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14 Conformational changes of proteins during adsorption to oxide nanoparticle surfaces drive both
15 protein function and nanoparticle reactivity in the environment. However, changes in protein
structure at the oxide nanoparticle surface are currently poorly-characterized under different

18 environmentally-relevant conditions where multiple species exist. Using attenuated total

19 reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, this work investigates
conformation changes of two proteins, distinct in size and flexibility, adsorbed on a-Fe,O3

22 nanoparticle surfaces in the presence and absence of pre-adsorbed phosphate. These findings

23 provide insight into the role of adsorbed oxyanions on protein coverage, corona formation, and
oxide nanoparticle-bio interactions in environmental systems.
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Abstract. Protein adsorption onto mineral nanoparticle surfaces is critical to the function and fate
of biological compounds in environmental and industrial systems. However, adsorption kinetics,
coverage, and conformation of biological macromolecules are poorly understood, particularly in
the presence of ubiquitous oxyanions. In this study, the adsorption of two proteins, beta-
lactoglobulin (#-LG) and bovine serum albumin (BSA), onto hematite (a-Fe,O3) nanoparticles was
investigated in the presence and absence of pre-adsorbed phosphate. Using solution and temporal
solid-phase attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy, our
results show dynamic changes in the secondary structures of both proteins when adsorbed onto
nanoscale o-Fe,O; surfaces, compared to their unbound conformations. However, these
differences were attenuated in the presence of adsorbed phosphate. Adsorbed phosphate
significantly reduced the protein surface coverage on iron oxide nanoparticle surfaces, and
impacted protein adsorption kinetics. The latter was observed to be protein-specific, with f-LG
exhibiting a higher adsorption rate and sigmoidal kinetics compared to slower, more Langmuir-
type kinetics of BSA adsorption. Our results reveal the importance of phosphate on protein-mineral
adsorption kinetics and conformation, a critical driver of protein function, in complex

environmental systems.
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1. Introduction

Nanoscale iron oxides, ubiquitous in soils and sediments,'* are well-known sorbents of
natural compounds and contaminants due to their high surface area, thermodynamic stability, and
subsequent adsorption capacity.>® As such, iron oxide nanoparticles are commonly used as a
sorbent in coatings, cosmetics, catalysis, drug delivery, and environmental remediation
applications.” Molecular adsorption and interactions with nanoparticle (NP) surfaces, and the
formation of an adsorbed layer, can alter the physicochemical properties of both NPs and sorbates,
and thus their functionality in environmental systems. Hematite (o-Fe,Os3), the most
thermodynamically stable iron oxide mineral, with surface terminations that have elevated free
energies of formation and surface enthalpies promoting strong water adsorption and interaction
with ions, is ubiquitous in the environment.!%!! Despite the enhanced reactivity of a-Fe,Os,
adsorption dynamics and stability, particularly in heterogeneous aqueous matrices, are not fully
understood.

Of particular importance are surface interactions of o-Fe,O; with biological
macromolecules. Proteins, an essential subset of biological macromolecules, play a vital role in
environmental and biological processes.!? Ubiquitous in environmental systems, they are derived
as byproducts of human activities and from secretions or lysis of microorganisms, roots, and
fungi.'>!* All proteins, including enzymes, bind to other molecules to perform their inherent
functions and associated protein-mediated processes.!> These processes are often essential to
biochemical reactions fundamental to environmental processes and remediation: proteins attach to
viruses or bacteria in cell lysis; the enzyme hexokinase binds glucose and adenosine triphosphate
(ATP) to catalyze glycolysis.'*!> Indeed, microbially-derived proteinaceous compounds are found

to be abundant at mineral interfaces. '%!7 Most proteins have a high propensity for adsorption at
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solid-liquid interfaces due to their amphiphilic—both hydrophilic and hydrophobic—properties.'®
When proteins encounter nanoparticle interfaces in an aqueous environmental and biological
milieu, they do not behave like rigid particles.!® Instead, they can form a dynamic layer on
nanoparticle surfaces once adsorbed — a corona.?®?'?> The formation of these coronae can
influence mineral aggregation, reactivity, toxicity, and transformation.?*> Moreover, adsorbed
proteins can change their secondary conformation, mobility, and enzymatic activity.?*?7 Thus,
amino acid and protein interactions at the aqueous-nanomaterial interfaces have been widely
investigated using various vibrational spectroscopic and computational methods.?8-32

