adsorption at pH 9. Solution phase spectral intensities are multiplied 

by a factor of 2-4x and are 100x more concentrated than the bulk solution used for adsorption. 

This suggests minimal spectral contribution from the solution phase in the adsorption spectra. For 

adsorbed nucleotides at pH 5, the nucleoside related peaks, between 1200 and 1800 cm-1, have 

minimal frequency shifting or broadening as a function of surface coverage. Nucleoside band 

positions also align with those in the solution phase, suggesting minimal direct interactions of these 

groups occur with the surface and provides a benchmark to study multilayer interactions. Under 

desorption conditions, bands only decrease in peak intensities and do not have broadening or 

frequency changes. This indicates the desorption of weakly bound nucleotides. 

When the phosphate absorption spectral region from 900 to 1200 cm-1 are overlayed for 

solution phase and adsorbed nucleotide, there is significant broadening due to binding to the TiO2 

surface (Figure 4.12). Other studies have reported the preferential adsorption of the phosphate 

backbone of DNA to surfaces and minimal interaction with the nucleosides.95,172 There have been 

previous studies that show adsorbed oxyanion phosphate and nucleotides contains a mixture 

(de)protonated monodentate and bidentate binding modes on metal oxides.62,63,65,66,76,156  

Interestingly, the adsorbed spectra for all four nucleotides have similar phosphate band 

shape between 900 to 1200 cm-1. Specifically, there are four major observable bands in the 

phosphate region, at ca. 951, 1002, 1069 and 1095 cm-1. All four bands represent major 

contributions from phosphate coordination to the TiO2 surface for both monodentate and bidentate 

modes. This suggests that the four singly adsorbed nucleotides have the same binding surface 

chemistry to the particle surface. Thus, the nucleotides are coordinated to the TiO2 surface via the 

phosphate group.   
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 When the pH is increased to 9 (Figure 4.11), the spectral intensities are drastically 

attenuated when compared to pH 5, corresponding to a decrease in the number of adsorbed 

nucleotides. Figure 4.4 shows the zeta potentials for TiO2 and nucleotides at pH 5 and 9. Under 

acidic conditions, the surface is positively charged while nucleotides are negatively charged, 

exhibiting electrostatic attraction. The isoelectric point of TiO2 is around 6-6.5.47,172,176 Under basic 

conditions, both the surface and nucleotides are negatively charged, and electrostatic repulsion can 

occur, reducing the number of adsorbed nucleotides at higher pH values. 

Figure 4.5 shows the adsorption kinetics for the ~1000 cm-1 ν(Ti-O-P) and the ~1490 cm-

1 ν(C-N), δ(C-H) bands at pH 5 as a function of time, representing the phosphate and nucleoside 

functional groups, respectively. The peak intensities for both the phosphate and nucleoside 

functional groups show an exponential increase and a plateau, suggesting the surface has reached 

the maximum number of adsorbed nucleotides with minimal lateral interactions. This behavior has 

been previously observed in other studies using peak height kinetics and is not surprising to see 
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minimal lateral and absence of multilayer interactions for single component systems under these 

conditions.48,76 Under desorption conditions, intensities exponentially decrease, eventually 

slowing the removal of nucleotides. During the desorption stage, the nucleotide intensities do not 

fall back to zero suggesting that the nucleotides are irreversibly bound to the surface (Figure 4.13 

This suggests that more weakly bonded nucleotides are removed from the surface, leaving directly 

coordinated nucleotides to the TiO2 surface. Previous studies have shown that the primary binding 

mode is monodentate but is often dependent on complexing lattice planes, nanoparticle 

composition, environmental conditions and is usually a mixture of mono- and bidentate 

modes.62,177,178 These dependencies on various factors lead to differences in adsorption energies 

that can reversibly desorb loosely H-bound adsorbed species while leaving irreversibly adsorbed 

monodentate or bidentate complexes.62 The irreversibility of adsorbed mono- and polymeric 

biomolecules are often observed, however the surface chemistry is often taken for granted and are 

lightly discussed.6,46,76,106,115,179 Thus, it is important to understand the fundamental interactions of 

single or two component systems with surfaces.  
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Single component adsorption constants for pH 5 can be calculated using the exponential 

portion of the kinetics assuming a first-order adsorption kinetics up to 95% surface coverage. 

These calculated values are shown in Table 4.1. The adsorption constants, kads, in order of 

increasing values follows: dCMP < dTMP < dGMP < dAMP. This suggests that there is a 

preference of purine nucleotides over pyrimidine nucleotides and this preferential adsorption to 

surfaces has been observed in other studies.133,178,180,181 There are several reasons for differential 

surface affinities observed. First, electrostatic attraction between the more negative purine 

nucleotides (dGMP and dAMP) over their pyrimidine counter parts (dCMP and dTMP) with the 

positively charged TiO2 surface at pH 5 (Figure 4.4). The individual zeta potentials for the pair of 

pyrimidine and purine nucleotides fall within standard deviations; however, it is clear the purine 

nucleotides have a lower zeta potential compared to pyrimidine nucleotides. This confirms the 

preference of purine over pyrimidine nucleotides where electrostatic interactions may play an 

important role in the interaction with the surface. Secondly, the purine nucleotides may have a 

greater van der Waal interaction with the surface compared to the pyrimidine nucleotides.181,182 

Thirdly, G and A nucleobases are less soluble than C and T, favoring surface adsorption of G and 

A to particle surfaces.133,182 Only through a detailed computational study would these different 

causes to surface affinity address these different interactions.     

kads/kads,dAMP

dAMP 1.000

dGMP 0.920

dTMP 0.886

dCMP 0.762

Table 4.1 Relative first order adsorption constants to dAMP up to 95% surface saturation for four 

nucleotides 
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Figure 4.6 shows nucleotide surface coverage at pH 5 in increasing values: dTMP, dCMP 

< dGMP < dAMP. dTMP and dCMP are within the standard deviation and have similar surface 

coverages. However, the purine nucleotides have a higher surface coverage than pyrimidine 

nucleotides. These results align well with similar quantitative adsorption studies.171,177  

 

4.4.3 Analysis of Two-Component Noncomplementary and Complementary Base Pair 

Adsorption 

There is typically a mixture of nucleotides in natural aqueous systems, with various surface 

affinities competing with the surface and interacting as co-adsorbates. To increase complexity to 

single component experiments and model more realistic systems, two nucleotides were 

competitively adsorbed onto the surface. Figure 4.14 shows ATR-FTIR spectra for the adsorption 

of an equimolar number of nucleotides consisting of either noncomplementary (dGMP-dTMP and 

dAMP-dCMP) or complementary base pairs (dGMP-dCMP and dAMP-dTMP), on the TiO2 
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Figure 4.6 Nucleotide surface coverage on TiO2 

 

Single component nucleotide surface coverage on TiO2 at pH 5 and 9 in 10mM NaCl. pH 9 surface coverages were 

scaled from pH 5 using ratioed ATR-FTIR adsorption intensities. 
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surface. Despite the bulk solutions comprised of an equimolar mixture of purine and pyrimidine 

nucleotides, the adsorption spectral features are highly similar to single component purine 

nucleotide spectra over pyrimidine spectra in all four systems. To emphasize this, Figure 4.7 

shows equilibrated spectra for singly, noncomplementary and complementary adsorbed 

nucleotides on the oxide surface. In a two-component system, the spectra resemble that of singly 

adsorbed purine nucleotides, implying the preferential adsorption over the pyrimidine nucleotides. 

However, there are small spectral contributions from co-adsorbed pyrimidine nucleotides. The 

singly adsorbed dGMP and noncomplementary dGMP-dTMP spectra show identical spectra with 

similar 1485 cm-1 peak position. However, under complementary base pair conditions of dGMP-

dCMP, the 1485 cm-1 shifts to 1489 cm-1 and has a slightly lower intensity which will be discussed 

later.  It is hypothesized that this is due to a hydrogen bound second layer. In the 

noncomplementary dAMP-dCMP system, the 1484 cm-1 undergoes some broadening and a small 

1528 cm-1 peak appears when compared to the single dAMP spectrum. This is due to small spectral 

contributions from co-adsorbed dCMP; however, the surface composition is still dominated by 

non-interacting adsorbed dAMP. The co-adsorbed dTMP in a second layer for the dAMP-dTMP 

complementary system is observed, noted by the presence of the 1694 cm-1 ν(C=O) peak. After 

desorption, only 20% of this peak remains on the surface, suggesting reversible adsorption. For all 

the spectra, the 1200-900 cm-1 phosphate region is identical in shape suggesting that the 

composition of monodentate to bidentate surface complexation modes would be similar in ratios, 

regardless of nucleotide derivative or in a multicomponent system. 
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 The relative number of adsorbed pyrimidine nucleotides in a co-adsorbed system were 

estimated by taking a ratio of intensities for single-component to a two-component system. 

Pyrimidine peaks were chosen that have minimal overlap with purine peaks, specifically the 1694 

cm-1 for dTMP and the 1292 cm-1 peak for dCMP. Table 4.2 shows the relative adsorbed amount 

of purine and pyrimidine nucleotides in a co-adsorbed system. Both complementary systems 

(dGMP-dCMP and dAMP-dTMP) have higher amounts of adsorbed pyrimidine nucleotides than 

non-complementary systems (dGMP-dTMP and dAMP-dCMP). This suggests that there is a 

synergistic effect of complementary nucleotides that increase the relative amounts of surface 

adsorbed pyrimidine nucleotides when compared to non-complementary systems.  

  

Table 4.2 Relative number of adsorbed nucleotides for non-complementary and complementary base 

pairs on the TiO2 surface at pH 5 
 

Purine Pyrimidine

dGMP-dTMP 100 0

dGMP-dCMP 89.5 21.5

dAMP-dCMP 82.5 17.5

dAMP-dTMP 70.3 29.7

Relative Adsorbed Nucleotides (%)
Base Pair
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The dGMP-dTMP and dAMP-dCMP noncomplementary co-adsorption peak height 

kinetics are shown for the nucleobase (Figure 8a) and phosphate (Figure S5a) functional groups. 

The kinetics are identical to single component adsorption in such that it is monotonically 

increasing with an exponential initial growth and plateau. The nucleotides are irreversibly bound 

to the surface as desorption does not fully remove the nucleotides (Figure 4.14a-b). Figure 4.9 

shows a conceptual representation of the preferential direct coordination of purine (dGMP or 

dAMP) nucleotides to the TiO2 surface without a second layer and free pyrimidine (dTMP or 

dCMP) nucleotides in bulk. Additionally, the nucleotides have minimal lateral interactions with 

co-adsorbates and do not form a multilayer.  
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Figure 4.7 Changes to normalized peak height for two component nucleotide base pair adsorption 

onto TiO2 at pH 5 using the ca. 1480 cm-1 ν(C-N), δ(C-H) 

 
a) noncomplementary nucleotide base pairs dGMP-dTMP (blue triangle) and dAMP-dCMP (gray square). b) 

complementary nucleotide base pairs dGMP-dCMP (red circle) and dAMP-dTMP (purple down-triangle). The 

dotted horizontal line emphasizes the decrease in the ν(C-N), δ(C-H) intensity after the 90-minute mark for the 

complementary base pairs (dGMP-dCMP and dAMP-dTMP) where the noncomplementary base pair kinetics 

plateau (dGMP-dTMP and dAMP-dCMP) 
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 For complementary dGMP and dCMP base pair nucleotides, there are other effects that 

occur when co-adsorbed onto the TiO2 surface. It is observed that the adsorbed spectra are highly 

similar to the equilibrated single component dGMP adsorbed spectra in shape, intensity, and band 

positions (Figure 4.14c). This suggests that dGMP has a higher surface affinity than dCMP and 

the surface is mainly comprised of dGMP. The adsorption kinetics are shown for the nucleobase 

(Figure 4.8b) and phosphate (Figure 4.15) functional groups. The 1000 cm-1 ν(Ti-O-P) band 

shows exponential increase followed by slowing and a slight plateau, like single component 

adsorption. However, for the 1489 cm-1 ν(C-N), δ(C-H) peak kinetics, a slight inflection point is 

observed around the 90-minute mark. This is hypothesized to come from a change to the extinction 

coefficients to the 1489 cm-1 vibrational modes as hydrogen bound nucleotides can alter the 

Figure 4.8 Conceptual representation of two component adsorption of nucleotide base pairs on 

TiO2  

 
For dGMP-dTMP, there is no interaction between the two nucleotides and dGMP coordinates to the surface while 

dTMP stays in solution. For dAMP-dCMP, there is no interaction between the two nucleotides and dAMP 

coordinates to the surface and dCMP remains in solution. For dGMP-dCMP, there is an interaction between 

nucleotides with dGMP directly coordinating to the surface while interacting through hydrogen-bonds to dCMP in 

a second layer. For dAMP-dTMP, there is an interaction between nucleotides with dAMP directly coordinating to 

the surface while interacting through hydrogen-bonds to dTMP in a second layer.  
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dynamic dipole moment.183–185   After desorption, most of the nucleotides remain on the surface  

(Figure 4.16c). 

There are two configurations for hydrogen bound dGMP and dCMP complementary base 

pairs, specifically, Hoogsteen (HG) and Watson-Crick (WC). Previous studies report that HG is 

preferred at lower pH due to the protonated dCMP N3-H+ that hydrogen bonds to dGMP N7 at the 

nitrogenous rings. WC occurs at higher pH values and dominant at physiological pH.185 

Additionally for dGMP-dCMP, HG forms two H-bonds and WC forms three H-bonds. Stelling et 

al. investigated the interaction of duplex DNA and identifies IR band assignments to either 

Hoogsteen or Watson-Crick hydrogen bonding conformations.185 When WC conformation was 

switched to HG, a ~30% decrease in the 1498 cm-1 N7 peak intensity was noted as a spectral band 

marker. In our study, observation of other peak shifts as spectral makers is not seen but could be 

due to the adsorption of nucleotides onto the TiO2 surface. However, in Figure 4.8b, a ~10% 

decrease in the ν(C-N), δ(C-H) is observed. The intensity decrease is not as significant as 

previously reported by Stelling et al., but this could be due to the use of single nucleotides over 

oligonucleotides which could form multiple H-bonding configurations and cause a larger change 

in intensity. Additionally, at our experimental pH 5, both HG and WC could be possible whereas 

in the reference, the 30% intensity decrease is from a complete conversion from WC to HG. 

Therefore, a multilayer of hydrogen bound complementary base pair nucleotides are observed to 

form on the surface.  

At experimental pH 5, both zwitterionic and monovalent anionic forms of dCMP are 

present in solution, thus the H-bonding configuration could be HG or WC. However, for the 

adsorbed two component, competitive adsorption spectra, the protonated 1717 cm-1 ν(NH+) dCMP 

peak is not observed but is seen for adsorbed single component. Since HG requires a protonated 
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dCMP, the multilayer configuration must be dominated by WC; the multilayer dCMP undergoes 

a deprotonation to adopt a WC base pairing configuration. Furthermore, WC base pairing can be 

more energetically stable than HG.186 To surmise the composition of each layer in the multilayer, 

previous zeta potential and the preference of pyrimidine over purine nucleotides results suggest 

that dGMP has the higher surface affinity and would be directly bound to the surface. The second 

layer could then be comprised of hydrogen bound dCMP pyrimidine ring to the exposed purine 

ring of dGMP (Figure 4.9). This H-bonding conformation is identical to how complementary base 

pairs interact in DNA. The multilayer formation of complementary base pairs on metal oxide 

particles is evidence for biomolecular templating, providing insight into the formation of prebiotic 

life.   

For the other complementary base pair, dAMP and dTMP (Figure 4.14d), it is more 

difficult to determine a H-bonding configuration as both HG and WC have two hydrogen bonds 

and neither case require a protonated nucleotide. However, it is possible to discern which 

nucleotide is preferentially directly coordinated to the surface. The nucleobase peak intensity as a 

function of time (Figure 4.8b) for the two-component system show an inflection point for the 1480 

cm-1 ν(C-N), δ(C-H) band at ~90 minutes during adsorption. After desorption, only 20% of the 

1694 cm-1 ν(C=O) band is seen (data not shown). This is different than the dGMP-dCMP system 

where the multilayer was stabilized and only minimal decrease in various peak intensities was 

observed. The 1694 cm-1 band can be attributed to dTMP as there is 1694 cm-1 present in the single 

component adsorbate spectrum alone and no such peak is present for dAMP (Figure 4.3c and 

Figure 4.3d). The spectral shape resembles adsorbed single component dAMP spectra than single 

component dTMP. This suggests that a multilayer is formed, and the second layer reversibly 

adsorbs. In both WC and HG dAMP-dTMP configurations, there are only two H-bonds compared 
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to the three H-bonds in WC dGMP-dCMP. The reversibility of the multilayer in dAMP-dTMP 

compared to the relatively irreversibility of dGMP-dCMP could be due to the additional H-bond 

in WC configuration for dGMP-dCMP, leading to a more stable multilayer. For these reasons, the 

data show that dAMP is directly coordinated to the TiO2 surface while dTMP interacts within a 

second layer (Figure 9).  There is a preferential adsorption of purine (dAMP and dGMP) over 

pyrimidine (dTMP and dCMP) nucleotides to TiO2 even in more complex systems for the same 

reasons mentioned previously for single component adsorption. Since the spectra for both 

complementary base pairs represent more of the adsorbed purine nucleotide, the second layer of 

Figure 4.9 Pictorial representation of different surface chemistries occurring on an oxide particle 

surface for nucleotides 

From left to right: electrostatic pH dependence of singly adsorbed nucleotides where nucleotides are attracted at lower 

pH compared to repelled at higher pH. Two-component adsorption only forms hydrogen bound interactions between 

strongly bound nucleotide layer and weaker H-bonded second layer with complementary base pairs where 

noncomplementary nucleotides do not form a second layer. Depicted is also the preferential adsorption of dGMP 

compared to dCMP and dTMP, and dAMP compared to dTMP and dCMP.   
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hydrogen bound pyrimidine nucleotides cannot be in a 1:1 ratio to the directly coordinated purine 

layer; the second layer does not fully cover the first adsorbed layer.                                                             

 Figure 4.10 depicts the results of this study and shows that there are differential surface 

interactions and surface templating effects from pH, competitive and complementary base pair 

nucleotide adsorption. Additionally, this study shows the reduction of nucleotide bioavailability in 

solution due to adsorption on oxide particle surfaces in aqueous environments at lower pH values. 

Regardless of nucleotide derivative, the phosphate group is shown to directly coordinate to the 

oxide surface, leaving the nucleobase free to further interact with components in solution. In 

systems where there are multicomponent nucleotide solutions, the composition of the adsorbed 

layer is heavily dominated by the direct surface coordinated purine nucleotides while a second 

layer only forms in the presence of complementary pyrimidine nucleotides.  