Previous studies of protein adsorption onto metal oxide nanoparticles, polymers, and other
clay surfaces have demonstrated how perturbations in pH, temperature, protein concentration, and
nanomaterial surface chemistry can significantly influence adsorption kinetics, adsorbed protein
assembly, and protein secondary structure.!8233-36 The latter is of particular importance, as the
structural units of protein (i.e., a-helix, f-sheet), which form protein domains, drive protein
function.?” Thus, changes in the secondary structures can contribute to altered protein behavior.
Domain changes in protein structure have been widely observed during adsorption to
nanoparticles. Bovine serum albumin (BSA) during adsorption to hematite in a pure matrix has
been recently examined using two-dimensional correlation spectroscopy (2DCOS) of attenuated
total reflectance-Fourier transform infrared (ATR-FTIR) spectra.?* Their results revealed an
increase in a-helix structure frequency during initial surface coverage, followed by a-helical
structural loss throughout the final stages of the adsorption process. Changes in BSA unfolding
have also been observed during adsorption to montmorillonite, largely as a function of
concentration.?’ In contrast, a study of beta-lactoglobulin (-LG) and BSA adsorption onto planar

hydrophobic surfaces leveraging molecular dynamics (MD) simulations, quartz crystal

Page 4 of 29



Page 5 of 29

oNOYTULT D WN =

Environmental Science: Nano

microbalance (QCM), and atomic force microscopy (AFM) suggests a compact monolayer on the
solid surfaces.?®

While our understanding of nanoparticle behavior and protein interactions has advanced in
model systems, the experimental design often does not account for the natural complexity of
aqueous systems. Environmental and biological aqueous systems consist of naturally occurring
assemblies of salts, nutrients, oxyanions, and heterogeneous organic compounds, which may
compete, co-adsorb, or aggregate with proteins in solution.3® As such, the adsorption of a
biomolecule on the nanoparticle surface depends on adsorption affinity, diffusion kinetics, and
solution chemistry as compounds dynamically compete, co-adsorb, and scaffold on the
nanoparticle surface driven by their nano-size and large surface-to-mass ratio.*0-44

Phosphate, a highly abundant nutrient in aqueous soil and groundwater systems,* can
impact protein surface adsorption.?® Inorganic and organic phosphate compounds accumulate in
environmental systems, catalyzing harmful algal growth (eutrophication) and the proliferation of
aquatic plants, and have been identified as pollutants of concern in groundwater.*>#’ Phosphate
provides a pH-stable environment*® and can itself adsorb onto nanoparticles,* occupying active
sites on mineral surfaces.’® However, despite the ubiquitous presence of phosphate in
environmental systems, the dynamics of protein adsorption onto iron oxide surfaces in the presence
of phosphate are not fully understood.

To probe protein interactions under environmentally- and biologically-relevant conditions,
S-LG and BSA were adsorbed to a-Fe,O; nanoparticles in the presence and absence of phosphate
at pH 6, just above the isoelectric points for these proteins. These model proteins represent
endmembers of protein size, flexibility, and native conformation.’' S-LG is a small (162 amino

acids), rigid protein and is considered to be a model for a 'hard' protein that does not experience
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significant structural alterations after adsorption onto surfaces (Table 1).3® S-LG is a globular
protein with predominantly S-sheet structure®! and one of the major allergens in cow's milk.>?
Because of their relevance to food and dairy processing, there have been several studies on the
denaturing conditions (pH and temperature) of f-LG.>? Additionally, the heat-induced aggregation
of S-LG is also used as a model for fibril formation of neurodegenerative disease.>* In comparison,
BSA has a larger size (582 amino acids) and is considered to be a 'soft' protein model, as it
undergoes a conformational change upon surface adsorption®®3, It also differs from -LG in that
BSA mainly consists of a-helix in aqueous media in its crystal structure.?->> BSA is often used as
a model protein in many studies due to its high abundance, low cost, and its similarity to human
serum albumin (HSA).2¢ By comparing the adsorptive behavior of these two model proteins, we
can begin to understand the structural and kinetic effects of phosphate pre-adsorption on protein
surface interactions, conformation changes, and subsequent behavior in aqueous systems.

Such interactions were investigated using ATR-FTIR spectroscopy, which provides an
understanding of real-time biomolecule-surface interactions in a multi-component environment.
Solution-phase secondary structural analysis of f-LG and BSA proteins in the amide I region was
compared to that of adsorbed proteins, both in the presence and absence of phosphate, using
deconvolution analysis to understand the conformational changes upon adsorption. In doing so,
this work aims to investigate the dual impacts of protein structure and phosphate pre-adsorption
on protein conformation at the o-Fe,O; nanoparticle surface, providing insights into protein

interactions at geochemical nanoscale interfaces under increasingly complex conditions.

2. Materials and Experimental Methods
2.1 Materials. 0-Fe,O3 nanoparticles were purchased from Alfa Aesar, MA. Hematite was chosen

due to its presence in diverse environmental systems, from atmospheric dust to many soils and
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sediments.’® Investigations of hematite-contaminant sorption also suggest that these phases are
highly reactive, particularly with both ions and organic compounds.? The lyophilized proteins of
S-LG (=90%) and BSA (299.5%) were purchased from Sigma-Aldrich. Characteristics of the
proteins used in this study and their crystal structures are shown in Table 1. A phosphate buffer
solution of 250 uM Na,HPO4*H,O (Fisher Scientific, Inc.) used to probe phosphate co-adsorption
dynamics was adjusted to pH 6 using hydrochloric acid (HCl) and sodium hydroxide (NaOH)
solutions from Fisher Scientific, Inc. All solutions were prepared with Milli-Q water (Millipore,
resistance = 18.2 MQ.cm at 25 °C), and NaCl (Fisher Scientific, Inc.) was used to maintain 10 mM
ionic strength through the experiments. All chemicals were used as received without further

purification.

Table 1. Protein properties and crystal structures of BSA and f-LG. Protein Data Base (PDB) numbers of
protein virtual models are 4F5S and 1BEB, respectively.*57

Bovine Serum Albumin f-Lactoglobulin
(BSA) (#-LG)

Protein crystal structure

Number of amino acids 162
Isoelectric point (pHjgp) 4.9 5.1
Conformational rigidity Soft Hard
Molecular mass (kDa) 68 18.4
Net charge at pH 6 Negative Negative
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2.2 Nanoparticle characterization. The size and morphology of a-Fe,O; nanoparticles were
determined using a JEOL JEM-1400 Plus transmission electron microscopy (TEM) at 80 kV. For
TEM imaging, a 10 pL droplet from a sonicated a-Fe,O; nanoparticle suspension was deposited
on a formvar/carbon-coated 100-mesh copper grid (Electron Microscopy Sciences) and kept inside
a dry air chamber until it is completely dried. The exposed facet was further imaged with high-
resolution TEM (JEOL-2800) at 200 kV. The crystalline phase of nanoparticles was determined
using an APEX II Ultra diffractometer equipped with a CCD-based area detector, using MoK,
radiation at A= 0.71073 A. 2D images from the APEX II detector were processed using DiffractEva
software (Bruker). A Quantachrome Nova 4200e analyzer was used to determine surface area and
pore size via Brunauer-Emmett-Teller (BET) N, adsorption. Before BET analysis, samples were
degassed for 8 hours at 120 °C, and a 15 multipoint isotherm with partial pressures (P/P,) of 0.05-

0.95 was collected.