4.5 Conclusion 

Adsorption of biomolecular components onto geochemical mineral surfaces is important 

to understand as it can provide insight into the environmental DNA and surface adsorption of these 

components in the environment as well as the role of surfaces in the origins of prebiotic life. The 

results from this study show that nucleotides lead to high levels of adsorption at lower pH and little 

adsorption at higher pH. Spectral broadening in the phosphate band region shows how nucleotides 

are directly bound to the surface via the phosphate group. The binding mode appears to be similar 

for all the nucleotides regardless of nucleobase derivative from similar phosphate band absorption 

shape. This suggests that the surface chemistry in this first adsorbed layer is dependent on surface 

composition and structure rather than a specific nucleotide composition. However, there is still 

differential surface interactions leading to different surface coverages and rates of adsorption. 

Additionally, when nucleotides are co-adsorbed in a two-component system, second layer 
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formation and specific interactions only occur for complementary base pairs but not for 

noncomplementary base pairs or single component systems. Overall, the results from this study 

show that nucleotides can be concentrated from dilute bulk solutions onto geochemical surfaces 

and can template specific interactions which has consequences for these biological components in 

the environment for both current considerations and in early Earth.   
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dG
+
MP

-
dGMP

-
dGMP

-2
dGMP

-3

pH 5 1.8 91.0 7.2 0.0

pH 9 0.0 0.1 66.5 33.4

dC
+
MP

-
dCMP

-
dCMP

-2
dCMP

-3

pH 5 15.6 78.2 6.2 0.0

pH 9 0.0 0.1 99.9 0.0

dA
+
MP

-
dAMP

-
dAMP

-2
dAMP

-3

pH 5 4.4 88.6 7.0 0.0

pH 9 0.0 0.1 99.9 0.0

dTMP dTMP
-

dTMP
-2

dTMP
-3

pH 5 0.0 96.9 3.1 0.0

pH 9 0.0 0.3 90.6 9.1

Table 4.3 Tabulated speciation forms for the dGMP, dCMP, dAMP and dTMP at pH 5 and 9 as 

determined using Henderson-Hasselbalch. Speciation forms are shown in percentages 
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Figure 4.10 ATR-FTIR spectra of nucleotides in solution and adsorbed on TiO2 at pH 9 
 

ATR-FTIR spectra at pH 9 of solution phase nucleotides (top) and adsorbed on TiO2 (bottom) for a) deoxyguanosine 

monophosphate; b) deoxycytidine monophosphate; c) deoxyadenosine monophosphate; d) deoxythymidine 

monophosphate. ATR-FTIR spectra are collected as a function of adsorption time. These spectra are shown every 5 

minutes from light to dark coloration. The red dotted line represents the desorption spectrum after 120 minutes. 

Solution phase spectra have been scaled (x4) to on the same scale bar. 
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Figure 4.12 One component nucleotide adsorption peak height desorption kinetics onto TiO2 at pH 

5 
 

(a) ~1000 cm-1 ν(Ti-O-P) peak height and (b) ~1490 cm-1 ν(C-N), δ(C-H) vibrational bands.  

a)  b) 

Figure 4.11 Overlayed normalized ATR-FTIR spectra at pH 5 for solution (dotted) and saturated adsorbed 

(solid) of the phosphate absorption band between 900-1200 cm-1 for dGMP, dCMP, dAMP, and dTMP 
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a) dGMP-dTMP noncomplementary co-

adsorption 

b) dAMP-dCMP noncomplementary co-

adsorption 

d)  dAMP-dTMP complementary co-

adsorption 

c)  dGMP-dCMP complementary co-

adsorption 

Figure 4.13 ATR-FTIR spectra at pH 5 of equimolar base pair solution adsorbed on TiO2  

a) dGMP-dTMP noncomplementary, b) dAMP-dCMP noncomplementary, c) dGMP-dCMP complementary and d) 

dAMP-dTMP complementary. ATR-FTIR spectra are collected as a function of adsorption time. These spectra are 

shown every 5 minutes from light to dark coloration. The red dotted line represents the desorption spectrum after 

120 minutes. 
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Figure 4.14 Changes to normalized phosphate peak height for two component nucleotide base pair 

adsorption onto TiO2 at pH 5 using the ca. 1000 cm-1 ν(Ti-O-P) 

a) noncomplementary nucleotide base pairs dGMP-dTMP (blue triangle) and dAMP-dCMP (gray square). b) 

complementary nucleotide base pairs dGMP-dCMP (red circle) and dAMP-dTMP (purple upside-down triangle).   

a) Noncomplementary co-adsorption b) Complementary co-adsorption 
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Figure 4.15 Changes to nucleotide peak height desorption of the ca. 1003 cm-1 ν(Ti-O-P) (purple) and 

ca. 1486 cm-1 ν(C-N), δ(C-H) (gold) onto TiO2 at pH 5 for two component system 
 

a) dGMP-dTMP noncomplementary, b) dAMP-dCMP noncomplementary, c) dGMP-dCMP complementary, and d) 

dAMP-dTMP complementary base pairs. 
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Chapter 5. Distinguishing Different Surface Interactions 

for Nucleotides Adsorbed onto Hematite and Goethite 

Particle Surfaces Through ATR-FTIR Spectroscopy and 

DFT Calculations 
 

5.1 Abstract 

Geochemical mineral interfaces can impact the fate and transport of environmental aqueous 

species. In this study, we investigate the surface chemistry of adsorbed nucleotides on two mineral 

surfaces, hematite and goethite using infrared spectroscopy and density functional theory (DFT) 

calculations. Attenuated total reflectance-Fourier transform infrared spectroscopy is used to probe 

the adsorption of individual deoxyadenosine monophosphate, deoxyguanosine monophosphate, 

deoxycytidine monophosphate and deoxythymidine monophosphate onto either hematite or 

goethite particle surfaces. Results show preferential adsorption of the phosphate group to either 

surface. Remarkably, the surface chemistry of the four adsorbed nucleotides onto hematite have 

similar experimental phosphate spectral shapes while having distinctly different spectral features 

on goethite. The experimentally measured frequencies for the phosphate region frequencies were 

compared to DFT calculations for nucleotides adsorbed in either a monodentate or bidentate 

bridging coordination through the phosphate group to a binuclear Fe cluster. Overall, our results 

show that monodentate is favored on goethite whereas a bidentate bridging complex is favored on 

hematite, regardless of nucleotide derivative.   

5.2 Introduction  

Geochemical mineral surfaces, such as goethite, can represent 50-70% of the total surface 

area in soils when they form coatings on other minerals. In fact, goethite is the most abundant iron 

oxyhydroxide and can represent 1-5 wt% in soils.62,187 Hematite, is a common soil component and 

can be found in river waters and mineral dust.188,189  Both goethite and hematite particles can have 
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large surface to volume ratios and act as excellent sorbents, simultaneously changing the 

physicochemical properties of the particle surfaces and affecting bioavailability of important 

elements, including phosphorous.  

Previous studies have probed the interactions of oxyanions on both iron oxide and iron 

oxyhydroxide surfaces.62,63,76,151,159 In general, it is found that surface coverage is a strong function 

of pH. Lower pH favors higher adsorbed compounds due to electrostatic attraction between the 

negatively charged oxyanion and positively charged surface.65,76 Additionally, complexation at 

surfaces is a function of pH. Elzinga et al. probed phosphate adsorption onto hematite as a function 

of pH to measure different surface interactions. There is a mixture of binding modes present on 

the surface for the pH range investigated between 3.5 to 8.9.65 These authors concluded that the 

dominant coordination to the surface between pH 3.5 to 7.0 was a protonated monodentate 

structure at high surface coverages whereas between pH 8.5-9.0, a deprotonated monodentate 

structure was present. For goethite, phosphate shows a deprotonated bidentate complex between 

pH 4-6, both deprotonated bidentate and a monoprotonated monodentate adsorbates between pH 

7.5-7.9 and a deprotonated monodentate species at pH 12.8. These earlier studies show that iron 

mineral surface chemistry depends on solution phase pH, as well as and surface composition and 

structure.  

 Insights into potentially different complexation modes can facilitated by combining DFT 

calculations with experimental data. For example, Kubicki et al. investigated surface complexes 

of oxyanions with various iron and aluminum minerals by comparing experimental frequencies 

with DFT-calculated frequencies of binuclear metal clusters.61 Notably, phosphate complexation 

with goethite demonstrated a pH dependence whereby a protonated bidentate species was 

dominant under acidic conditions and deprotonated monodentate was present for basic conditions. 
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The authors compared their results to similar studies by Arai and Sparks66 and Persson et al.190 

with differing results due to non-identical experimental methods and particle synthesis procedures, 

suggesting that surface adsorption depends on different surface planes and particle size.191–193 In 

particular, differences in particle synthesis, composition and morphology can result in lattice and 

edge defects that then lead to preferential adsorption on specific planes.194 In a different study by 

Kubicki et al., the adsorption energies on different lattice planes were determined using Gaussian 

16 calculations and different surface complexation modes for phosphate adsorbed onto goethite. 

The results suggested that an inner-sphere bidentate coordination was favored and preferential on 

the (101) and (100) plane but unfavorable on (001). Monodentate coordination was preferential on 

the (210) and (001) planes.  

 These studies for relatively simple inorganic oxyanions show that the chemistry on surfaces 

is highly complex and is not fully understood because complexation modes are dependent on 

multiple factors. The adsorption of even more complex molecules has just begun to be 

explored.18,52,115,195 The availability of biomolecules and essential nutrients in solution is heavily 

impacted by adsorption. Additionally, large biomacromolecular structures, like DNA, have been 

shown to be stabilized on surfaces with increased persistence in aqueous environments through 

different biomes, providing a source of genetic information for gene transfer.127 The conformation 

of DNA is related to the preferential adsorption of the phosphate backbone to various mineral 

surfaces. Martinez et al. adsorbed DNA onto goethite and were able to show that there was no 

change to DNA form which retained the B-form conformation that is measured in solution.95 When 

Sit et al. adsorbed DNA onto hematite, the solution phase B-form conformation changed to show 

the Z-form upon adsorption.106 However, a study aimed towards understanding the surface 

chemistry between the phosphate backbone and different iron-containing minerals has yet to be 
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done. To build complexity into the oxyanion phosphate but for a simpler adsorbate than DNA, a 

study of the monomeric units of DNA, the nucleotide, is a good place to start. From such studies, 

knowledge of how these important building blocks interact with particle surfaces can lay the 

foundation for larger macromolecules. Previous studies have shown that deoxyadenosine 

monophosphate preferentially binds to metal oxide surfaces, such as anatase, rutile and alumina, 

via the phosphate group rather than the ribose and nitrogenous rings.76,156,171,177 However, these 

surfaces are not as common in the environment as iron oxides and oxyhydroxides. In terms of 

environmental relevance, nucleotides, and environmental DNA (or eDNA) can be readily found 

in aqueous systems through active cellular secretion or apoptosis. 

 In this study, we probe the adsorption of four different nucleotides: deoxyadenosine 

monophosphate (dAMP), deoxyguanosine monophosphate (dGMP), deoxycytidine 

monophosphate (dCMP), and deoxythymidine monophosphate (dTMP) on either hematite or 

goethite particle surfaces using attenuated total reflectance-Fourier transform infrared (ATR-

FTIR) spectroscopy as an experimental probe. We compare the phosphate experimental 

frequencies to ab-initio frequencies for monodentate or bidentate biding modes on a binuclear iron 

cluster. We find definitive evidence that all four nucleotides have similar coordination modes on 

each of the particle surface types interrogated but that the coordination mode differs for goethite 

compared to hematite.   

 

5.3 Experimental Methods 

5.3.1 Materials 

2’-deoxyadenosine-5’-monophopshate (dAMP), 2’-deoxyguanosine-5’-monophosphate 

(dGMP), 2’-deoxycytidine-5’-monophosphate (dCMP), 2’-deoxythmidine-5’-monophosphate 
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(dTMP), sodium chloride, 1N hydrochloric acid, and 1N sodium hydroxide were purchase from 

Sigma-Aldrich. Hematite and goethite particles were purchased from Alfa Aesar, MA. 

 

5.3.2 Particle Characterization 

 The crystalline phase of iron oxide particles was determined with X-ray diffraction using 

an APEX II ultra-diffractometer with Mo Kα radiation at λ = 0.70930 Å. To determine the primary 

iron oxide particle sizes, an aqueous suspension of a 0.01 g/L was sonicated with a probe sonicator 

for 60 seconds in a room temperature water bath. Afterwards, a 15 uL aliquot was drop casted onto 

a formvar/carbon-coated 100 mesh copper grid and dried. The copper grid was imaged using an 

80 kV JEOL-1400 Plus transmission electron microscope. Particle sizes were analyzed using 

ImageJ software for more than 70 particles. Specific surface area was determined using a 

Quantachrome Nova 4200e N2 adsorption isotherm under liquid nitrogen. Samples were first 

degassed at 80 ℃ for 18 hrs and a 15-multipoint isotherm was collected between P/P0 of 0.05-

0.95. 

5.3.3 Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) Spectroscopy  

The ATR-FTIR spectroscopy apparatus has been previously described.18,43,76,106 Briefly, ATR-

FTIR spectroscopy is based on the total internal reflection of an infrared beam at the interface 

between a high index medium (ATR crystal) and low index medium (aqueous sample). The 

reflection of the infrared beam at the interface creates an exponentially decaying evanescent wave 

that propagates into the sample where absorption of light occurs. The ATR accessory was a 

horizontal flow cell equipped with an amorphous material transmitting IR radiation (AMTIR) 

crystal. The infrared spectrophotometer is a Nicolet iS10 FTIR (Thermo-Fisher) equipped with a 

mercury cadmium telluride detector (MCT/A). Spectra were collected at a resolution of 4 cm-1 
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averaged over 100 scans in the spectra range of 750 to 4000 cm-1. All ATR-FTIR spectra were 

collected with OMNIC 9 software and linearly baseline corrected between 900 to 1800 cm-1.              

 For single component solution phase spectra, separate solutions of 2 mM dAMP, 2 mM 

dGMP, 2 mM dCMP, and 2mM dTMP were prepared in 10mM NaCl and titrated to pH 5 using 

NaOH or HCl. A solution of 2mM dAMP was pipetted onto the ATMIR crystal and a spectrum 

was collected using a background of 10mM NaCl. Similar solution phase spectra were collected 

for the other three nucleotides.  

 For single component adsorption on hematite particles, a particle film was prepared by 

sonicating 2.5 mg α-Fe2O3 in 700 uL of Milli-Q water and drop casting the colloidal suspension 

onto the AMTIR crystal. The suspension was left to dry overnight resulting in a uniform particle 

film. A solution of 10mM NaCl at pH 5 was flowed over the film using a peristaltic pump at ~1 

mL/min to remove loose particles and collect a background spectrum. A 20 uM nucleotide solution 

in 10 mM NaCl titrated to pH 5 was flowed over the film for 180 minutes. To facilitate desorption, 

a solution of 10 mM NaCl was flowed over the film at pH 5. Spectra were collected at increments 

of 2.5 minutes. This was done for all four nucleotides. The same method was performed for single 

component adsorption on goethite particle surfaces using 2.5 mg α-FeOOH. 

5.3.4 DFT Calculations 

Model complexes of dAMP bonded to an iron surface as: a bidentate complex 

[Fe2(OH4)(OH2)4dAMP·(H2O)6] and a monodentate complex [Fe2(OH4)(OH2)5dAMP·(H2O)6] 

were constructed. The iron clusters have six explicit H2O molecules to represent hydrogen bonding 

interactions. Modeled clusters were energy minimized without symmetry or geometrical 

constraints with B3LYP functionals196,197 and the 6-31G(d) basis set using Gaussian 16.198 

Frequencies were scaled by a factor of 0.960.199 
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5.4 Results and Discussion 

5.4.1 Particle Characterization 

 Hematite particles have been previously characterized.195 Briefly, α-Fe2O3 was confirmed 

hematite with XRD with particle size of 5-20 nm and specific surface area of 75.7 ± 8.2 m2g-1. 

Goethite particle phase was confirmed with XRD, with an average particle size of 388.5 ± 167.4 

nm by 87.1 ± 28.8 nm (Figure 5.7). Specific surface area was measured to be 37.5 ± 12.1 m2g-1. 

5.4.2 Analysis of Solution and Adsorbed Spectra 

 Figure 5.1 shows the molecular structures of the fully protonated forms of dAMP, dGMP, 

dCMP and dTMP along with the pKa values of the phosphate group and nitrogenous rings. dAMP 

and dGMP are comprised of a purine ring while dCMP and dTMP contain a pyrimidine ring. The 

speciation of all four nucleotides at pH 5 is listed in Table 5.1 At pH 5, the major form of all four 

a) dAMP b) dGMP 

c) dCMP d) dTMP 

Figure 5.1 Nucleotide molecular structures 
 

Molecular structures for a) deoxyadenosine monophosphate (dAMP), b) deoxyguanosine monophosphate (dGMP), 

c) deoxycytidine monophosphate (dCMP), and d) deoxythymidine monophosphate (dTMP) with pKa values.  
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nucleotides is a monovalent anionic form with minor contributions from a zwitterionic and divalent 

anionic species. These negatively charged nucleotides are reflected in the zeta potential 

measurements that range from -6 to -9 mV for all four nucleotides (Table 5.2). Solution phase 

spectral features are discussed in deeper detail elsewhere. Briefly, absorption in the region between 

1200 to 1800 cm-1 can be assigned to the nucleoside group whereas features in the 900 to 1200 

cm-1 range can be attributed to the phosphate group. Between all four nucleotides, the 1200 to 1800 

cm-1 region is spectrally unique, whereas the 900 to 1200 cm-1 region can be similar because the 

phosphate group pKa’s are identical.  

 The solution phase spectra can be compared to adsorbed spectra and any spectral 

differences can be attributed to nucleotide interactions with the particle surface. Figure 5.2 shows 

the temporal adsorption spectra for purine nucleotides on both hematite and goethite particles. 

Vibrational mode assignments can be found in (Tables 5.3 and Table 5.4).200 We observe a 

significant increase in intensity when the nucleotides are adsorbed onto either surface when 

compared to solution. The adsorbed spectra intensities are 30x larger than in the solution, despite 

the 100 times higher solution phase concentration. Consequently, the spectra are dominated by the 

adsorbed nucleotides with minimal contributions from solution phase species. When comparing 

the dAMP nucleoside 1200 to 1800 cm-1 region in solution to adsorbed spectra on either hematite 

or goethite, there is minimal peak shifting or broadening. However, there is a surface induced 

deprotonation of the nucleoside, as noted by the disappearance of the 1710 cm-1 N1H+ feature upon 

Table 5.1 Nucleotide speciation table at pH 5 
 

Speciation table for deoxyadenosine monophosphate (dAMP), deoxyguanosine monophosphate (dGMP), 

deoxycytidine monophosphate (dCMP), and deoxythymidine monophosphate (dTMP) at pH 5 using Henderson-

Hasselbalch.   
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adsorption to both hematite and goethite particles. This has been previously observed on anatase 

and hematite particles.76 For dGMP, minimal spectral differences are observed in the nucleoside 

region, upon adsorption onto either hematite or goethite. When the nucleotides are adsorbed onto 

hematite or goethite, the 900-1200 cm-1 phosphate region broadens and undergoes peak shifting. 