2.3 ATR-FTIR spectroscopy of protein adsorption and desorption reactions. ATR-FTIR
spectroscopy was used to characterize the solution phase and adsorbed species. Protein solutions
of 5 mg mL! native BSA and -LG were prepared at pH 6. Two phosphate solutions of 25 mM
and 250 uM were prepared for solution-phase analysis and adsorption studies, respectively.
Aqueous protein spectra were collected using ATR-FTIR flow-cell crystal without an a-Fe,O;
coating. After the collection of protein solution spectra, a background spectrum of each solvent
was subtracted from the sample spectrum. To reduce the interference of gas-phase water
absorption bands, an atmospheric suppression correction was performed in the OMNIC 9 software
(ThermoFisher).

Solution-phase spectra of the proteins were compared to those of protein adsorbates to

observe any spectral changes that occur upon adsorption onto a-Fe,O;. The methodology for

7
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surface adsorption and desorption steps is detailed in the Supporting Information (SI) Scheme S1.
Briefly, experiments followed the following steps: (1) a-Fe,O3; nanoparticles were drop cast on the
AMTIR crystal by depositing 1 mL of 5 mg mL-!' nanoparticle suspension; (2) dried overnight in
a dry air chamber; (3) pH-adjusted (pH 6; 10 mM NacCl in Milli-Q water) salt solution flowed at
0.5 ml min"! over the thin film for 20 min to remove any loosely bound nanoparticles, to adjust
nanoparticle surface charge, and to allow for background spectra collection; (4) 250 uM phosphate
buffer was introduced to the system for 90 min to create phosphate-coated nanoparticles before
protein adsorption (this step was omitted in experiments lacking phosphate); (5) for each protein
type, a continuous flow of a 1 mg mL! protein solution passed over the nanoparticle film surface
for 90 min and; (6) a final flow of 10mM NacCl salt solution over the protein-coated surface for 90
min. Phosphate adsorption was confirmed by the observation of saturated adsorbed phosphate at
~90 min which was determined by plotting absorbance peak intensity for the adsorbed phosphate
band (at 1040 cm™") during adsorption onto a-Fe,Os (Fig. 2). pH was monitored and maintained
at pH 6 throughout all experiments.

ATR-FTIR spectra were collected using a horizontal cell and an amorphous material
transmitting infrared radiation (AMTIR) crystal (PIKE Technologies). The horizontal cell was
placed inside of the internal compartment of a Thermo—Nicolet iS10 FTIR spectrometer equipped
with a mercury cadmium telluride (MCT-A) detector with a lower wavenumber cutoff of 650 cm!.
All spectra were recorded in 2-minute intervals at 4 cm™! resolution, and an average of 128 scans

was collected over the spectral range extending from 750 to 4000 cm!.

2.5 Curve-fitting analysis of the amide I band. To provide quantitative analyses of kinetic changes
to protein secondary structures during adsorption, the amide I region of ATR-FTIR spectra was

analyzed. Solution-phase conformations were compared to those of the adsorbed phase over
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reaction-time and surface coverage. Selected time points of 4- and 90-minutes during adsorption
were used to compare protein secondary structure at low and high surface coverage, respectively.
Before curve fitting, the amide I band range (1600 to 1700 cm') was baseline corrected and
normalized to the highest peak intensity from each original time-dependent spectral series (Fig.
S1). Second derivative spectra were obtained using Origin 2017 Suite (OriginLab Corporation,
Northampton, Massachusetts, USA) to better resolve different vibrational peaks. The local
minimum values from the second derivative of the ATR-FTIR spectra were used to identify band
positions of the different secondary components and used for spectral assignments. Curve fitting
iterations to a Gaussian shape at the band positions were then performed to achieve the best
composite result. Protein solution-phase secondary structural results and previous literature
values?%33-32 were used for comparison to spectra of adsorbed proteins. Best fits were calculated
within OriginLab using ANOV A-derived least squares regression analysis, and all R? values were

found to be > 0.98.

3. Results and Discussion

3.1 Nanoparticle characterization. Fig. 1 shows the detailed physical characterization of iron
oxide nanoparticles. From the XRD pattern in Fig. 1a, we verified that these nanoparticles were
entirely hematite, with a specific surface area of 75.7 + 8.2 m? g-! and an average pore size of 0.247
cm? g (Fig. S2). TEM and HRTEM images of o-Fe,O; nanoparticles (Fig. 1b-c) indicated that
the particles were aggregated and individual nanoparticles, albeit somewhat difficult to discern,
appeared to be ca. 5 to 20 nm in diameter, in agreement with vendor specifications. High-resolution

images, as shown in Fig. 1c, show that the most exposed facet was the (104) surface plane.
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Figure 1. Characterization of a-Fe,O; nanoparticles. (a) XRD pattern indicates that particles are hematite;
(b) TEM and (c) HRTEM images of nanoparticles with an exposed (104) facet.

3.2 ATR-FTIR spectroscopy of phosphate in solution and adsorbed on a-Fe,0; Solution-phase
and adsorbed phosphate were both examined via ATR-FTIR spectroscopy to determine vibrational
frequency changes. The protonation state of phosphate can be seen in Fig. S3a. At pH 6, the molar
fraction of phosphate in solution is comprised of 0.94 H,PO4 and 0.06 HPO4> (Fig. S3b). A
representative ATR-FTIR spectrum is shown in Fig. S3c. There are two main phosphate (PO,*)
vibrations: nondegenerate symmetric stretch (v;) and triply degenerate asymmetric stretch (v3).3%?
Due to asymmetry in the structure of the H,POy4 species, the bands at 990 cm™! and 1155 cm’!
appear from the split degenerate asymmetric stretching band (v;). The absorption at 940 cm! is an
indication of coexisting HPO,?- species and the v; band is active at 878 cm-!. The broad shoulder

at ~1220 cm'! represents bending mode [6(POH)] and is derived from H,POy species.3®>

10
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Figure 2. ATR-FTIR spectra of (a) 250 uM phosphate adsorption onto a-Fe,O;, and (b) following
phosphate desorption from a-Fe,O; with 10 mM NaCl, both as a function of time at pH 6. The dashed line
in (a) represents the spectrum of 25 mM solution-phase phosphate in 10 mM NaCl solution at pH 6.
Adsorption and desorption spectra of phosphate were collected as a function of interaction
time (Fig. 2). Phosphate adsorption onto a-Fe,O; surfaces is shown in Fig. 2a. The bands observed
~1098 cm™! and 1040 cm™! are due to the P-O stretching vibration of the phosphate ion.®® The
absorption band region in Fig. 2a is quite broad, suggesting multiple adsorption bonding modes
were co-occurring®6!. Normalized absorbance peak intensities of the adsorbed phosphate (using
the band at 1040 cm™') during adsorption onto a-Fe,O3 (0-90 min) and desorption experiments
(90-180 min) suggest that adsorbed phosphate reached equilibrium after ~90 min. Notably,
Notably, phosphate was deemed to be irreversibly bound to the a-Fe,O; surface, as the peak
absorbance intensities did not change substantially when desorbed with 10 mM NacCl at pH 6 (Fig.
2b). This component of adsorbed phosphate may thus be bound via inner-sphere complexation
directly at the solid-solution interface, as supported by the irreversibility of adsorption, in addition

to physisorption interactions. These findings further support the occurrence of a mixture of surface

species and bonding modes.>3-61.62

11
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Figure 3. Normalized ATR-FTIR spectra of 5 mg mL-' BSA and £-LG in 10 mM NacCl solution at pH 6.
Spectra normalized by the Amide T band relative intensities. The peaks at 1633 cm!' and 1653 cm'! are for
the Amide I bands; 1548 cm™! and 1545 cm! peaks are for the amide II bands of the proteins. The peaks at
1452 cm™ and 1455 cm! are assigned to the CH, scissoring, and 1400 cm™' is from C-O carboxylate

stretching. These peak assignments were further used to compare the solution phase with the adsorbed
phase spectra in the amide I and II spectral regions.