Previous studies have observed the preferential adsorption of the phosphate group over the 

nitrogenous nucleobases to various surfaces for nucleotides, oligonucleotides, and DNA.76,95,106,115 

This suggests that the nucleotides are directly bound to the iron surfaces via the phosphate group.  
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Figure 5.2 ATR-FTIR purine nucleotide spectra  

 
a) dAMP and b) dGMP in solution (top), adsorbed on hematite (middle), and adsorbed on goethite (bottom). For 

adsorbed spectra, lighter red color spectra represent earlier time points where darker lines represent later time points 

and blue dotted line represents the desorption spectrum. 
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Figure 5.3 shows the pyrimidine ATR-FTIR nucleotide spectra in solution and adsorbed 

onto hematite or goethite. When the nucleoside regions are compared between solution and 

adsorbed on either particle surface for both nucleotides, there are minimal differences. 

Interestingly, dCMP does not undergo a nucleoside deprotonation, as was observed for dAMP. 

Surface induced deprotonation for dAMP but not for dCMP has been previously observed on 

anatase particles. Similar to what was observed for the purine nucleotides, the adsorbed phosphate 

absorption bands between 900 to 1200 cm-1 are broadened and shifted compared to the solution 

b) dTMP a) dCMP 
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Figure 5.3 ATR-FTIR pyrimidine nucleotide spectra  
 

a) dCMP and b) dTMP in solution (top), adsorbed on hematite (middle), and adsorbed on goethite (bottom). For 

adsorbed spectra, lighter red color spectra represent earlier time points where darker lines represent later time 

points and blue dotted line represents the desorption spectrum. 
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spectra. Similar conclusions can be made about the pyrimidine nucleotides being directly bound 

to the iron surfaces via the phosphate group. 

 An expanded view of the phosphate spectral region is shown in Figure 5.4, providing more 

insight into the surface chemistry of the directly bound phosphate group to the hematite or goethite 

surface. On hematite, the phosphate region spectral shape is similar for all four nucleotides with 

five major peak contributions: 1158-1173, 1115-1125, 1061-1062, 990-991, and 939-946 cm-1. On 

goethite, the phosphate region has similar spectral shapes for all four nucleotides with six major 

peak contributions: 1132-1139, 1081-1095, 1058-1064, 1025-1035, 996-999, and 954-959 cm-1. 

Interestingly, hematite has five major peaks whereas goethite has six major peaks. The fewer 

number of major peaks on hematite suggest an increase in phosphate symmetry and increased 

degeneracy. Also of significance is that when the phosphate region is compared between hematite 
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Figure 5.4 ATR-FTIR normalized spectra of dAMP, dGMP, dCMP and dTMP adsorbed onto a) 

hematite and b) goethite after 180 minutes of adsorption 
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and goethite particles, the regions are found to be spectrally distinct. Sit et al. singly adsorbed 

nucleotides on TiO2 and the phosphate regions manifested similar spectral shapes regardless of the 

nucleobase derivative. Adsorbed phosphate has been reported to contain a mixture of monodentate 

and bidentate binding modes on metal oxides where the relative distribution of binding modes are 

particle composition and facet dependent.62,65,76 Because the phosphate spectral band shapes are 

different between the two particles, this would suggest there is a corresponding difference in 

complexation modes to the surface and additional analysis is needed to identify the relevant 

binding modes.  

5.4.3 Comparison of Calculated to Experimental Phosphate Frequencies 

Ab-initio calculations were carried out to better understand the adsorption of nucleotides 

and the reason for the differences between hematite and goethite spectra.  Since all nucleotide 

spectra look similar on each of the surfaces, we have investigated only one of the nucleotides, 

dAMP, bound to a binuclear iron cluster in two different coordination states: an inner-sphere 

monodentate complex and a bidentate bridging complex as shown in Figure 5.5. dAMP was used 

as the model nucleotide as it can be compared to previous literature reports. The use of small metal 

clusters to model binding modes has been previously done with success and a similar approach is 

employed here.61 During the optimization process, the unbound iron in the monodentate complex 

changed from 6-fold to 5-fold symmetry. Six explicit water molecules were added to the model to 

hydrate the phosphate and iron cluster. A previous study found that increasing coordinating waters 

from 6 to 18 did not significant change the resulting spectrum, so six water molecules were used 

in the calculation here.156 Additionally, since the goal is to model the phosphate binding mode, the 
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coordinating water hydrated the phosphate and iron oxide cluster. The calculated spectra can be 

found in Figure 5.8.  

The calculated monodentate dAMP phosphate region frequencies can be compared to both 

experimental hematite and goethite frequencies. The same can be done with bidentate dAMP 

phosphate frequencies. A comparison between calculated (scaled) and experimental peak positions 

can be found in Figure 5.6. Three criteria were used to determine the best fit for each dominant 

surface complexation mode: (i) slope closest to 1; (ii) best linear fit as determined by R2 and; (iii) 

y-intercept closest to 0. For hematite (Figure 5.6a), both monodentate and bidentate bridging have 

nearly identical R2 of 0.989 and 0.987, respectively. Since the slope and y-intercept are a better fit 

for the bidentate bridging, using the criteria given above, the dominant binding mode for hematite 

is determined to be bidentate bridging. For goethite (Figure 5.6b), the fitting parameters suggest 

a) b) 

Figure 5.5 DFT calculated structures for dAMP adsorbed onto iron cluster in a) monodentate and 

b) bidentate binding modes 
 

Atom colors are the following: carbon (gray), hydrogen (white), nitrogen (blue), oxygen (white), phosphorous 

(orange), and iron (dark orange). 
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that monodentate is the dominant binding mode. The computational results indicate that the 

different particle surfaces give rise to different coordination modes for the relevant nucleotides.  

However, many previous studies have mentioned that there is often a mixture of binding 

modes on particle surfaces for a given set of conditions.65,66 The imperfect fitting parameters 

observed in our study could be due to the presence of multiple binding modes that are manifested 

in the experimental frequencies. Moreover, many of these studies investigated inorganic phosphate 

adsorption on hematite or goethite while few studies have addressed nucleotide adsorption with an 

emphasis on probing the surface chemistry. Having a nucleoside attached to the phosphate group 

while complexed with a surface can break molecular symmetry, resulting in differences with 

previous literature observations. Past studies centered on inorganic phosphates with pKa values 

that correspond to a tri-valent group with a higher pKa2 (7.2) than dAMP (pKa = 6.1).61 The third 

pKa for the tri-valent inorganic phosphate is so large (pKa3 = 12.4) that it is not relevant under 

b) Goethite a) Hematite 

Figure 5.6 Correlation between ATR-FTIR experimental and Gaussian calculated frequencies for 

adsorbed dAMP 
 

a) hematite and b) goethite in monodentate or bidentate bridging complex in the phosphate region of 900-1200 cm-1 
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these conditions. This could lead to apparent differences between the assigned surface 

complexation disagreements from literature due to phosphate deprotonation for model surface 

complexes. As a consequence of phosphate deprotonation in the nucleotides studied here, 

differences in the assigned surface complexation modes from pervious literature reports may arise. 

However, what is clear from our results is that the surface chemistries are similar for all four 

nucleotides adsorbed on either hematite or goethite but are particle compositionally unique. These 

results taken all together show that surface interactions and complexation with nucleotides are 

different for these two phases of iron-mineral particle surfaces. 

5.5 Conclusions  

Herein, we have combined experimental spectroscopic data and ab-initio calculations to show that 

the interaction of selected nucleotides on two iron-mineral surfaces, goethite and hematite, is 

different.  A monodentate binding mode is preferential on goethite while a bidentate mode is 

favored on hematite. This study provides a framework towards a more complete understanding 

regarding the behavior of more complex macromolecules, like DNA, by investigating the surface 

chemistry of the monomeric, nucleotide subunits. 
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Figure 5.7 Goethite particle characterization 
 

a) TEM micrograph of goethite particles and b) XRD data of experimental goethite with reference goethite reference 

lines.  

 

Zeta Potential (mV)

dAMP -9.1 ± 1.8

dGMP -6.0 ± 1.2

dCMP -8.5 ± 1.8

dTMP -6.1 ± 3.6

Table 5.2 Zeta potential measurements for monophosphate nucleotides at pH 5 
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Table 5.3 ATR-FTIR peak assignment table purine nucleotides, dAMP and dGMP, in 

solution and adsorbed on hematite particles and goethite particles 
 

dAMP dGMP dAMP (Δ)
b

dGMP (Δ)
b

dAMP (Δ)
b

dGMP (Δ)
b

δ(NH
+
) 1710

ν(C=O) 1683 1684 (+1) 1683 (+0)

δ(HOH) 1651 1637 1650 (-1) 1644 (+2) 1648 (-3) 1639 (+2)

purine ring 1604 1601 1604 (+0) 1603 (+3) 1605 (+1) 1603 (+3)

purine ring 1579 1577 1579 (+0) 1577 (+1) 1580 (+1) 1575 (+1)

purine ring 1536 1536 (-1) 1535 (-1)

ν(C-N), δ(C-H) 1480 1485 1481 (+1) 1486 (-1) 1480 (+0) 1486 (-1)

purine ring 1467

δ(CH2) 1423 1413 1422 (-1) 1412 (+1) 1423 (+0) 1414 (+1)

purine ring 1338 1363 1338 (+0) 1362 (+4) 1338 (+0) 1362 (+4)

purine ring 1306 1305 (-1) 1305 (-1)

δ(C6-NH2) 1250 1251 (+1) 1253 (+3)

ν(N9-C1') 1216 1215 1216 (-1) 1214 (-1) 1217 (+1) 1215 (+0)

bidentate/monodentate 1166 1173

bidentate/monodentate 1116 1115 1139 1136

bidentate/monodentate 1081 1087

bidentate/monodentate 1062 1062 1059 1058

bidentate/monodentate 1025 1030

ν(P-O) 1002 1002

ν(Fe-O-P) 991 990 999 998

δ(POH) 951 949

νs(P-(OFe)2) of 

bidentate complexes
939 942 954 954

a 
νs/as: symmetric/asymmetric stretch vibration; δ: bending vibration

b 
∆: difference between adsorbed and solution phase wavenumber at last time point collected

Vibrational Frequency (cm
-1

)

Vibrational modes
a

Adsorbed on HematiteSolution
200 Adsorbed on Goethite
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Table 5.4 ATR-FTIR peak assignment table pyrimidine nucleotides, dCMP and dTMP, in 

solution and adsorbed on hematite particles and goethite particles 

 

dCMP dTMP dCMP (Δ)
b

dTMP (Δ)
b

dCMP (Δ)
b

dTMP (Δ)
b

δ(N3H
+
) 1717 1719 (+2) 1721 (+1)

ν(C2=O2) 1694 1695 (+1) 1701 (+7)

δ(HOH) 1649 1660 1653 (+4) 1667 (+3) 1653 (+4) 1662 (+2)

pyrmidine ring 1600 1597 (-3) 1600 (+0)

pyrmidine ring 1577 1582 (+5) 1579 (+2)

pyrmidine ring 1529 1529 (+0) 1529 (+0)

ν(C-N), δ(C-H) 1491 1481 1494 (+3) 1482 (+1) 1494 (+3) 1481 (+0)

δ(CH2) 1415 1418 1409 (-6) 1421 (+3) 1417 (+2) 1421 (+3)

pyrimidine ring 1365 1374 1372 (+7) 1371 (+3) 1372 (+7) 1371 (+3)

pyrmidine ring 1290 1291 (+1) 1291 (+1)

pyrmidine ring 1277 1277 (+0) 1278 (+1)

ν(N9-C1') 1201 1203 1201 (+0) 1201 (-2) 1201 (+0) 1201 (-2)

bidentate/monodentate 1167 1158

bidentate/monodentate 1125 1128 1132 1136

bidentate/monodentate 1083 1094

bidentate/monodentate 1062 1061 1062 1064

bidentate/monodentate 1030 1035

ν(P-O) 1002 1007

ν(Fe-O-P) 990 991 996 996

δ(POH) 948 945

νs(P-(OFe)2) of 

bidentate complexes
946 940 954 959

a 
νs/as: symmetric/asymmetric stretch vibration; δ: bending vibration

b 
∆: difference between adsorbed and solution phase wavenumber at last time point

Vibrational modes
a

Vibrational Frequency (cm
-1

)

Solution
200 Adsorbed on Hematite Adsorbed on Goethite
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a) Monodentate 

b) Bidentate 

Figure 5.8 Ab-initio Gaussian calculations for dAMP adsorbed onto an iron cluster in a) 

monodentate and b) bidentate complex 
 

Vibrational frequencies were scaled by 0.960.  
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Chapter 6. Formic and Acetic Acid pKa Values Increase 

Under Nanoconfinement in Porous Silica 
 

6.1 Abstract 

  Organic acids are prevalent in the environment and their acidity and the corresponding 

dissociation constants can change under varying environmental conditions. The impact of 

nanoconfinement on physicochemical properties of chemical species is poorly understood and is 

an emerging field of study. In this experimental investigation, we quantify the effect of 

nanoconfinement on one of the fundamental chemical reactions - the dissociation of acids. We 

used infrared and Raman spectroscopies to assess the pKa constants of formic and acetic acids 

confined within silica nanopores with 4 nm diameters. We observe a decrease in acid dissociation 

constants (increase in the pKa values) when acids are nanoconfined. Therefore, nanoconfinement 

stabilizes the protonated species. We attribute this observation to the decrease in the average 

dielectric response of nanoconfined aqueous solutions where the spatial rearrangement of the 

conjugate base and proton may be hindered. Additionally, the increased hydrogen bonding in 

nanoconfined conditions leads to a stabilization of the protonated form, resulting in an increase in 

pKa value. Overall, the results of this study provide the first quantification of the pKa values for 

nanoconfined formic and acetic acids and pave the way for a unifying theory predicting the impact 

of nanoconfinement on acid-base chemistry. 

6.2 Introduction  

Porous engineered and geochemical particles are commonly found in the environment and 

often have large surface to volume ratios that can sequester significant amounts of chemical species 

present in aqueous systems and facilitate their transformations at the solid-water interfaces inside 

nanopores. Many of these particles are silicates (e.g., pure minerals or sedimentary rocks and soils) 
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with pores that reach nano-scale dimensions. Theoretical, computational, and experimental studies 

have shown that nanoconfinement of a solid-water interface can often lead to unexpected chemical 

reactivities: increase in gas solubilities201, enhanced chemisorption reactions202–204, and lower 

chemical reaction barriers205. These deviations in reactivity when compared to unconfined 

counterparts have been tentatively explained by the disruption of the H-bonding network within 

nanopores and the decreases in water’s properties: dielectric response206, melting point207, 

density207,208, surface tension207,208, and H2O dissociation constant209, when compared to bulk 

solution.203,207,210–212 Here we hypothesize that the changes to the local H-bonding environments 

and dielectric response inside silica nanopores affect the dissociation constants of water-soluble 

organic acids.  

 Nanoconfinement effects on chemistry are poorly understood and constitute an emerging 

research field. So far very few studies of nanoconfinement effects on acidity indicate that in highly 

charged clay mineral interlayers, acidity of water increases by ~ 4 orders of magnitud.209 Similarly, 

recent study by Zhu et al. show that the local pH inside silica nanopores is lowered, compared to 

adjacent bulk solution, due to selective uptake of protons inside the negatively charged pores.213 

Again, lower pH is reported for silica nanopores functionalized with 2-(dimethylamino)ethyl 

methacrylate (DMAEMA) and 2-(metacryloyloxy)ethyl phosphate (MEP) polymers, which was 

attributed to an increase in the deprotonation of these surface-bound species under 

nanoconfinement.5 Additionally, Rubinovich et al. observed the equilibrium constants for the 

hybridization of single stranded DNA are shifted towards undissociated complexes in 

nanoconfined conditions due to entropic stabilization of these large molecules inside 

nanochannels.214 These limited studies on acidity in nanopores indicate that de-protonation 

reactions may be enhanced under nanoconfinement, especially for those nanopores that have a 
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negative surface change. However, our results contradict this extrapolation and are in line with the 

observation for air-water interfaces, where protonated forms of organic acids are stabilized.215 

Currently, there is no fundamental understanding of how acid dissociation is affected by 

nanoconfinement. Environmentally relevant molecules, such as organic acids, humic substances, 

nucleotides, and DNA, have one or more acid dissociation constants and therefore understanding 

the impact of nanoconfinement on various types of acidic groups is urgently needed.  

 For these reasons, here we quantify the effect of nanoconfinement on the pKa values for 

simple organic acids, formic and acetic acids (Equation 6.1 and 6.2). Formic and acetic acids can 

be found in the environment from cellular processes cycle, fermentation and are the main 

constituents of volatile organic acids.216,217 These organic acids are also involved in many 

industrial processes like paper manufacturing, metal ore mining, and food production that can be 

in chemical runoff and introduced into aqueous environmental systems.218,219 Additionally, many 

environmentally prevalent organic molecules, biomolecules and humic substances contain one or 

more carboxylic acid functional groups, and their deprotonation can be sensitive to 

nanoconfinement. These small organic acids can be used as convenient model systems to begin 

the investigation in an important field of study that could have large implications, acid-base 

chemistry in nanopores.   

Equation 6.1 

Equation 6.2 
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In this study, formic and acetic acids were nanoconfined in porous silica with 4 nm pore 

diameters. Acid dissociation constants for solutions and in nanoconfined in silica pores were 

determined using two vibrational spectroscopic methods, infrared and Raman spectroscopy. The 

dissociation constants quantified for acid solutions spectroscopically were also compared to 

potentiometric measurements. As a proof of concept, we show that vibrational spectroscopy can 

be used to experimentally determine acid dissociation constants in solution and in nanoconfined 

matrices. In addition to acid dissociation constants, vibrational spectroscopy can be used to gain 

insight into the intermolecular interactions within the nanoporous silica. This paper provides the 

framework for future studies to probe more complex molecules and milieu to model realistic 

systems.  

6.3 Materials and Methods  

6.3.1 Materials 

Formic acid and glacial acetic acid were purchased from Fisher Scientific. Templated SBA-

15 silica (SiO2) with 4 nm pores was purchased from Sigma Aldrich. Silica particles were washed 

in de-ionized H2O and dried at 40 ºC prior to use, as in our earlier work.202,203,207 This treatment 

produced nanoporous SiO2 surfaces with an average Si-OH site density of 1.8-2.0 -OH nm-

2.202,203,207 6N (certified 5.95 to 6.05N), 1 N HCl (certified 0.995 to 1.005N) and 1N NaOH titrants 

(certified 0.995 to 1.005N) were purchased from Fisher. 18N and 6N NaOH titrant was prepared 

using sodium hydroxide pellets (Fisher) and milliQ water. pH 1.68, 4 and 7 reference standards 

for calibrating the pH electrode were purchased from Fisher. All solutions were prepared using 

milliQ water with a resistivity of ≥ 18.2 MΩ-cm. 
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6.3.2 Solution preparation 

25mM formic acid and 25mM acetic acid solutions were prepared. pH was measured and 

titrated using an OAKTON pH 700 meter equipped with a temperature probe. Three-point pH 

electrode calibration using pH 1.68, 4, and 7 reference standards were performed daily. 6N HCl, 

6N NaOH, 1N HCl, and 1N NaOH were used to titrate solutions. Higher concentration of titrants 

was used to minimize solution dilution, which never fell below 24.6mM. 

6.3.3 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy 

The ATR-FTIR spectroscopy set-up has been previously described.18,43,76,106 ATR-FTIR 

spectroscopy is based off the total internal reflection of an infrared beam between the optically 

dense medium (ATR crystal) and an optically rare medium (sample). This reflection at the 

interface creates an evanescent wave that propagates into the sample where absorption of infrared 

light occurs. The ATR accessory is a horizontal flow cell equipped with an amorphous material 

transmitting IR radiation (AMTIR) crystal. The IR spectra were collected using a Nicolet iS10 

FTIR spectrometer (Thermo-Fisher) equipped with a mercury cadmium telluride detector 

(MCT/A). Spectral resolution was 4 cm-1 and averaged over 100 scans over the range of 750-4000 

cm-1. All spectra were processed using OMNIC 9 software. Spectra were collected after a 30-

minute purge with filtered CO2-free air.  

For solution phase spectra of formic acid, a solution of 25 mM formic acid was prepared 

and titrated to pH ranging from 2-6. ~800 uL of the titrated solution was pipetted onto the AMTIR 

crystal and a spectrum was taken. A spectrum of milliQ water without pH adjustment was used as 

the background. A similar method was used for 25 mM acetic acid solution titrated to pH ranging 

from 2-7. 



 

124 

 

For collecting spectra of nanoconfined formic acid, a suspension containing 10 mg of SiO2 

in 800 uL milliQ water was prepared and sonicated for 30 seconds to create a colloidal suspension. 

The solution was drop casted onto the AMTIR crystal and dried overnight with filtered CO2-free 

air. To begin the 700 uL milliQ water was pipetted onto the SiO2 film and a background spectrum 

was collected. The film was washed with 700 uL of 25 mM pH adjusted formic acid solution. The 

washing solution was removed and another 700 uL of 25 mM formic acid solution was pipetted 

onto the film and a sample spectrum was collected. A similar method was used to collect spectra 

of nanoconfined 25 mM acetic acid.  

To determine the pKa value of both the bulk solution as well as of nanoconfined formic 

acid, the intensity of ν(C=O) and νas(COO-) vibrational bands were used since they represent the 

protonated and deprotonated formic acid forms, respectively. A linear baseline was used to 

determine peak heights (intensities). At pH 2, ν(C=O) was considered to represent the 98.3 mol % 

of the expected protonated form, while at pH 6, νas(COO-) was considered to represent 99.4 mol 

% of deprotonated form determined by Henderson-Hasselbalch equation using a reported pKa 

value of 3.75.220–222 The protonated intensities were normalized to the intensity measured at pH 2 

while the deprotonated intensities were normalized to that measured at pH 6, yielding a percentage 

of either protonated or deprotonated formic acid. Boltzmann functions were fit to the two measured 

species percentages, and the pKa value was determined at the intersection of the lines fitted to the 

data points for protonated and deprotonated forms. The same method was used to determine the 

pKa of 25 mM acetic acid solution (bulk phase and nanoconfined in SiO2 pores). The intensity 

measured at pH 2 ν(C=O) was considered to represent the 99.8 mol % of protonated form, and at 

pH 7 νas(COO-) to represent the 99.4 mol % of deprotonated form, calculated using the reported  

pKa value of 4.75.222–224 
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6.3.4 Raman Spectroscopy 

Raman spectra were collected using a Horiba XploRA plus Raman spectrometer with a 

cooled CCD detector (Jobin Yvon’s Synapse camera). A HeNe laser was used with a 532 nm 

excitation and ~10 mW radiation power. A 10x microscope objective lens was used with a laser 

spot diameter of ~3 μm. 

For solution formic acid measurements, 500 mM formic acid was prepared and titrated 

between pH 2 and pH 6 using 18 N NaOH or 6 N HCl solutions. Raman spectra were collected 

with a grating size of 1800nm, 5 accumulation and 20 s acquisition time. A similar calculation was 

done as ATR-FTIR to determine a pKa value. The same procedure and pKa calculation were done 

for 500 mM acetic acid between pH 2 and pH 7.  

For nanoconfined formic acid measurements, solution of 7.5 mg/L SiO2 and 500mM 

formic acid was titrated between pH 2 and pH 6 and equilibrated for 24 hrs at room temperature. 

The supernatant was discarded, and the resulting SiO2-formic acid slurry was dabbed dry with a 

Kimwipe to remove excess solution and a Raman spectrum was collected while sample remained 

wet. Spectra were collected with a grating size of 1800nm, 15 accumulation and 60 s acquisition 

time. The same procedure was done for nanoconfined 500 mM acetic acid between pH 2 and pH 

6.  

6.3.5 Potentiometric Measurements 

A solution of 25 mM formic acid was prepared using milliQ water. Certified 1 N NaOH 

was diluted to 0.1 N NaOH using milliQ water. 0.1 N NaOH was slowly added to the solution of 

25 mM formic acid under stirring. After each addition of the titrant, the pH was measured. This 

was repeated until the pH did not change with further additions of the NaOH titrant. The pKa was 

determined to be the pH at half the volume used to reach the equivalence point using the 2nd 
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derivative x-intercept. The same procedure was used to determine pKa value for 25 mM acetic 

acid.   

6.4 Results and Discussion 

The pKa values of formic and acetic acid solutions in bulk and nanoconfined conditions in 

SiO2 nanopores were determined by monitoring ATR-FTIR and Raman characteristic band 

intensities of protonated and deprotonated forms. Figure 6.1a-b and Figure 6.5 shows the ATR-

FTIR spectra of formic acid solution between pH 2 and pH 6 and acetic acid solution between pH 

2 and pH 7. The molecule is protonated at pH lower than the reported pKa of the organic acid and 

deprotonated above the pKa value. At the pKa value, there are equimolar concentrations of 

protonated and deprotonated forms for a monoprotic molecule. For formic acid at pH 2, ATR-

FTIR vibrational bands belonging to the protonated form are observed at 1718 and 1213 cm-1 

which represent the ν(C=O) and δ(COH) modes, respectively.225,226 As pH increases and formic 

acid deprotonates, the 1582, 1383 and 1351 cm-1 start to appear and grow in intensity. These 

absorption bands are assigned to the νas(COO-), δ(CH), and νs(COO-), respectively.225,227,228 As the 

characteristic deprotonated bands appear, the characteristic protonated band disappear and become 

negligible at pH ≥ 5. The most pronounced changes in the intensities for the deprotonated and 

protonated forms occurs between pH 3-4, which agrees with the reported formic acid pKa value of 

3.75.222,229,230 As formic acid deprotonates into formate, the ν(C=O) 1718 cm-1 peak intensity 

decreases while the 1582 cm-1 νas(COO-) intensity increases.228,231 These two characteristic peaks 

can be used to monitor the speciation form of the simple organic acid. Similar observations can be 

made about acetic acid spectra, the protonated peaks can be seen at 1712 and 1279 cm-1 assigned 

to the ν(C=O) and δ(COH) vibrational modes, respectively. As pH increases, the deprotonated 

peaks appear at 1552 and 1416 cm-1 assigned to νas(COO-) and νs(COO-), respectively. The most 
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pronounced changes in the spectra occur between pH 4-5, which agrees with the reported acetic 

pKa value of 4.76.222,223,232 The Raman spectra for solution phase formic and acetic acid have 

similar spectral responses to pH changes (Figure 6.1c-d). As pH increases for solution phase 

formic acid, the protonated bands represented by the 1721 cm-1 ν(C=O) and 712 cm-1 δ(COH) peak 

intensities decrease while the deprotonated 1353 cm-1 ν(COO-) band intensity increases.231 The 

a) ATR-FTIR Formic Acid Solution 

Spectra 

b) ATR-FTIR Acetic Acid Solution 

Spectra 

 

c) Raman Formic Acid Solution Spectra 

 

d) Raman Acetic Acid Solution Spectra 
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Figure 6.1. Solution spectra of a) ATR-FTIR formic acid, b) ATR-FTIR acetic acid, c) Raman 

formic acid, and d) Raman acetic acid 
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carboxylate band is very intense and when plotted on the same scale, swamps the δ(COH) band 

intensity. Significant spectral changes occur between pH 3 and pH 4, similar to what was observed 
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Figure 6.2 Solution phase speciation diagrams for formic and acetic acids using ATR-FTIR and 

Raman spectroscopy 

Solution phase a) ATR-FTIR formic acid, b) ATR-FTIR acetic acid, c) Raman formic acid, and d) Raman acetic acid 

speciation curves using spectral peak intensities fitted with a Boltzmann function (top). Summed speciation for the 

protonated and deprotonated forms of organic acid (bottom). Error bars are 1σ. 
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in ATR-FTIR data.  For solution phase acetic acid, as pH increases, the 1715 cm-1 ν(C=O) band 

and 891 cm-1 ν(C-C) decrease while the deprotonated carboxylate bands, 1416 cm-1 νas(COO-), 

1349 cm-1 νs(COO-) and 928 cm-1 ν(C-C) bands increase. Again, significant spectra changes occur 

between pH 4 and pH 5.  

Figure 6.6 shows ATR-FTIR and Raman spectral intensities for characteristic protonated 

and deprotonated peaks of formic and acetic acid solutions. For both organic acids, the highest 

intensity for the protonated form is observed at pH 2, whereas the highest intensity for the 

deprotonated form is observed at pH 6 or pH 7. Since these bands are considered characteristic, as 

the (de)protonated forms become the dominant species in the solution, peak intensities would also 

be dominant for their representative forms. However, since infrared absorption coefficients and 

Raman scattering cross-sections depend on specific vibrational modes, the data are normalized to 

reflect these differences. Figure 6.2 shows a normalized speciation curve for formic and acetic 

acid at different pH values using characteristic vibrational bands for ATR-FTIR and Raman 

spectra. The intersection of the two fitted Boltzmann functions for the protonated and deprotonated 

forms correspond to the pKa value of formic and acetic acid in solution. For formic acid, the 

intersection is 3.33 ± 0.04 and 3.42 ± 0.02 using ATR-FTIR and Raman spectra, respectively. For 

acetic acid, the intersection is 4.49 ± 0.05 and 4.48 ± 0.01 using ATR-FTIR and Raman spectra, 

respectively. As a measure of error, the intersection of the two Boltzmann functions should occur 

at 50 mol % protonated and 50 mol % deprotonated forms of the organic acids. Additionally, the 

summed speciation at each pH should be equal to one. There is negligible deviation from the ideal 

Boltzmann function intersection of 0.50 and a sum species average of 1.00 for both formic and 

acetic acid using ATR-FTIR and Raman spectroscopies. The Boltzmann fitting to the protonated 

and deprotonated speciation curves have R2 values of ≥ 0.975 for both spectroscopic techniques 
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and both acids. Despite our measured solution pKa values for formic and acetic acid deviating by 

0.3-0.4 units from those reported in the literature, the values align well with potentiometric 

measurements performed in our laboratory (Figure 6.7), supporting that spectroscopic method can 

be used as an effective technique to determine molecular acid dissociation constants. As alkyl 

chain length increases, the acidity of the carboxylic acid decreases as the alkyl group destabilizes 

the carboxylate ion.233 However, as the alkyl group lengthens, the inductive effect lessens as the 

added carbons are farther away from the carboxylate. This inductive effect is apparent at the 

difference in measured pKa values for formic and acetic acid solutions of ca. one pH unit.  

6.4.1 Effects of Nanoconfinement on Organic Acid Dissociation Constants 

To explore the effects of nanoconfinement on acid pKa values, formic and acetic acid were 

introduced to a thin film of nanoporous SiO2 particles. Using the same processing technique as 

bulk solution ATR-FTIR measurements, nanoconfined pKa values can be determined. Figure 6.3 

shows ATR-FTIR and Raman spectra for nanoconfined formic and acetic acids. In general, 

(de)protonated peaks show the same response to increasing pH as was observed for bulk solutions, 

where protonated peaks disappear and deprotonated peaks appear. Peak shifting, changes to 

spectral intensities, and broadening and/or narrowing can be indicative of surface complexation 

when compared to solution spectra; as molecules ad  sorb on SiO2 surfaces inside nanopores, 

molecular symmetry can change leading to peak shifting or full width half max (FWHM) 

changes.65,66 Additionally, if adsorption onto solid surface takes place, local concentrations are 

increased which can be observed in the significant increase in spectral intensities, sometimes as 

large as 100x.76,106 However, this is not observed as measured ATR-FTIR intensities are similar 

for bulk  solution samples and those in  SiO2 nanopores (Figure 6.6 and Figure 6.9). For Raman 

intensities, the intensities measured for acids nanoconfined in silica pores are smaller than in 
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solution. Because of the absence of signal enhancement, we conclude that the organic acids are 

not complexing with the SiO2 surfaces to any significant degree, and the majority of acids exist in 

the body of the nanopore. To show what the spectra would look like if the organic acids were 
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strongly adsorbed to the surface, acetic acid was adsorbed onto alumina at various pH values using 

ATR-FTIR spectroscopy (Figure 6.10). The spectra did not change despite varying the solution 

0.0

0.2

0.4

0.6

0.8

1.0

S
p

ec
ia

ti
o

n

1.03 ± 0.07

0.53 ± 0.06

pKa 3.46 ± 0.07

as(COO-)

HCOO-

1581 cm-1

R2: 0.942

(C=O)

HCOOH

1722 cm-1

R2: 0.969

2 3 4 5 6

0.8

1.0

1.2

S
u

m
m

ed

S
p

ec
ia

ti
o

n

pH

0.0

0.2

0.4

0.6

0.8

1.0

1.07 ± 0.14

S
p

ec
ia

ti
o

n

0.55 ± 0.07 

pKa 3.53 ± 0.11  

(C=O)

HCOOH

1721 cm-1

R2: 0.862

(COO-)

HCOO-

1353 cm-1

R2: 0.962

2 3 4 5 6

0.4

0.8

1.2

1.6

S
u

m
m

ed

S
p

ec
ia

ti
o

n

pH

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

S
p

ec
ia

ti
o

n

1.13 ± 0.25

0.54 ±  0.08

pKa 4.62 ± 0.15

as(COO-)

CH3COO-

1418 cm-1

R2: 0.862

(C=O)

CH3COOH

1714 cm-1

R2: 0.719

2 3 4 5 6 7

0.0
0.4
0.8
1.2
1.6
2.0

S
u

m
m

ed

S
p

ec
ia

ti
o

n

pH

a) ATR-FTIR Formic Acid Nanoconfined 

Speciation 
b) ATR-FTIR Acetic Acid Nanoconfined 

Speciation  

 

c) Raman Formic Acid Nanoconfined 

Speciation 

 

d) Raman Acetic Acid Nanoconfined 

Speciation 

 

0.0

0.2

0.4

0.6

0.8

1.0

S
p

ec
ia

ti
o

n

0.53 ± 0.06

pKa 4.65 ± 0.11

1.04 ± 0.12

(C=O)

CH3COOH

1715 cm-1

R2: 0.957

as(COO-)

CH3COO-

1552 cm-1

R2: 0.912

2 3 4 5 6 7

0.8

1.2
S

u
m

m
ed

S
p

ec
ia

ti
o

n

pH

Figure 6.4 Nanoconfined speciation diagrams for formic and acetic acids using ATR-FTIR and 

Raman spectroscopy 

Nanoconfined phase a) ATR-FTIR formic acid, b) ATR-FTIR acetic acid, c) Raman formic acid, and d) Raman 

acetic acid speciation curves using spectral peak intensities fitted with a Boltzmann function (top). Summed 

speciation for the protonated and deprotonated forms of organic acid (bottom). Error bars are 1σ 
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pH and showed peak shifting of the carboxylate peaks. In the case of formic and acetic acid 

nanoconfined in silica, spectral changes in response to changing pH was observed so the acids are 

not strongly adsorbed to the silica surface.  

The nanoconfined spectra behave similarly to solution spectra in terms of decreasing 

intensities of the protonated bands and increasing intensities of de-protonated bands as pH 

increases for both organic acids. However, the nanoconfined ATR-FTIR spectral intensities is ca. 

30% of solution whereas Raman is ca. 50% of that measured in solution. Instead of the beam 

probing a volume of only organic acid and water, part of the sampled volume is being filled by 

silica, resulting in a lower concentration of acid molecules and lower intensity values. There is 

minimal peak shifting when solution and nanoconfined spectra are compared for either acid from 

both spectroscopic techniques. Additionally, the FWHM of protonated and deprotonated bands do 

not change significantly (data not shown).   

Figure 6.4 shows the speciation curve for nanoconfined organic acids in SiO2 nanopores 

using characteristic peak intensities of the protonated ν(C=O) band and deprotonated νas(COO-) 

band (Figure 6.9). Tabulated pKa values for vibrational measurements on solution and 

nanoconfined acids are shown in Table 6.1. Under nanoconfinement and using ATR-FTIR 

spectroscopy, formic acid has a pKa value of 3.46 ± 0.07 and acetic acid has a pKa value of 4.65 ± 

0.11. Both pKa values are higher than those in bulk solution by 0.13 (3.7%) and 0.16 (3.4%) pH 

units for formic and acetic acid, respectively. For pKa values calculated using Raman spectroscopy 

Solution Nanoconfined Solution Nanoconfined

Formic Acid pKa 3.33 ± 0.04 3.46 ± 0.07 3.42 ± 0.02 3.53 ± 0.11

Acetic Acid pKa 4.49 ± 0.05 4.65 ± 0.11 4.48 ± 0.01 4.62 ± 0.15

ATR-FTIR Raman

Table 6.1 Tabulated pKa of solution and nanoconfined formic and acetic acid using ATR-FTIR and 

Raman spectroscopy 

pKa measurement summary of formic and acetic acid using spectroscopic solution intensities, and spectroscopic 

SiO2 nanoconfined intensities. Error is 1σ.                             
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data, formic acid has a pKa value of 3.53 ± 0.11 and acetic acid has a pKa value of 4.62 ± 0.15. 

However, the R2 fitting of the protonated and deprotonated Boltzmann functions vary drastically 

between ATR-FTIR and Raman results. The lowest ATR-FTIR R2 fitting value is 0.912 which is 

for deprotonated acetic acid. The R2 value for Raman speciation fittings for both acids are much 

lower and vary between 0.962 and 0.719, reducing confidence levels. The poor fitting could stem 

from inconsistent sampling or high solution concentration along with the drying process. The 

Raman spectra depends on the confocal focal plane and if there is an inconsistent amount of silica 

in spectra, the intensities will be inherently skewed. The concentration used for Raman spectra is 

20x higher than used for ATR-FTIR. This get decent signal-to-noise in the spectra but it is possible 

that solution phase contributions swamped nanoconfined intensities. For these reasons along with 

a lower R2 value for the Raman results, the ATR-FTIR results were considered to be more reliable 

and representative of a nanoconfined system. This suggests that the protonated forms of the organic 

acids are more stable compared to their deprotonated forms, resulting in a decrease in dissociation 

constants and increase in pKa values.  