3.3 ATR-FTIR spectroscopy of proteins in solution. ATR-FTIR spectra of BSA and f-LG
solutions at pH 6 are shown in Fig. 3. The amide I bands were centered at 1633 cm! and 1653
cm! for f-LG and BSA, respectively.?3>! The amide I band predominantly contains symmetric
stretching of C=0, with contributions from out-of-phase C—N bending and in-plane N-H
bending.?%%> Amide II bands of the proteins were observed at 1548 cm™! and 1545 cm™! for S-LG
and BSA, respectively.36-152.64 The amide II and amide IIT (1200 to 1350 cm™!) regions consist of
out-of-phase C—N stretching and out-of-phase in-plane N-H bending from the peptide backbone
of the proteins.%3% The peaks observed at 1452 cm! and 1455 cm™ were assigned to CH,
scissoring, and 1400 cm! was derived from C—O carboxylate groups. Peaks at approximately

~1050 cm’!, observed in -LG spectra, correspond to C—C and C—OH stretching modes.%3-6

12
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3.4 Kinetics of protein adsorption on a-Fe,03; nanoparticle surfaces. After solution-phase
characterization, BSA and f-LG were reacted with a-Fe,O; nanoparticles in the presence and
absence of phosphate, and temporal ATR-FTIR spectra were collected to investigate temporal
adsorption dynamics (Fig. 4). For such kinetic analyses, changes to the amide II band were used
to quantify protein adsorption, minimizing detection of potential aggregation and water
interference.?>%7 Integration of peak intensities of the amide II band during protein adsorption
revealed the presence of phosphate substantially dampened sorption rate and surface coverage of
both BSA and S-LG on a-Fe,O3 nanoparticles (Fig. 4). Adsorbed BSA and f-LG concentrations
were reduced by approximately 50% in the presence of phosphate, suggesting the latter is
effectively competing for particle active sites. As a-Fe,O; nanoparticles had a pHgp (isoelectric
point) value near 6 during adsorption reactions (Fig. S2), indicating a neutral surface charge,
electrostatic interactions with both negatively charged proteins are unfavorable and hydrogen

bonding likely predominated.

(a) BSA (b) B-LG

T A=

p-LG wfo phosphate
0.6

ey
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o
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Normalized Absorbance

0.0 1
adsorption desorption adsorption desorption
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0 20 40 60 80 100 120 140 160 180
Time (min)

Figure 4. Normalized amide II peak absorbance of (a) BSA and (b) B-LG in the presence and absence of
phosphate (closed and open markers, respectively) during a-Fe,O; adsorption (0-90 min) and desorption
(90-180 min).

These adsorption profiles revealed phosphate did not alter observed protein-specific

kinetics substantially. BSA displayed potential Langmuir binding, although phosphate induced a

13
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more linear adsorption profile, while 5-LG exhibited a sigmoidal-shape (S-shape) adsorption curve
(Fig. 4). Langmuir-type adsorption of BSA to oxides and clay materials has been commonly
observed,??-3068 although many kinetic models display similar curve shapes and mechanistic details
cannot be deduced. The difference in curve shape between protein is evident, however. In contrast,
an S-shape adsorption profile is often caused by lateral interactions between adsorbed species and
unrestricted monolayer-multilayer formation,%*’! and may be driven by two-step cooperative
binding, as shown by Hellner et al., 201972 in peptide adsorption to SiO,. As each reaction system
approached saturation, Amide I and II peak absorbance intensities of BSA and B-LG during
adsorption were stable leading up to the 90 minute sampling, indicative of no change in secondary
structures at this time point (Fig. S5).