The increase in pKa value under nanoconfinement suggests that the stabilization of the 

organic acid conjugate base is not as favorable. Gao et al. demonstrated an increase in carboxylic 

acid pKa values in a confined nanochannel.234 It was suggested that the decrease in dissociation 

stemmed from neighboring carboxylic groups having to overcome an electrostatic repulsion 

interaction from neighboring negatively charged carboxylate groups. Not only do the carboxylic 

groups have to overcome neighboring carboxylate charges, but also deprotonated silica surface 

charge; the point of zero charge for silica is around 4.2.235,236 However, for electrostatic effects to 

be dominant, intermolecular interactions of organic acid-organic acid has to occur but this has not 

been observed in our study due to the low acid concentrations. It is recognized that formic and 
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acetic acids can polymerize to form linear or cyclic complexes.237–239 However, this often occurs 

in gaseous phase or at very high concentrations (>5.25 M) of organic acid.240,241 Yang et al. used 

Raman spectroscopy to monitor peak shifting in the OH stretch in a binary system of acetic acid-

water as the volume fraction of the acid (VAA) was varied.241 Notable peak shifts begin at  VAA > 

0.30 (~5.25 M). It was also noted that this was due to formation of linear dimers while VAA < 0.30, 

hydrated monomers were the dominant species. Furthermore, another study concluded that the 

introduction of water into acetic acid cyclic dimer complexes, leads to water separated molecules, 

removing the hydrogen bonds formed in the dimer.242  

For our study, VAA = 0.0014 for ATR-FTIR and 0.035 for Raman spectroscopy, which is 

well below the onset of dimerization in solution. One could argue that under nanoconfinement, the 

organic acid could be sequestered or excluded from the pore, altering the volume fraction. 

However, the intensities of the characteristic solution and nanoconfined peaks are very similar 

(Figure S2 and S5). This suggests that the pores are not sequestering or excluding organic acids 

and that the solution concentration is similar to that of what is inside the pores. The caveat is that 

the VAA onset of dimerization can be different under nanoconfinement than in solution, however, 

it would require the difference to be ~ 2 orders of magnitude. Thus, the interaction that is observed 

is of organic acid-water and not organic acid-organic acid nature. This means that electrostatic 

repulsion is not the dominant force for the observed increase in the pKa values. Additionally, 

molecular size of non-solvated formic acid is approximately 3.4 Å and 4.9 Å for acetic acid.243 

The molecular size of solvated formic acid is approximately 11.4 Å and 12.5 Å for acetic acid.243–

245 The solvated sizes are rough estimations based on molecular sizes and distances. Both non-

solvated and solvated sizes are significantly smaller than the 4 nm pores in this study, therefore 

we assume that steric effects are not dominant. 



 

136 

 

 

 Under nanoconfinement, previous studies have shown that the dielectric response is 

significantly lowered (ε = 2)206 compared to bulk water (ε =78)203,210,211. Confined water molecules 

are more ordered (have less rotational freedom) and since nanopores are spatially limited, the 

density of dipoles is reduced.207 These effects result in a reduced dielectric response for confined 

water. As the organic acid undergoes deprotonation in nanoconfined environments, the 

rearrangement and restructuring of water molecules to hydrate the conjugate base and proton is 

more difficult compared to hydrating the neutral acid. The reduced dielectric constant in a confined 

system could reduce the ability of water molecules to accept a proton from an organic acid, thus 

increasing the pKa of the acid. Nie et al. used ab-initio calculations to show the increase in H-bond 

dissociation energy for carboxylic acids in protein interiors as the dielectric response of the media 

decreases.246 The low dielectric environments enhance H-bonding interactions and are more stable 

than in higher dielectric media. This suggests that the deprotonation of carboxylic acids becomes 

more difficult in low dielectric media, thus explaining the observed increase in the pKa value of 

two acids examined here. Moreover, Ilgen et al. found that the solvation energy of dissolved 

cations is decreased in a nanoconfined system compared to bulk solutions, which causes an 

increase in the inner-sphere complexation reactions within SiO2 nanopores.203 A reduction in the 

solvation energy of nanoconfined species could lead to increased complexation, including 

protonation of organic acids reported here. Adams et al. probed the transport of protons in confined 

reverse micelles as a function of size and acid concentration.247 The authors reported an inability 

to execute a Grotthuss shuttling of protons due to the Eigen hydronium complex strong adsorption 

onto the polar surface. This causes a buildup of protons within confined environments and limits 

proton mobility suggesting that ability to deprotonate and transport a proton away through a 
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network of water molecules from an organic acid is hindered, stabilizing the acid. Zhu et al. 

investigated the pH difference between bulk solutions and within nanopores.213 The authors 

concluded that the pH of nanopores can be lower than in bulk, due to selective uptake of proton 

into the pore volume. Additionally, the carbonyl and acidic proton have been shown to be the main 

active sites for hydrogen bonding.248,249 Once the organic acids deprotonate, the electrons are 

delocalized in the carboxylate and the strong hydrogen bonding site is lost, reducing the stability 

of deprotonated acids. For these reasons, protonated organic acids are stabilized in nanopores, and 

is reflected in the increase of pKa value under nanoconfined environments. 

6.5 Conclusion 

Nanoconfinement can significantly change molecular properties due to changes in the H-

bonding structures and other characteristics of nanoconfined water. Using ATR-FTIR and Raman 

spectroscopies, acid dissociation constants for two small organic acids, formic and acetic acid, 

were experimentally determined. Under nanoconfinement, the pKa of formic and acetic acids is 

increased, stabilizing the protonated form. This is most likely due to the reduced dielectric 

response of water and enhanced H-bonding interactions in nanoconfined environments, which 

makes deprotonation of organic acids more difficult. Additionally, the H-bonding interactions 

between the strong H-bonding sites of the C=O and OH group are lost when deprotonated. For 

these reasons, the stabilization of the protonated organic acid is reflected in the decrease in acid 

dissociation constant (increase in pKa) under nanoconfined conditions.  
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Figure 6.5 Solution spectra of a) ATR-FTIR formic acid, b) ATR-FTIR acetic acid, c) Raman 

formic acid, and d) Raman acetic acid 
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Figure 6.6 Solution spectral intensities for formic and acetic acids using ATR-FTIR and Raman 

spectroscopy 
Solution spectral peak intensities for a) formic acid using ATR-FTIR spectroscopy, b) acetic acid using ATR-

FTIR spectroscopy, c) formic acid using Raman spectroscopy, and d) acetic acid using Raman spectroscopy. The 

ν(C=O) peak is a characteristic peak for the protonated form of the organic acids whereas the νas(COO-) band is 

characteristic for the deprotonated organic acid. 
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Figure 6.7 Potentiometric measurements of formic and acetic acids 

Potentiometric triplicate measurements to determine solution pKa value for a) 25mM formic acid and b) 25mM 
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Figure 6.8 Nanoconfined spectra of formic and acetic acids using ATR-FTIR and Raman 

spectroscopy 

Nanoconfined spectra of a) formic acid using ATR-FTIR spectroscopy, b) acetic acid using ATR-

FTIR spectroscopy, c) formic acid using Raman spectroscopy, and d) acetic acid using Raman 

spectroscopy. 
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Figure 6.9 Nanoconfined spectral intensities for formic and acetic acid using ATR-FTIR and 

Raman spectroscopy  

Nanoconfined spectral peak intensities for a) formic acid using ATR-FTIR spectroscopy, b) acetic acid using 

ATR-FTIR spectroscopy, c) formic acid using Raman spectroscopy, and d) acetic acid using Raman 

spectroscopy. The ν(C=O) peak is a characteristic peak for the protonated form of the organic acids whereas 

the νas(COO-) band is characteristic for the deprotonated organic acid. 
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Figure 6.10 10mM acetic acid adsorbed on nanoporous alumina as a function of pH. 

  
Spectra does not change as pH increases, suggesting that acetate is strongly complexed with the surface. 
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Chapter 7. Plasma Protein Adsorption on TiO2 

Nanoparticles: Impact of Surface Adsorption on 

Temperature-Dependent Structural Changes 
 

7.1 Abstract 

Protein adsorption on metal oxide nanoparticle surfaces is crucial to the behavior of oxide 

nanoparticles in biological systems. In this study, attenuated total reflection Fourier transform 

infrared (ATR-FTIR) spectroscopy was used for the first time to probe differences in the 

temperature-dependent conformational changes of two plasma proteins, bovine serum albumin 

(BSA) and fibrinogen (Fib), in solution and adsorbed on titanium dioxide nanoparticle (ca. 20 nm 

in diameter) surfaces. ATR-FTIR second derivative spectra and autocorrelation moving window 

two-dimensional correlation (MW2D) spectroscopy were used to identify the denaturation 

temperature range of these two proteins in aqueous solution and adsorbed. Generalized two-

dimensional correlation spectroscopy (2DCOS) was done to investigate the protein unfolding 

pathway. The results show that the thermostability of BSA changed when adsorbed on the surface 

whereas there was no difference for solution phase Fib and adsorbed on TiO2. The most notable 

fact was that solution BSA underwent significant structural changes upon adsorption whereas 

adsorbed Fib did not. Upon heating adsorbed BSA, no further changes occurred while BSA in 

solution undergone denaturation.  In contract, solution and adsorbed Fib had identical denaturation 

temperatures and similar sequential secondary structural changes with increasing temperature. 

These studies show for the first time quantitatively that there are differences in the temperature-

dependent structural changes of proteins adsorbed on nanoparticles surfaces and these changes 

depend on the initial interaction with the nanoparticle surface.  Overall, the results of this study 
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provide new insights into understanding the effects of temperature on the structure of adsorbed 

protein on nanoparticle surfaces and the range of different behaviors that can occur. 

7.2 Introduction  

Protein adsorption on nanoparticle surfaces is crucial to understanding the behavior of 

nanoparticles in biological systems. Among all the different types of nanomaterials, titanium 

dioxide nanoparticles are one of the most prevalent metal oxide nanoparticles that have been used 

in various industries and consumer products, such as pigments, food additives, and 

cosmetics.1,2,250,251 Additionally, TiO2 based nanomaterials play an important role in biomedical 

applications including medical device coating, biosensors, and drug delivery.252–254 The broad 

applications of TiO2 nanoparticles bring significant benefits however, it raises concern for the 

potential negative impacts on human health.1,255 Previous studies have shown that once 

nanoparticles are introduced into biological fluids, proteins can adsorb and functionality changes 

can occur.46,256 Furthermore, implant-associated protein adsorption and conformational changes 

have been shown to promote undesired immune reactions.257 Thus, the biocompatibility of TiO2 

nanoparticles has become critically important and the evaluation of the impact that adsorption has 

on protein structure is of great interest.  

Despite the mode of human exposure to nanoparticles, studies have shown that they can 

enter the blood stream and accumulate in vital organs such as the liver and heart.8,255 Once in this 

biological milieu, a dynamic, in-situ coating comprised mostly of proteins called a protein corona 

are formed around the nanoparticle.5,46,47 As the nanoparticle translocate in the blood stream, the 

protein corona evolves as higher affinity proteins replace weaker bound proteins. The nanoparticle 

physiochemical properties change, altering the biodistribution and organ-specific toxicity.5 Studies 

have investigated the kinetics and composition of nanoparticles in simple and complex biological 
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milieu.42,43,258 However, determining how these proteins interact with nanoparticle surfaces is 

difficult to achieve.   

Previous studies have reported that proteins undergo conformational change upon 

adsorption onto nanoparticle surfaces, suggesting that protein function could be 

altered.43,47,256,259,260 It has been shown that the adsorbed protein conformation depends on a range 

of factors including pH, and the details of the surface functionality and surface chemistry of the 

nanoparticles.28,47,261 In addition, when proteins are exposed to elevated temperatures, irreversible 

conformational change can occur, and specific protein functions can be lost.26,27,262 This transition 

temperature has shown to be an important reference of protein thermal stability and can vary by 

protein.260,263,264  

Serum albumin is the most abundant protein in blood which transports fatty acids and other 

vital small molecules throughout the circulatory system.265,266 Bovine serum albumin (BSA) is 

commonly used as a model protein because it has similar properties, molecular weight, and an 

amino acid sequence to its human variant, human serum albumin.47 Another important and 

prevalent protein in blood is fibrinogen (Fib) which plays a critical role in blood coagulation as 

well as adhesion of platelets.267–269 Both of these proteins have been reported to readily adsorb 

onto nanoparticle surfaces when introduced into the blood serum.270 Furthermore, both proteins 

have also been reported to undergo conformational changes to their secondary structures upon 

adsorption.46,47,256,260,271 Despite these previous studies, few studies determine the denaturation 

mechanisms of both proteins in the dissolved and adsorbed state in real-time. Clearly, a non-

destructive, in-situ, method is needed to elucidate the unfolding mechanisms of plasma proteins 

caused by adsorption onto nanoparticle surfaces.  
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Attenuated total reflectance-Fourier transform infrared spectroscopy (ATR-FTIR) can 

probe in-situ changes to protein structure by monitoring representative bands that are convoluted 

with secondary structure. Day et. al. suggests that the protein unfolding pathway is only accelerated 

and not changed by increasing temperature.272 To accelerate the unfolding mechanism, a 

temperature-controlled ATR-FTIR crystal can be used while monitoring protein structural change. 

The band typically used to monitor conformational changes is the amide I band from 1600 to 1700 

cm-1 which is convoluted with major protein secondary structures that are stabilized by hydrogen 

bonding.259,273,274 As temperature is increased, disruption of hydrogen bonding and intensity 

changes to the amide I band can occur. Since the amide I band is comprised of multiple secondary 

motifs such as α-helix and β-sheets, a sensitive processing method is necessary to resolve spectral 

features.  

Generalized two-dimension correlation spectroscopy (2DCOS) can be used to interpret 

FTIR data collected and analyze any changes that occur throughout a perturbation gradient.110  The 

perturbation can be any external environmental change i.e. pH, concentration, or adsorption time. 

For this study, temperature is employed as the perturbation and induced changes to the amide I 

band can be monitored. Additionally, 2DCOS can determine the unfolding pathway by 

determining the sequential conformational changes to individual secondary structures. This kind 

of analysis has been used for determining concentration dependent adsorption mechanisms 260,275, 

aqueous protein temperature induced unfolding26,276, and pH dependent unfolding mechanisms277. 

Despite the utility of 2DCOS, this analysis cannot elucidate the temperature at which large 

structural changes that is expected to occur when the denaturation temperature is reached.110,272 To 

complement 2DCOS, autocorrelation moving window two-dimensional correlation spectroscopy 
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(MW2D) can be used to identify a specific region of large spectral intensity variations along a 

perturbation axis.110,278  

In the present study, ATR-FTIR spectroscopy was used to provide a comprehensive, in-

situ characterization of temperature-induced conformational changes of two plasma proteins, 

bovine serum albumin and fibrinogen, in solution and adsorbed on TiO2 surfaces. Changes to the 

amide I band, which is comprised of multiple protein secondary structures, was monitored by 

2DCOS and temperature specific transitions were analyzed by MW2D. 2DCOS elucidated the 

different unfolding mechanisms of proteins caused by interactions of proteins with nanoparticle 

surfaces or protein-protein interactions. This analysis provides new insights into the effects of 

adsorption on conformational changes and thermostability of two ubiquitous proteins. 

7.3 Experimental Methods 

7.3.1 Materials 

Disodium phosphate, monopotassium phosphate, deuterium oxide, deuterium chloride, and 

sodium deuteroxide were acquired from Sigma-Aldrich. TiO2 nanoparticles (P25, 22 nm, 86% 

anatase, 14% rutile) was purchased from Sigma Aldrich (718467) and characterized in a previous 

study.47 Bovine serum albumin and bovine fibrinogen were acquired from Sigma-Aldrich. BSA is 

a ‘soft’, globular protein (~66 kDa, normal form 50 x 50 x 90Å) and an isoelectric point of 

4.7.279,280 BSA and Fib show differences in their physical properties. Fib is a large rod-like protein 

(~340 kDa, 60 × 65 × 450Å) that has an isoelectric point of 5.5.260 Additionally, Fib is a trinodular 

structure with two terminal D-domains and a central E-domain.260,281 

7.3.2 Attenuated Total Reflectance – Fourier Transform Infrared (ATR-FTIR) Spectroscopy 

ATR-FTIR spectroscopy is based on the total internal reflection of an infrared beam at the 

interface between an optically dense medium (ATR crystal) and an optically rare medium (sample 
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medium) and uses an evanescent that penetrates the media of interest to detect protein adsorption 

on nanoparticles surfaces.43 This is particularly useful for monitoring protein denaturation because 

of the sensitive intensity and frequency responses to conformational changes. ATR-FTIR spectra 

were obtained using a Nicolet iS10 FTIR spectrometer (Thermo-Fisher) equipped with a MCT/A 

detector at 4 cm-1 resolution using an average of 32 scans over a range of 400 to 4000 cm-1 

wavenumber. Fresh protein solutions were prepared by dissolving BSA or Fib in 20 mM phosphate 

buffered saline (PBS, 10 mM disodium phosphate, 10 mM monopotassium phosphate, and 15 mM 

sodium chloride) with deuterium oxide (D2O). D2O was used instead of H2O because the bending 

mode of D2O is shifted to lower wavenumber around (1200 cm-1) and does not overlap with the 

amide I region (1600-1700 cm-1) while H2O bending is centered around 1640 cm-1.28,282 Protein 

solutions were then adjusted to pD 7.4 with 1 M deuterium chloride (DCl) and 1 M sodium 

deuteroxide (NaOD). The pD value of the protein solutions were first measured with a standard 

pH electrode and corrected using the equation pD = pH + 0.4.27 

To obtain spectra of proteins in solution at discrete temperatures, the protein solution (10 

mg/mL) was heated with a PIKE TempPro ATR heater accessory over the range of 25 to 90 ℃ at 

a rate of 0.5 ℃/min. Background spectrum of the 20 mM PBS/D2O solvent solution were also 

measured from 25 to 90 ℃ (with 5 ℃ interval) and subtracted from the sample spectrum at the 

corresponding temperatures. 

To obtain spectra of adsorbed protein on the TiO2 thin film at discrete temperatures, a thin 

film was first created by depositing 1 mL of a 2.5 mg/mL TiO2 suspension onto an AMTIR trough 

crystal and dried overnight under a stream of dry air. 20 mM PBS/D2O solution was flowed over 

the thin film for 15 minutes using a peristaltic pump at ~1 mL/min to remove any loosely bound 

nanoparticles and to collect the background spectra. For protein adsorption, 1 mg/mL of protein 
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solution in 20 mM PBS/D2O was flowed over the nanoparticle thin film for 90 min. Subsequently, 

the film was washed with 20 mM PBS/D2O for 15 minutes to remove loosely bound protein and 

to reach adsorption equilibrium. The equilibrated adsorbed protein film was then heated from 25 

to 90 ℃ at a rate of 0.5 ℃/min for the temperature dependent study. Background spectra of TiO2 

thin film in PBS/D2O were also measured at identical temperatures and subtracted from the sample 

spectra at the corresponding temperatures. 

All subtracted spectra were further processed by Fourier self-deconvolution (FSD) to 

resolve the overlapping IR bands using a half-bandwidth of 19.8 cm-1 and a band-narrowing factor 

k = 1.8.27,262 Both the spectra subtraction and FSD process are performed using OMNIC software. 

All spectra are modified to a linear baseline and the amide I band was normalized to 1.0 for 

comparison. 

7.3.3 Two-Dimensional Correlation Spectroscopy (2DCOS) 

2DCOS has been well studied as an analytical method to study changes induced by external 

perturbations such as temperature, time, and pH. Details of the mathematical algorithm can be 

found elsewhere.110,119,120 Sequential protein structural changes can be determined by assigning 

secondary structures to correlation peaks in the synchronous (Φ) and asynchronous (Ψ) correlation 

maps. The synchronous and asynchronous maps can be interpreted by following Noda’s rules.110 

Briefly, the off-diagonal Φ peaks indicate a coupled spectral intensity change. A positive Φ cross 

peak corresponds to spectral intensities changing in phase, either both increasing or decreasing. 

Whereas a negative Φ cross peak indicates that the signals are out of phase, one signal is increasing 

and the other is decreasing. The Ψ cross peaks are used to determine the sequential order of 

intensity changes. If the sign of Φ(ν1, ν2) is the same as Ψ(ν1, ν2), then ν1 occurs before ν2. 

Conversely, if the sign of Φ(ν1, ν2) and Ψ(ν1, ν2) are opposite, then ν1 occurs after ν2. For MW2D 
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correlation maps, it was demonstrated that the MW2D correlation is approximately proportional 

to the squared derivative of the spectral intensity with respect to the perturbation variable 

elsewhere.112 This approximation was used to map the spectral intensity variations along a 

temperature perturbation to identify a specific temperature at which protein structure undergoes 

significant conformational changes. Baseline corrected, normalized, FSD processed spectra 

between 1600 to 1700 cm-1, was used for analysis by 2DCOS and MW2D. 2DCOS and MW2D 

was coded and processed in MATLAB 2017b. The resultant correlation maps were plotted in 

Origin 2017. Both computational algorithms were checked by generating simulated spectra and 

compared to literature and 2dShige version 1.3 (Shigeaki Mortita, Kwansei-Gaukuin University, 

2004–2005) developed by Noda.120,283 

7.4 Results and Discussion 

7.4.1 ATR-FTIR Spectroscopy of Solution Phase and Adsorbed Plasma Proteins 

ATR-FTIR spectra and second derivative spectra are in Figure 7.1 and Figure 7.5, 

respectively. Figure 7.1 shows the temperature dependent ATR-FTIR spectra of BSA and Fib in 

solution and adsorbed on TiO2 (22 nm) nanoparticle surfaces. The amide I band (1600-1700 cm-

1), which attributed to the C=O symmetric stretching (major component) and C-N bending (minor 

component) of the amide backbone in proteins43, was chosen for analysis as this region is widely 

used to investigate protein conformational changes.28,46,47,256  
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Generally, for all four sets of experiments shown in Figure 7.1, the spectral features below 

50 ℃ are almost identical to those at 25 ℃ in the same experiment set. At temperatures higher than 

50 ℃, the amide I band became broader and two shoulder bands began to appear around 1685 and 

1615 cm-1. The appearance of these two new bands are consistent with reported literature and can 

be attributed to the formation of intermolecular β-sheets from strong hydrogen bonding 

interactions during the temperature-induced β-sheet aggregation.26,27,262 In addition, it was 

observed that these two bands remain even after cooling down to 25 ℃ (data not shown), indicating 

that this process irreversibly changes the secondary structure of the protein and these observations 

are in agreement with other studies.27 Thus, the two bands at 1685 and 1615 cm-1 are considered 

Figure 7.1 Normalized ATR-FTIR spectra over a temperature range of 25 to 90 ℃  

(a) solution phase BSA (top) and adsorbed BSA on TiO2 (22 nm) (bottom), (b) solution phase Fib (top) and 

adsorbed Fib on TiO2 (22 nm) (bottom). 
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the diagnostic bands for the temperature-induced denaturation of proteins and are widely used in 

the identification of protein denaturation temperature.26,27,262  

For solution phase BSA spectra (Figure 7.1a), the appearance of the intermolecular β-sheet 

bands are observed between 60 to 70 ℃. For solution phase Fib (Figure 7.1b), such marked 

spectral changes are seen between 50 to 60 ℃. BSA has been reported to denature around 70 ℃ 

while Fib has been observed to have two uncooperative transition temperatures, 55 and 95 

℃.27,260,284 As suggested by Privalov and Medved, this is due to the different thermostabilities of 

D- and E-domain, where the D-domain is less stable than the E-domain.281  Additionally, It is 

difficult to identify a specific temperature at which the diagnostic bands appear for adsorbed BSA 

and will be discussed via MW2D. For adsorbed Fib, the appearance of the diagnostic bands occurs 

between 50 to 60 ℃. Compared to the solution phase protein spectra, the appearances of the 

diagnostic peaks are not as prominent in both adsorbed protein spectra.  Therefore,  autocorrelation 

moving window two-dimensional correlation spectroscopy (MW2D) is applied to investigate 

changes in the adsorbed protein spectra. 

7.4.2 Autocorrelation Moving Window Two-Dimensional Correlation Spectroscopy 

In one-dimensional spectra, the amide I band is convoluted with multiple secondary 

structural elements; MW2D was done to elucidate changes to secondary structure at specific 

temperatures. Figure 7.2a shows the MW2D spectra of BSA in both solution and adsorbed on 

TiO2 nanoparticles. Solution BSA shows several highly correlated peak intensity changes around 

70 ℃. Several peaks that undergo detectable intensity changes can be assigned to absorptions due 

to secondary structural motifs that are hard to discern in the broad amide I band. Table 7.1 is a 

summary of secondary structure peak assignments within the amide I band for both BSA and 

Fib.26,27,47,110,262,282 The MW2D map of solution BSA indicate four relevant absorption bands that 
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undergo change at 70 ℃. These absorptions occur at 1682 cm-1 (intermolecular β-sheet), 1668 cm-

1 (turns), 1641 cm-1 (random chains), and 1616 cm-1 (intermolecular β-sheet). Below this 

temperature there are no other significant changes to secondary structure, suggesting that solution 

phase BSA has one transition temperature. Although changes in the β-sheet structure are detected, 

the α-helical band at ~1654 cm-1 is not detected in the MW2D map which is reported to be affected 

by unfolding.27,256,282 Many studies have noted that the α-helix undergoes changes at the 

denaturation temperature, thus one would expect to see an autocorrelation peak for the α-

helix.26,260,277 One possible explanation is that in the spectral processing for 2DCOS, there was a 

normalization step to the highest intensity band around ~1650 cm-1. The α-helix structural motif is 

assigned somewhere between 1655-1648 cm-1. Since the α-helix band is assigned to where the 
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Figure 7.2 Autocorrelation moving window 2-dimensional correlation map of the amide I band 

shown in Figure 1 relating temperature to spectral intensity changes.  

(a) BSA in solution (top) and adsorbed on 22 nm TiO2 nanoparticles (bottom). (b) Fib in solution (top) and adsorbed 

on 22 nm TiO2 nanoparticles (bottom). The intensity value represents the extent of spectral variation due to the 

external perturbation i.e. temperature.110 
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normalization step occurs and 2DCOS monitors intensity change, the α-helix band intensity will 

remain constant and 2DCOS will not be able to detect any change. To gain information on the α-

helix, the second derivative at the α-helix band can be analyzed, as shown in Figure 7.5. It can be 

seen that α-helix content indeed changes as temperature increases. This limitation in the use of 

MW2D has been noted previously in a study by Schmidt et. al. where the analysis of 

conformational change to other secondary structures coincided with quantification of secondary 

structure and surface saturation.52 

In contrast to BSA in solution phase, the MW2D map of adsorbed BSA does not show 

significant changes in the amide I band (Figure 7.2a). Compared to the second derivative of 

solution BSA at low temperatures, the conformation of BSA is altered upon adsorption (Figure 

7.5). This conformational change has been reported by multiple studies and might offer an 

additional explanation to the minimized adsorbed BSA behavior.28,46,47,256,260,285 BSA is a relatively 

‘soft’ protein and was simulated to undergo very large spreading on the surface of the TiO2 

polymorphs, anatase and rutile.286,287 Studies show that BSA irreversibly adsorbs as a monolayer 

on TiO2, suggesting strong protein-surface interactions.28,287,288 Additionally, previous studies 

suggest that protein unfolding is linked to interactions with surface hydroxyl groups.28,289 It is 

possible that BSA initial loss of secondary structure is due to maximizing interactions between the 

  Vibrational Frequency (cm-1)   Assignment   

  25℃ 90℃       

 
 1680-1685  Intermolecular β-sheets  

 1675-1663 1675-1663  Turns  

 1655-1648 1655-1648  α-helices  

 1645-1640 1645-1640  Random chains  

 1635-1627 1635-1627  Extended chains  

 1612-1610 1612-1610  Side chain moieties  

    1614-1616   Intermolecular β-sheets   

 1 

Table 7.1 Vibrational frequencies (cm-1) of the absorption bands associated with secondary 

structural elements of BSA and Fib in the amide I region 
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protein and the surface, which results in greater interactions with surface hydroxyl groups. After 

the initial adsorption-induced conformational change upon adsorption, BSA is not seen to display 

significant additional structural changes as temperature increases. This behavior suggests that the 

thermostability of a protein depends strongly on the initial interaction with the surface.  

 In the case of Fib, the MW2D for Fib in solution shows multiple peak intensities changing 

at 60 ℃, specifically to 1682, 1662, 1628 and 1616 cm-1 (Figure 7.2b). By using Table 7.1, these 

peaks can be assigned to intermolecular β-sheet, turns, extended chains, and intermolecular β-

sheet, respectively. As noted above, and more evident in Figure 7.2b, the Fib protein structure 

does not show significant change below the denaturation temperature. However, above the 

denaturation temperature at 90 ℃, it appears that there is another conformational change is 

occurring. This could be the E-domain starting to unfold whereas the 60 ℃ transition temperature 

is the D-domain unfolding.  

The MW2D correlation map for adsorbed Fib on TiO2 is shown in Figure 7.2b. The 

correlation map is very similar compared to solution phase Fib, but the transition temperature 

occurs slightly earlier at 55 ℃. The conformational changes to the secondary structure are the 

same for solution Fib, suggesting identical unfolding mechanisms. Fib did not undergo significant 

conformational change upon adsorption which can be seen by comparing second derivative spectra 

of solution and adsorbed at 25 ℃ in Figure 7.5. This result agrees a previous study that reported  

minor Fib conformational changes upon adsorption on TiO2.
290 At high concentrations, such as 

used in this study, it is possible that Fib adsorbs ‘end-on’ where the long axis is perpendicular to 

the TiO2 surface thus, limiting interactions between the protein and the surface.256 Additionally, it 

has been shown that Fib can be easily displaced with BSA, highlighting its weaker affinity to TiO2. 
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291 It is possible that Fib has minimal interactions with surface hydroxyl groups due to ‘end-on’ 

adsorption. Therefore, the thermostability is not impacted very much by surface interactions.  

  One limitation of MW2D is it only detects absolute peak intensity changes and cannot 

reveal whether the peak directionality, i.e. increasing or decreasing. Day et. al. investigated protein 

unfolding mechanisms at various temperatures and suggested the unfolding process of secondary 

structures is temporal and a sequential order occurs.272 To further understand the impact of 

adsorption on the thermostability of BSA and Fib, it is necessary to employ generalized two-

dimensional correlation spectroscopy that reveals the positive or negative intensity shifts as well 

as the sequential transformation between secondary structures.  

7.4.3 Generalized Two-Dimensional Correlation Spectroscopy 

2DCOS synchronous and asynchronous correlation maps for BSA and Fib in solution and 

adsorbed on TiO2 is shown in Figure 7.3 and Figure 7.4. Additionally, a diagonal intensity line 

trace spectrum of the synchronous 2DCOS map is displayed above each plot, indicating secondary 

structure peaks that change, either positively or negatively, due to temperature. A table 

summarizing the prominent peaks and the sequential order of secondary structure change is shown 

in Table 7.2. A thorough interpretation of both synchronous and asynchronous maps will not only 

elucidate the conformational changes in response to an increased temperature but also reveal their 

sequential order.  
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Figure 7.3 2DCOS maps for BSA in (a) solution and (b) adsorbed onto 22nm TiO2 nanoparticles  

Normalized intensity line trace for the dotted line in the synchronous 2DCOS and labeled amide I secondary structure 

peaks (top), synchronous 2DCOS (middle), asynchronous 2DCOS (bottom). Red and blue corresponds to positive and 

negative correlations, respectively. 
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Figure 7.4 2DCOS maps for Fib in (a) solution and (b) adsorbed onto 22nm TiO2 nanoparticles 
 

Normalized intensity line trace for the dotted line in the synchronous 2DCOS and labeled amide I secondary 

structure peaks (top), synchronous 2DCOS (middle), asynchronous 2DCOS (bottom). Red and blue corresponds to 

positive and negative correlations, respectively. 
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The line trace intensity spectrum for BSA solution phase in Figure 7.3a indicates four 

peaks at 1682, 1668, 1641 and 1616 cm-1 assigned to intermolecular β-sheets, turns, random chains, 

and intermolecular β-sheets, respectively. Positive synchronous cross peaks (1682, 1668), (1682, 

1641), (1682, 1616), (1668, 1641), (1661, 1616), and (1641, 1616) suggest that both intermolecular 

β-sheets, turns, and disordered structures all change in phase, either increasing or decreasing. To 

determine the intensity directionality, the 1682 and 1616 cm-1 intermolecular β-sheet bands were 

 1 

Protein and 

Phase 
Cross Peak Synchronous Asynchronous Sequence 

BSA Solution (1682, 1668) + - 1682 < 1668 

  (1682, 1641) + - 1682 < 1641 

  (1682, 1616) + - 1682 < 1616 

  (1668, 1641) + - 1668 < 1641 

  (1668, 1616) + + 1668 > 1616 

  (1641, 1616) + + 1641 > 1616 

          

BSA Adsorbed (1682, 1666) +     

  (1682, 1628) - - 1682 > 1628 

  (1666, 1628) - - 1666 > 1628 

          

Fib Solution (1682, 1664) + + 1682 > 1664 

  (1682, 1628) - - 1682 > 1628 

  (1682, 1616) + - 1682 < 1616 

  (1664, 1628) -     

  (1664, 1616) + - 1664 < 1616 

  (1628, 1616) - + 1628 < 1616 

          

Fib Adsorbed (1682, 1664) + + 1682 > 1664 

  (1682, 1628) - - 1682 > 1628 

  (1682, 1616) +     

  (1664, 1628) - + 1664 < 1628 

  (1664, 1616) + - 1664 < 1616 

  (1628, 1616) - + 1628 < 1616 

Table 7.2 2DCOS analysis for BSA and Fib in solution and adsorbed onto TiO2 nanoparticles, 

showing prominent cross peaks, synchronous and asynchronous cross peak signs and sequential 

order 
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chosen as reference peaks. As seen in Figure 7.1a, the 1616 cm-1 peak grows in with increasing 

temperature, thus turns and random chains bands also increase. The observed increase in all four 

detected peaks without a decreasing secondary structure is unusual. A decrease is expected as 

unfolding of ordered structures, such as α-helix, occurs at the denaturation temperature to enable 

an increase of other less ordered secondary structures.27,260 Furthermore, there is no line trace 

intensity peak detected for the α-helix. Figure 7.5 can be inspected for the α-helix band and it is 

seen that the band decreases as temperature increases. The negative asynchronous cross peaks are 

(1682, 1668), (1682, 1616), (1682, 1641), and (1668, 1641) while the positive asynchronous peaks 

are (1668, 1616) and (1641, 1616). The sequential order can be determined using Noda’s rules as 

the following: 1641 cm-1 (random chains) → 1668 cm-1 (turns) → 1616 cm-1 (intermolecular β-

sheet) → 1682 cm-1 (intermolecular β-sheet). As BSA denatured in solution, random chains are 

the first to form and the diagnostic intermolecular β-sheet bands were the last to form. Indicating 

that random chains are the most sensitive secondary structure in solution BSA. Furthermore, the 

α-helix structure is the only secondary structure to decrease in intensity indicating that the α-helix 

transitions into the other structures.   

 When BSA adsorbs onto TiO2, the number of intensity line trace peaks (Figure 7.3b) 

decrease to only three, 1682, 1666, and 1628 cm-1 corresponding to intermolecular β-sheets, turns, 

and random chains, respectively (Table 7.1). The intermolecular β-sheet intensity increases, and 

the directionality of turns and random chains can be determined. From the negative (1682, 1628) 

synchronous cross peak, adsorbed BSA random chains decrease in intensity as temperature 

increases (Table 7.2). The in phase synchronous correlation for the (1682, 1666) cross peak 

indicate that both intermolecular β-sheet and turns increase. The last cross peak, (1666, 1628) has 

a negative synchronous value suggesting that the turn and extended chains have opposite responses 



 

162 

 

to temperature. The synchronous map shows a positive value for (1682, 1666) and a zero value in 

the asynchronous map (Table 7.2). This was previously reported in literature and can be attributed 

to frequency or bandwidth changes due to temperature that blur peak position and intensity in 

2DCOS.52 Accordingly, cross peaks that do not have asynchronous values will be ignored in 

determining sequential order. The sequence of secondary structural change is: 1682 cm-1 

(intermolecular β-sheet), 1666 cm-1 (turns) → 1628 cm-1 (extended chains). Compared to BSA in 

solution, adsorbed BSA only shows the 1682 cm-1 diagnostic peak, which is weakly correlated 

suggesting that there is minimal change. As noted above, BSA may have unfolded upon adsorption 

and is no longer further denature as temperature is increased.  

 The 2DCOS maps of Fib in solution is shown in Figure 7.4a.  The intensity line trace 

shows four peaks, 1682, 1664, 1628, 1616 cm-1 corresponding to intermolecular β-sheet, turns, 

extended chains, and intermolecular β-sheet, respectively. The synchronous cross peaks are in 

phase for both intermolecular β-sheet, 1682 and 1616 cm-1, peaks and the 1664 cm-1 turn peak, 

suggesting that all three intensities increase in response to temperature (Table 7.2). The remaining 

(1682, 1628) and (1628, 1616) cross peaks are out of phase, indicating the 1628 cm-1 extended 

chains decrease in intensity. The turns and extended chains are uncorrelated. The sequential 

conformational order change for the structures are as follows: 1616 cm-1 (intermolecular β-sheet) 

→ 1682 cm-1 (intermolecular β-sheet) → 1664 cm-1 (turns), 1628 cm-1 (extended chains). The 

unfolding of solution phase Fib starts with the formation of intermolecular β-sheets then turns 

while the extended chains decrease.  

 The corresponding 2DCOS maps for adsorbed Fib on TiO2 are shown in Figure 7.4b. The 

intensity line trace depicts four peaks, 1682, 1664, 1628, 1616 cm-1 assigned to intermolecular β-

sheet, turns, extended chains, and intermolecular β-sheet, respectively. The (1682, 1664) and 
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(1664, 1616) cross peak are in phase suggesting that the intermolecular beta sheets and turns are 

increasing in intensity (Table 7.3). On the other hand, the (1682, 1682), (1664, 1628) and (1628, 

1616) cross peak are out of phase resulting in the extended is the only detectable structure that is 

decreasing. The (1682, 1616) cross peak is uncorrelated. Following the asynchronous cross peak 

signs and Noda’s rules, the sequential order follows: 1682 cm-1 (intermolecular β-sheet), 1616 cm-

1 (intermolecular β-sheet) → 1628 cm-1 (extended chains) → 1664 cm-1 (turns). Like Fib in 

solution, the diagnostic intermolecular β-sheet peaks are the first to form possibly followed by 

concurrent with or after, increase in extended chains and decrease in turns.  

 2DCOS provides a large amount of insight into adsorption mechanism of BSA and Fib on 

TiO2 nanoparticle surfaces. BSA shows a strong thermostability dependence when adsorbed onto 

TiO2. Upon adsorption, BSA’s secondary structure is already altered, yielding a temperature 

sensitive conformation. This adsorption dependence could be attributed to BSA ‘soft’ nature and 

ability to undergo molecular transformations upon adsorption. Fib did not have a strong adsorption 

dependence on its thermostability which is associated with its weaker interaction with the surface. 

This suggests that the thermostability is reflected to a great extent by protein-surface interactions. 

 

7.5 Conclusions  

Understanding plasma protein adsorption is crucial to decipher the behavior and effects of 

nanoparticles in biological fluids. This study showed how protein conformational changes depend 

on nanoparticle adsorption and can change with temperature. The denaturation temperature of two 

plasma proteins, BSA and Fib, in dissolved and adsorbed on TiO2 (22 nm) nanoparticles were 

compared. Protein thermostabilities were assessed by monitoring the appearance of diagnostic 

intermolecular β-sheet peaks. Adsorbed BSA did not have a denaturation temperature where its 

solution phase did, owing to the conformational changes due to adsorption onto TiO2. Fib had a 
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similar thermostability dependence in solution and upon adsorption. Adsorbed protein 

thermostability is complex and in our studies shown here we propose it depends to a great extent 

on the initial interaction of the protein with the surface. Future studies should use techniques such 

as hydrogen-deuterium exchange mass spectrometry292,293 and/or NMR spectroscopy294,295 to 

better understand these interactions and the specific residues that are involved. 
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Figure 7.5 Normalized ATR-FTIR second derivative spectra BSA and Fib in solution and adsorbed 

on TiO2  
 

(a) BSA solution phase (top) and adsorbed on TiO2 (bottom), (b) Fib solution phase (top) and adsorbed TiO2 (bottom) 

over a temperature range of 25-90℃. 
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Chapter 8. Applications of Attenuated Total Reflection 

Fourier-Transform Infrared Spectroscopy to Investigate 

Nanomaterial Applications and Implications to Human 

Health 
 

In this chapter, surface chemistry of various coatings on nanoparticles are probed with 

ATR-FTIR spectroscopy to emphasize the diverse applications that is possible with this in-situ 

spectroscopic method. There are two aspects discussed here that utilize the capabilities of ATR-

FTIR spectroscopic analyses to probe the surfaces of nanoparticles to assess nanoparticle 

applications for human health and implications to human health.  

For applications to human health, here we investigate gold nanorods which have been 

designed as a photoacoustic contrast agent for the detection of cancer imaging, oxidative stress, 

and theranostics by the Jokerst group at UC San Diego. It has been shown that there is an 

approximately 40x-fold photoacoustic enhancement of Ag2S/Se-coated gold nanorods making 

these nanorods particularly useful for as biological imaging contrasting agents.  For this study, 

ATR-FTIR spectroscopy was used to provide evidence of irreversible adsorption and displacement 

of ligands on the particle surface that leads to this large enhancement.  

For implications of human health, there is great interest in the toxicity of nanoparticles with 

respect to pulmonary and cardiovascular systems. In this study we collaborated with the Chen 

group at UC San Diego to investigate and assess the cardiotoxicity of copper oxide nanoparticles. 

For this study, we used ATR-FTIR spectroscopy to gain a better understanding of the adsorption 

of bovine serum albumin, a physiological model protein, adsorbed on copper oxide nanoparticles. 

These nanoparticles were then dosed into a 3-D cardiac tissue scaffold to assess the toxicity of a 

nanoparticle with a biological coating. ATR-FTIR spectroscopy was used to characterize uncoated 

and coated particles to determine the irreversible adsorption of the protein onto the particle surface.  
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8.1 Photoacoustic Enhancement of Ferricyanide Treated Silver Chalcogenide 

Coated Gold Nanorods 

8.1.1 Abstract 

 Plasmonic gold nanorods (AuNRs) are often employed as photoacoustic (PA) contrast 

agents due to their ease of synthesis, functionalization, and biocompatibility. These materials can 

produce activatable signal in response to a change in optical absorbance intensity or absorbance 

wavelength. Most interesting is the finding thatAg2S/Se-coated AuNRs have a ~40-fold PA 

enhancement upon addition of an oxidant but with no change in absorption spectra.  There was 

then great interest to further understand the mechanism underlying this enhancement. As detailed 

in Mantri et al., there was no evidence for aggregation and morphology changes. Attenuated total 

reflectance Fourier transform infrared (ATR-FTIR) spectroscopy suggests that PA enhancement 

is driven by the irreversible displacement of CTAB with HCF.  

8.1.2 Introduction 

Plasmonic gold nanostructures, like rods and spheres are widely used as photoacoustic 

contrast agents. Gold nanorods are easily tunable, have high photothermal conversion, easy to 

synthesize and functionalize, and have tunable localized surface plasmon resonance (LSPR).296–

298 These gold nanorods have bene previously used for PA-based cell tracking,299 cancer 

imaging,300–302 oxidative stress sensing,303 and theranostics.304,305  

PA imaging uses pulsed illumination to produce pressure waves that are detectable by 

conventional ultrasound transducers, where the absorption of light heats the nanoparticle in the 

millikelvin range.306 The increase in nanoparticle temperature causes a thermal expansion that 

creates a pressure wave that propagates through the medium. There are several methods to enhance 

the PA signal created from AuNRs. First, is to increase the laser fluence and decreasing the pulse 



 

168 

 

width.307,308 Second, is to increase the concentration of contrasting agent.309 Third, is to 

functionalize and coat the surface with ligands reduce the thermal resistance at the particle-medium 

interface.310–312 Engineering AuNRs with LSPRs and which are responsive to chemical cues has 

been the most common technique for PA signal modulation.308,313 

My contribution for this collaborative project were to determine the interactions of two 

ligands on the nanoparticle surfaces, cetrimonium bromide (CTAB) and potassium 

hexacyanoferrate(III) (HCF). CTAB was used to stabilize and create monodisperse nanoparticles 

while HCF was used to selectively remove a silver shell in a previous control experiment. In the 

previous experiment, HCF was added to Ag2S/Ag2Se-AuNR to act as a “negative control”, where 

PA enhancement was not supposed to happen. However, there was a surprising ~40-fold PA 

enhancement for two coatings over bare AuNR. This enhancement negated the negative control 

and additional studies had to be done. The objective of the current project is to investigate why 

there was a ~40-fold PA enhancement with the addition of HCF to Ag2S/Ag2Se-AuNR. Herein, 

ATR-FTIR spectroscopy was used to investigate the interactions of HCF with CTAB and the 

particle surfaces.  

8.1.3 Materials 

All ligands and nanoparticles were provided by the Yash Mantri from the Jokerst Group at 

UCSD. The comprehensive material list, nanoparticle synthesis, and characterization can be found 

in the published paper.314 

8.1.4 Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy Method 

Infrared spectra were collected using a Nicolet iS10 FTIR spectrophotometer with a 

mercury cadmium telluride detector. Spectra were averaged over 100 scans with a 4 cm-1 resolution 

over the spectral range from 750 to 4000 cm-1; OMNIC 9 software was used to collect data.  The 
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software was also used for background subtractions and baseline corrections. For solution-phase 

spectra, samples were pipetted onto the AMTIR crystal and covered. The chamber was purged 

with dry air to remove atmospheric gases for approximately 30 min before each spectrum was 

collected. All in-situ spectroscopic measurements involved collecting spectra every 2.5 min during 

an aqueous over the sample as described below.  

For dynamic, in-situ measurements, a dry nanoparticle thin film was first created by drop 

casting 1 mL of a ~27 nM nanoparticle concentration onto the crystal and dried overnight with a 

continuous dry air purge. For displacement reactions on silver chalcogenide coated-AuNRs, water 

was flowed at ~1 mL/min for 60 min to remove loose particles followed by a background scan. 

Next, 50 µM HCF was flowed over for the film for 90 min and another scan was taken. Then, 50 

Figure 8.1 Experimental setup for in-situ dynamic ATR-FTIR measurements 
 

A dry nanoparticle thin film was first created by drop casting 1 mL of a ~27 nM nanoparticle concentration onto 

the crystal and dried overnight with a continuous dry air purge. (i) For displacement reactions on silver 

chalcogenide coated-AuNRs, water was flowed at ~1 mL/min for 60 min to remove loose particles followed by 

a background scan. (ii) Next, 50 µM HCF was flowed over for the film for 90 min and another scan was taken. 

(iii) Then, 50 µM CTAB was flowed over the thin film for 90 min and another scan was taken. (iv) Finally for 

desorption, water was flowed over the film for 60 min.  
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µM CTAB was flowed over the thin film for 90 min and another scan was taken. Finally for 

desorption, water was flowed over the film for 60 min.  

For displacement reactions on AuNR, a dried particle film was created by drop casting 1 

mL of ~27 nM particles onto the AMTIR crystal and dried overnight. Water background, HCF 

adsorption, CTAB displacement and water desorption were similarly done as previously 

mentioned but at ~0.2 mL/min. The flow rate was reduced to minimize film dewetting on the 

AMTIR crystal because the AuNR thin film was less stable on the AMTIR crystal compared to 

the silver chalcogenide coated AuNRs. Figure 8.1 shows a cartoon for the experimental setup for 

the ATR-FTIR spectral measurements. 

8.1.5 Results and Discussion 

Figure 8.2a and Figure 8.3a show the dried thin film spectrum of CTAB-stabilized 

Ag2S/AuNR and Ag2Se/AuNR, respectively. Significant v(C-H) vibrations at 2917 and 2849 cm-

1 from methyl and methylene groups from CTAB coatings are observed with both particles. The 

particles also had a strong positive zeta potential before HCF addition due to CTAB 

stabilization.315 This suggests that a large amount CTAB was present in the colloidal suspension 

and that CTAB remained on the film when the suspension was dried. For the in-situ temporal 

adsorption spectra, water was initially flowed over the film to remove excess CTAB and loose 

particles (Figure 8.4a). CTAB related peaks decreased with minimal peak shifts, thus indicating 

the removal of excess CTAB only. Flowing water for 60 minutes results a plateau for CTAB peak 

intensity changes; the maximum amount of CTAB is removed from the particle surface at this 

point (Figure 8.4b).  
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Figure 8.2 Dynamic in-situ ATR-FTIR spectra of Ag2S/AuNR upon HCF treatment 
 

A) Reference spectra for a dried thin film of CTAB-stabilized Ag2S/AuNR on an AMTIR crystal; 1 mM solution 

phase HCF and 1 mM solution phase CTAB are shown. B). Here, in-situ time dependent ATR-FTIR difference spectra 

for a CTAB stabilized Ag2S/AuNR following: (i) 50 µM HCF flow adsorption. Increase in the 2056 cm-1 ν(C≡N) band 

with the simultaneous decrease in the 2917 and 2849 cm-1 ν(C-H) bands as a function of time suggesting a 

displacement of CTAB with HCF; (ii) 50 µM CTAB flow adsorption following HCF adsorption. CTAB can partially 

desorb loosely bound HCF while forming multilayers on direct surface bound HCF as seen by a change in peak 

intensity as a function of time; and (iii) water desorption flow. These spectra show the desorption of multilayer CTAB 

and changes to the surface coordination of adsorbed HCF. Temporal spectra in B are collected every 10 minutes from 

light to dark coloration. C) Changes in the CTAB ~2917 cm-1 ν(C-H) peak intensity. D) Changes in the HCF 2056 

cm-1 ν(C≡N) peak intensity. 
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Figure 8.2b shows the in-situ ATR-FTIR spectra as HCF, CTAB, and water are flowed 

across the nanorod film (three consecutive flow streams after the initial water wash). The 2044 

cm-1 peak appears as the HCF flowed over the Ag2S/AuNR thin film while the CTAB ν(C-H) 2917 

and 2849 cm-1 decreases (Figure 8.2b(i)). This suggests that HCF has higher affinity for the 

nanoparticle surface and displaces CTAB. Solution phase 50 µM HCF has negligible spectral 

absorbance values and minimally contributes to the adsorbed intensity (data not shown).  

Surface interactions were determined using the 1 mM HCF solution phase spectra (Figure 

8.2a) as a reference. The 2115 cm-1 peak for the 1mM HCF solution phase is assigned to the 

ν(C≡N) vibrational mode. The 2044 cm-1 peak appears when HCF is adsorbed onto Ag2S/AuNR. 

Versus the 2115 cm-1 solution phase peak, the adsorbed 2044 cm-1 peak is broader and shifts to a 

lower peak position, thus indicating that HCF is complexing with the surface.  

Solution phase HCF is a centrosymmetric molecule and when adsorbed onto the nanorod 

surface, the symmetry changes and new peaks appear.316 The interaction with the surface also leads 

to broadening of the infrared peaks. Previous studies also report strong interactions of ferro- and 

ferricyanide ions adsorbing onto Ag electrodes via an Ag-C≡N.317 At earlier time points and 

subsequently low surface coverage, the initially adsorbed HCF peak appears at 2044 cm-1. The 

peak shifts to 2057 cm-1 at higher surface coverage. The peak shift as adsorption time increases 

could suggest a surface concentration-dependent interaction with the Ag2S/AuNR surface. 

Following the adsorption of HCF, CTAB was flowed over the film to observe any 

reversible displacement reactions (Figure 8.2b(ii)). Positive peaks at 2926 and 2854 cm-1 are now 

observed to increase in intensities and are assigned to CTAB ν(C-H). Interestingly, the 2926 and 

2824 cm-1 peak more closely resemble solution phase CTAB but are different than the displaced 

peak positions at 2917 and 2854 cm-1 when flowed with HCF.  This suggests that the CTAB is 
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forming a multilayer on top of HCF rather than interacting directly with the Ag2S/AuNR surface, 

supporting that HCF has a higher affinity to the surface than CTAB. A slight decrease in the 2038 

cm-1 HCF peak is observed and could be due to the desorption of loosely bound HCF. Additionally, 

the ν(C≡N) peak shape narrowed, and the position shifted from 2057 cm-1 to 2038 cm-1 when 

CTAB was flowed over the HCF-adsorbed film. Introducing CTAB into the aqueous flow caused 

multilayer interactions between HCF and CTAB. 

 When the thin film is desorbed with pure water (Figure 8.2b(iii)), there is a drastic 

decrease in the ν(C-H) 2926 and 2854 cm-1 peak intensity indicating that the multilayer CTAB is 

reversibly adsorbed. HCF also desorbs as noted by the decrease in peak intensities. Peak 

broadening is also seen suggesting low surface coverage conditions. 

Similar analyses can be made with Ag2Se/AuNR (Figure 8.3). When the film is flowed 

with HCF, the surface-complexed HCF 2049 cm-1 peak appears while a loosely bound CTAB is 

displaced. With the CTAB and water desorption flow streams, HCF related peaks can be seen to 

decrease, indicating partial desorption. Multilayer reversible CTAB adsorption is observed with 

the ν(C-H) peak positions resembling solution phase positions and with intensities falling to 

baseline values. When comparing the adsorbed HCF spectra between Ag2S/AuNR and 

Ag2Se/AuNR, varying surface complexation modes are seen as noted by the HCF peak position 

and broadening. This suggests that the surface complexation mode is dependent on nanoparticle 

composition and surface coverage. The slight desorption of HCF from Ag2Se/AuNRs (27-fold) 

could explain the lower PA enhancement compared to Ag2S/AuNRs (42-fold). 

Bare AuNRs show minimal adsorption of HCF and CTAB (Figure 8.5). When water is 

finally flowed over the AuNRs, all molecules are completely desorbed, thus suggesting a fully 

reversible physisorption process. Thus, HCF is directly complexed with the chalcogenide coating 
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and not the core gold nanorod. This explains why AuNRs treated with HCF show no PA 

enhancement.  

8.1.6 Conclusion 

In this work, we report the surprising PA enhancement of silver chalcogenide-coated gold 

nanorods upon treatment with HCF. HCF treated nanoparticles showed no changes in absorbance 

but a significant (up to 42-fold) PA enhancement. Ag2S/AuNRs showed higher PA efficiency 

compared to Ag2Se/AuNRs. Dynamic in-situ interactions between HCF and the silver 

chalcogenide surfaced revealed the irreversible displacement of CTAB with HCF from the 

nanoparticle shell surface. HCF was shown to specifically interact with the Ag2S/Ag2Se shell and 

not the AuNR core, explaining why the PA enhancement was only observed for the coated AuNRs. 

Herein, is an example of how the composition of surface species can influence the properties of 

nanoparticles. This shows how ATR-FTIR spectroscopy can be used to probe the nanoparticle 

surface to gain insight into the interactions of molecular species.  
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8.1.7 Supplemental Information 

 

 

Figure 8.3 Dynamic in-situ ATR-FTIR spectra of Ag2Se/AuNR on HCF treatment 
 

A) Reference spectra for dried thin film of CTAB stabilized Ag2Se/AuNR on an AMTIR crystal, 1 mM solution phase 

HCF and 1 mM solution phase CTAB. B) in-situ time dependent ATR-FTIR difference spectra for a CTAB stabilized 

Ag2Se/AuNR following: (i) 50 µM HCF flow adsorption. Increase in the 2049 cm-1 ν(C≡N) band with the simultaneous 

decrease in the 2923 cm-1 ν(C-H) bands as a function of time suggesting a displacement of CTAB with HCF. (ii) 50 

µM CTAB flow adsorption following HCF adsorption. CTAB can partially desorb loosely bound HCF while forming 

multilayers on directly surface bound HCF as seen by a change in peak intensity as a function of time. (iii) water 

desorption flow. These spectra show the desorption of multilayer CTAB and changes to the surface coordination of 

adsorbed HCF. Temporal spectra in B are collected every 10 minutes from light to dark coloration. C) Changes in the 

CTAB ~2923 cm-1 ν(C-H) peak intensity. D) Changes in the HCF 2049 cm-1 ν(C≡N) peak intensity. 
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Figure 8.4 Time dependent ATR-FTIR difference spectra for initial water wash show CTAB 

desorption. 
 

A) ATR-FTIR spectra of 60 min water wash for AuNR (gold), Ag2S/AuNR (pink), and Ag2Se/AuNR (blue) show 

decrease in v(C-H) peaks indicating CTAB desorption. Note the larger scale bar for AuNR, suggesting significant 

removal of CTAB compared to Ag2S/AuNR and Ag2Se/AuNR. B) Changes in the CTAB ~2923 cm-1 ν(C-H) peak 

intensity.  

 



 

177 

 

 

8.2 Evaluation of CuO Nanoparticle Toxicity on 3D Bioprinted Human iPSC-

derived Cardiac Tissues 

8.2.1 Introduction 

According to the World Health Organization (WHO), air pollution is the single largest 

environmental threat to human health.318,319 In 2015, ambient air pollution was responsible for 4.2 

million deaths worldwide, and is projected by 2060 to cause 6 to 9 million deaths per year.320 

Mounting epidemiological evidence on the negative health effects of air pollution suggests that the 

morbidity and mortality is increased in non-communicable diseases, such as cardiovascular and 

respiratory diseases.318–320 When air pollution is evaluated, small particulate matter (PM), a 

mixture of solid and liquid particles of organic and inorganic substances suspended in air, is 

considered to be a key player in contributing to disease.318,319,321 Of these particles, nanoparticles 

(NP, PM less than 100 nm in diameter), are being increasingly recognized as a significant health 

hazard. In the years between reports published in 2005 and 2021, the WHO determined that enough 

Figure 8.5 Dynamic in-situ ATR-FTIR spectra of AuNR on HCF treatment 

 
(i) HCF is seen to displace CTAB noted by the positive 2031 cm-1 ν(C≡N) peak and negative 2923 cm-1 ν(C-H) peak. 

(ii) CTAB is seen to fully desorb HCF noted by the drastic decrease in the 2033 cm-1 peak intensity. This suggests 

that HCF is loosely bound to the AuNR surface and not directly coordinated. Spectra are shown every 10 minutes 

from light to dark coloration. 
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epidemiological evidence had been reached to connect NP exposure with a variety of short term 

and long term health effects, and recommended general guidelines for the particulates.318 However, 

the mechanisms leading from NP exposure to long term health effects, particularly cardiovascular 

diseases, are not well studied or understood. Current hypotheses suggest that through a variety of 

pathways, nanoparticles can increase the amount of reactive oxygen species (ROS) to a level above 

what the body can handle, leading to oxidative stress.321 In one proposed mechanism, inhaled NPs 

are translocated across the alveolar membrane into the bloodstream, after which they can interact 

with the vascular endothelium before settling in secondary organs, affecting function.321–323  

Many nanoparticles that are prevalent in industrial or polluted environments are reported 

to elicit inflammation and genotoxicity, which can promote abnormal cardiac function.324–326 The 

impact and toxicity of these particles on physiological systems are of great importance to 

determine the safety and efficacy of nanoparticles. This is done to develop regulatory affairs to 

guide the usage of nanoparticles. As an example of how these risk assessment studies guides the 

usage of nanoparticles, in August 2022 the European Union has banned the use of a specific 

titanium dioxide as a food whitener, citing the potential genotoxicity of consuming the additive.327 

Previously, titanium dioxide was regarded as a non-hazardous material but as more research and 

studies are done, risk assessments can change. Despite this one example case, there are thousands 

of types of nanoparticles incorporated into consumer products and incidentally produced as 

process by products that have not been assessed for human exposure.328 Therefore, there is a need 

to investigate the impact of nanoparticles on human health.   

Most current studies evaluating NP toxicity in heart tissue are either in animal models or 

2D culture models, where both have limitations. Although animal models can showcase complex 

organ response, intrinsic species-species differences often make results and dosing studies non-
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translatable. For example, mouse models have resting heart rate 10 times higher than the average 

human and differences in pharmacokinetic properties.329,330 Although 2D culture models are an 

appealing in vitro model, they lack important extracellular-cell, cell-cell, and cell-tissue 

interactions, and do a poor job replicating an in vivo heart response.329,331,332 In a previous study 

by the Chen group at UCSD, they were able to print a 3D cardiac tissue with both alignment and 

stress cues, leading to a microtissue exhibiting beating phenotype.333 

For this study, we tested the impact of CuO (copper oxide) NPs on cardiac micro-tissues. 

CuO NPs are one of the most toxic metal oxide nanoparticles, yet are widely used in many 

commercial fields including batteries, surfactants, paints and textiles, antimicrobial agents.334–337 

Thus, the need for greater understanding of the toxicological effect of CuO NPs is paramount, so 

that we can develop better protective therapies. However, there are limited in vitro studies 

investigating the impacts of the NPs in human cardiac cells 338, and even fewer in 3D cardiac 

tissue.339 Before the NPs reach cardiac tissue in an in vivo setting, interactions with proteinaceous 

bodily fluid will occur, such as blood or lung epithelial, and proteins can adsorb onto the NP. 

Protein adsorption has been shown to alter NP physicochemical properties and decrease 

toxicity.340,341 For this reason, CuO were coated with bovine serum albumin (BSA) to mimic the 

adsorption of a model protein. BSA is often used as a substitute for human serum albumin due to 

its properties and structural similarities.342 We decided to add to this growing research by dosing 

our previously developed cardiac microtissues with 0 μg/mL, 0.1 μg/mL, 1 μg/mL, 10 μg/mL, and 

100 μg/mL. We evaluated the impact of increasing dose on the viability of the micro-tissues 

utilizing a CCK-8 assay, discovering a LD50 of 7.176 μg/mL. We then utilized our pillar model to 

evaluate the impact of toxicity on beating frequency and force output, observing a downward trend 

in tissue force as toxicity increased. Lastly, we investigated the pathways of cardiac toxicity, 
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observing an increase in apoptosis markers as well as mitochondrial biogenesis. For this project, I 

was responsible for providing the protein coated nanoparticles that were used for the in vitro 

cardiac tissue toxicity studies.  

8.2.2 Copper Oxide Nanoparticle Coating and Characterization 

CuO nanoparticles were purchased from US Research Nanomaterials and then 

subsequently characterized. CuO nanoparticles were calcined at 200 °C for 3 hours to sterilize and 

remove any adsorbed organics. The crystalline phase of CuO was confirmed to be tenorite using 

X-ray diffraction with an APEX II ultra-diffractometer with Cu Kα radiation at λ = 1.54056 Å. For 

primary nanoparticle size, an aqueous suspension of 0.005 g/L was sonicated using a 750 W probe 

sonicator at 20% amplitude for 60 seconds with 15 seconds rest over 30 minutes in a room 

temperature water bath. From the sonicated solution, a 15 μL aliquot was drop casted onto a 

formvar/carbon-coated 100 mesh copper grid and dried. The CuO nanoparticles on the copper grid 

was imaged using an 80 kV JEOL-1400 plus transmission electron microscope (TEM). Particle 

size was analyzed using ImageJ software for more than 100 particles. Specific surface area was 

determined using a Quantachrome Nova 4200e BET apparatus. Triplicate samples were degassed 

at 200 °C for 3 hours and a 15-multipoint isotherm was collected between P/P0 of 0.05-0.95. 

8.2.3 Copper Oxide Nanoparticle Surface Adsorption Characterization by ATR-FTIR 

Spectroscopy 

Attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy was 

used to characterize coated copper oxide nanoparticles. Infrared spectra were collected using a 

Nicolet iS10 Fourier Transform Infrared Spectroscope from Thermo-Fisher equipped with a 

mercury cadmium telluride detector. Spectra was collected at a resolution of 4 cm-1 between 750 

to 4000 cm-1 and averaged over 100 scans using OMNIC 9 software. Spectra were linearly baseline 
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corrected between 900 to 1800 cm-1. All spectra taken were after purging the sample chamber with 

zero air for approximately 30 minutes. 5 mg of CuO in 500 μL MilliQ water solution was sonicated 

for 30 seconds and then drop casted onto an amorphous material transmitting IR radiation 

(AMTIR) crystal and dried overnight. MilliQ water was introduced into the flow cell over the CuO 

nanoparticle thin film for 30 minutes at ~1 mL/min to remove loose particles and to collect a 

background spectrum. A solution of 0.05 wt% (BSA) in RPMI media was titrated to pH 7.4, 

Figure 8.6 CuO nanoparticle characterization 

(A) TEM micrograph of CuO NPs. (B) Size histogram of CuO nanoparticle taken from TEM and averaged over 

100 particles. Average particle size is 60 ± 23 nm. (C) XRD diffractograms of CuO nanoparticles with reference 

patterns. (D) ATR-FTIR spectra of solution phase 0.05 wt% BSA in RPMI media (black), adsorbed spectra after 

180 minutes on CuO nanoparticle film (red), desorbed spectra after 120 minutes (blue). 
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sonicated for 30 minutes, and diluted 5-fold with MilliQ water. The solution was flowed over the 

nanoparticle film at a rate of ~1 mL/min for 180 minutes and a spectrum was taken. To facilitate 

desorption, MilliQ water was flowed over the film for 120 minutes and a spectrum was taken. 

8.2.4 Preparation of Copper Oxide Nanoparticles for Cardiac Micro-Tissue Dosing 

The coating and dispersion method was adapted from a dispersion standard operating procedure 

but done at room temperature. To prepare CuO nanoparticles for in vitro studies, nanoparticles 

were simultaneously dispersed and coated with BSA. 15.36 mg of CuO were first weighed out and 

pre-wetted with 30 μL of EtOH. 6 mL of 0.05 wt% BSA in RPMI media was added to the 

nanoparticles and titrated to pH 7.4. The colloidal suspension was sonicated for 30 minutes using 

the same method for sonication as previously mentioned. Prior to in vitro studies, sonicated 

samples were diluted to 100 μg CuO/mL with RPMI and analyzed using a Malvern Zetasizer Nano 

dynamic light scattering instrument in triplicate measurements.  

 

8.2.5 Results and Discussion 

Figure 8.6a is a TEM micrograph of CuO NPs and the size distribution analysis is shown 

in Figure 8.6b. Size analysis shows a primary particle size of 60 ± 23 nm. XRD confirms the CuO 

tenorite phase (Figure 8.6c). The specific surface area was measured as 7 ± 1 m2/g. DLS for BSA 

coated CuO measured a hydrodynamic size of 140 ± 72 nm and a zeta potential of -9 ± 2 mV. 

NPs were coated with BSA to mimic the adsorption of nonspecific proteins if exposed to 

the blood stream, a highly proteinaceous medium, before reaching the cardiac tissue. ATR-FTIR 

spectra can be seen of solution phase BSA in RMPI, adsorbed BSA on CuO, and post desorption 

in Figure 8.6d. Solution phase BSA has several absorption bands at 1652, 1546 and 1399 cm-1 

representing the Amide I, II and III band, respectively. Comparison between solution and adsorbed 

spectra can be done where any spectral differences can be attributed to surface adsorption and 
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interactions. The Amide I band (1,700 to 1600 cm-1) and the Amide II bands (1600 to 1500 cm-1) 

are highly sensitive to the surrounding environment and represent protein secondary structure. As 

a qualitative measurement, the intensity ratio of Amide I/II can be indicative of conformational 

changes between two systems. In the case of solution phase the Amide I/II, the ratio is > 1. 

However, when adsorbed onto CuO, the Amide I/II ratio is < 1. This suggests that the adsorption 

process is altering protein conformation. This aligns well with previous literature that also report 

changes to adsorbed BSA conformation on TiO2 and SiO2.
18,28,47 Interestingly, a when the RMPI-

BSA solution is adsorbed to CuO, a broad band appears between 1,200 and 900 cm-1 that is not 

seen in solution phase. A component of RMPI, is HEPES buffer which contain sulfate groups. 

Sulfate has been observed to strongly adsorbed and complex with surfaces resulting in broad band 

seen between 900 and 1200 cm-1 region. 10,101 Therefore, the broad bands observed in the spectra 

are due to S-O stretch of adsorbed sulfate. Upon desorption, the spectrum changes very little and 

indicates negligible changes to peak position and intensity when compared to adsorbed, suggesting 

BSA and adsorbed sulfate groups are irreversibly adsorbed.  

8.2.6 Conclusion 

This study successfully showcased the utility of the cardiac micro-tissue platform for 

evaluating the toxic impact of the environmental pollutant, CuO NPs. Because 3D tissues 

recapitulate the cell-cell, cell-tissue, and cell-extracellular matrix interactions that influence cell 

behavior, it is vital to evaluate the phenotypic and genotypic responses of cells to NPs in these 

formats. However, to date, only one study has been previously published investigating the behavior 

of CuO NPs in cardiac micro-tissues 339.  

In this study, we found that the response to CuO NPs is highly dose dependent, and half of 

all the cardiac tissue was dead at a concentration of 7.176 μg/mL. Interestingly however, the 
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beating frequency of the tissue was not significantly impacted at doses up to 10 μg/mL, suggesting 

that the electrical signaling pathways related to contraction are not significantly impacted by CuO 

NPs. Conversely, relative displacement of the small pillar by the cardiac tissue was significantly 

impacted at 10 μg/mL at 48 hours. This suggests two things; 1) that even though current in vitro 

research for NP dosing is often up to a max of 48 hours, longer time points may showcase more 

toxicity, perhaps at even lower doses than 10 μg/mL and 2) that the increase in apoptotic cells 

indicated by both the CCK-8 data and qPCR analysis leads to a decrease in force output.  

The study showcased how both functional output data and gene expression data can be 

extracted from a single model to further understand the toxicity of nanoparticles. Future studies 

should interrogate additional doses between 10 μg/mL and 100 μg/mL to further understand the 

impact on mitochondrial biogenesis. Moreover, these studies should be investigated for a longer 

period to gain further knowledge on the dose dependent nature of toxicity, especially as most of 

the population will be interacting with small doses of environmental pollution over a long period 

of time. With these studies, we are hopeful that new therapies can be derived to combat the 

increasing threat of environmental pollution. 
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Appendix A: Generalized 2DCOS MATLAB Code 
  
%%for data input, create a matrix named data2 with, row 1 as perturbation variable increments 

 %%column 1 as the x-axis spectral variable i.e. 900-1800 cm-1 

 

%%numspec is an array used to count how many spectra there are 
%%wavenum is the wave number array 
%%dens is the contour line density, can change this variable to change the density of contour lines for the 2D maps.  
%% n is number of spectra in the data set using numspec 
%%data is the data matrix where the first column is the wavenumbers 
  

%name of the plots, will be appended with “Asynchronous” or “Synchronous” then name string 

name = 'Solution Acetic Acid'; 
 
%sets data equal to the input data set, datasafe is a variable that is 
%unmodified that contains the data set 
data = data2(2:end,:); 
  
%takes the average of the data set across one row, returning a column 
%vector. so this takes the average at one wavenumber for every temperature 
avg = mean(data(:,2:end),2); 
%subtracting the avg to give a 'dynamic' wavenumber matrix 
data = [data(:,1), data(:,2:end)-avg]; 
  
numspec = data(1,2:end); 
wavenum = data(:,1); 
dens = 20; 
n = length(numspec); 
  
synch = data(:,2:end) * (data(:,2:end)')/(n-1); 
  
N = zeros(n); 
  
%populates the first row with 1/(pi*integer) 
for i=2:(n) 
    N(1,i) = 1/(pi * (i-1)); 
end 
%sets top-right half diagonals equal to previous (i-1,j-1) 
for i=2:(n-1) 
    for j=i:(n) 
        N(i,j) = N(i-1,j-1); 
    end 
end 
%sets the bottom left side equal to the negative of top right half 
for i=2:(n) 
    for j=1:i 
        N(i,j) = -N(j,i); 
    end 
end 
  
asynch = data(:,2:end) * N * data(:,2:end)'/(n-1); 
asynch = asynch'; 
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%%you can change the axis dimensions with uncommenting the axis, xticks and ytick lines.  

  
figure; 
meshgrid(wavenum,wavenum); 
contour(wavenum,wavenum,asynch,dens); 
colorbar; 
title(['Asynchronous ', name]) 
set(gca,'Ydir','reverse'); 
set(gca,'Xdir','reverse'); 
% axis([1700, 1600,1700, 1600]) 
% xticks(1700:-10:1600) 
% yticks(1700:-10:1600) 
  
figure; 
meshgrid(wavenum,wavenum); 
contour(wavenum,wavenum,synch,dens); 
colorbar; 
title(['Synchronous ', name]) 
set(gca,'Ydir','reverse'); 
set(gca,'Xdir','reverse'); 
% axis([1700, 1600,1700, 1600]) 
% xticks(1600:10:1700) 
% yticks(1600:10:1700) 
 

[rowsize, colsize] = size (asynch); 
autocorr = []; 
for row = 1:rowsize 
        autocorr = [autocorr, synch(row,row)]; 
end 

 
autocorr = autocorr'; 
figure; 
plot(wavenum,autocorr) 
title(['Autocorrelation ', name]) 
xlim([900 1800]) 
set(gca,'Xdir','reverse'); 
% axis([1700, 1600,1700, 1600]) 
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Appendix B: Moving Window 2DCOS MATLAB Code 
 
%%for data input, create a matrix named data2 with, row 1 as perturbation variable increments 

 %%column 1 as the x-axis spectral variable i.e. 900-1800 cm-1 

 
%%numspec is an array used to count how many spectra there are 
%%wavenum is the wave number array 
%%dens is the contour line density 
%% n is number of spectra in the data set using numspec 
%%data is the data matrix where the first column is the wavenumbers 
 

%%name of the plots, will be appended with “MW2DCOS” then name string 

name = 'Solution 25mM Acetic Acid 1200-1330'; 
  
%sets data equal to the input data set, datasafe is a variable that is 
%unmodified that contains the data set 
  

  
intens = data2(2:end,2:end); 
temp = data2(1,2:end); 
tempplot = temp; 
%takes the average of the data set across one row, returning a column 
%vector. so this takes the average at one wavenumber for every temperature 
avgdata = mean(intens,2); 
%subtracting the avg to give a 'dynamic' wav enumber matrix 
intens = intens-avgdata; 
  
wavenum = data2(2:end,1); 
dens = 50; 
  
avgtemp = mean(temp); 
temp = temp-avgtemp; 
  
%concat is to get rid of n-1 problems with differences of the first 
%temperature 
concat = ones(length(wavenum),1); 
concat = concat * eps; 
  
dvdt = diff(intens,1,2)./diff(temp); 
dvdt = horzcat(concat,dvdt); 
  
dvdt2 = diff(dvdt,1,2)./diff(temp); 
dvdt2 = horzcat(concat,dvdt2); 
  
auto = dvdt.^2; 
auto = auto'; 
synch = dvdt'; 
asynch = -dvdt2'; 
  
figure; 
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meshgrid(wavenum,tempplot); 
contour(wavenum,tempplot,auto,dens); 
 

title(['MW2DCOS ', name]) 
set(gca,'Xdir','reverse'); 
% axis([900, 1800, 0, 150]) 
% xticks(1600:10:1700) 
% yticks(1600:10:1700) 
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