To probe the reversibility of BSA and $-LG binding, desorption experiments were carried
out by flowing 10 mM NaCl at pH 6 over protein-a-Fe,O; nanoparticle complexes (Figs. 4, S4).
Across all spectral regions (Fig. S4), both proteins exhibited low reversibility in the absence of
phosphate, and greater partial desorption of S-LG supports the formation of a multilayer.”” BSA
desorption was not significantly altered in the presence of phosphate (Fig. S5a), while f-LG
adsorption showed no loss of protein as well under the same conditions (Fig. S5b) suggesting
multilayer formation was inhibited in the presence of phosphate.

3.5 Effect of pre-adsorbed phosphate on protein binding modes at the a-Fe,0; interface. ATR-
FTIR spectroscopy is a powerful in-situ characterization method to monitor protein binding
mechanisms and secondary conformational changes upon adsorption onto nanoparticle surfaces.”
As proteins adsorb to oxide surfaces and multidimensional structure emerges, protein binding
environments, conformation, and aggregation change dynamically.’”’475 The presence of co-

adsorbates, such as phosphate, may modulate protein coordination and structure through

14
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competition and subsequent steric constraints. Thus, to understand the impact of phosphate on
protein conformation, IR spectra of adsorbed BSA and f-LG were collected with and without pre-
adsorbed phosphate. To identify specific surface interactions causing frequency shifts and band
shape differences, solution-phase spectral results (Fig. 3) were compared to those of adsorbed

species (Fig. 5).

(a) BSA (b) B-LG
IO.DZS BSA adsorption Io , B-LG adsorption
e 1542
£ :
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with co-adsorbed phosphate
Absorbance

Figure 5. ATR-FTIR spectra of 1 mg mL-! (a) BSA and (b) #-LG adsorption onto a-Fe,O; nanoparticles
without phosphate (top) and with pre-adsorbed phosphate (bottom) as a function of time (color scale).

Compared to solution-phase spectra, shifts in vibrational frequencies upon adsorption
indicate inner-sphere coordination, secondary structural changes, and hydrogen bonding
interactions between the protein and nanoparticle surface.®* Specifically, secondary structural
changes can be observed by changes in the frequencies and absorption band shapes of both the
amide I and amide II bands of BSA and S-LG spectra. The vibrational frequency assignments for
these bands are given in Table 2. Structural changes were protein-specific: frequency shifts from

BSA adsorption were minimal, particularly in the presence of phosphate, suggesting induction of
15
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only small structural changes, while f-LG adsorption was marked by larger shifts to lower
wavenumbers. Such shifts in the amide I band have been suggested to be indicative of increasing
hydrogen bonds.®® The presence of phosphate dampened this shift, which has been proposed to
indicate a subsequent conformational change, and thus pre-adsorbed phosphate may reduce the
extent of protein secondary structural changes and prevent protein denaturation on the a-Fe,O;
surface.

Table 2. Vibrational frequencies for protein amide I and amide II peaks in solution phase and upon

adsorption on a-Fe,O; nanoparticle surfaces at pH 6.
Vibrational Frequency (cm™)

BSA pB-LG
Adsorbed on Adsorbed on
Solution Adsorbed phosphate- Solution Adsorbed phosphate-
Phase on o-Fe,0; coated Phase on o-Fe, 03 coated
(A)* a-Fe, 03 (A)* a-Fe, 03
(A)* GV
Amide I 1653 1657 (+4) 1653 (0) 1633 1626 (-7) 1628 (-5)
Amide II 1545 1546 (+1) 1542 (-3) 1548 1542 (-6) 1543 (-5)

(A)* = Difference between adsorbed and solution-phase vibrational frequency.

Reductions in f-LG hydrogen bonding in the presence of phosphate were further supported
by changes in amide band shapes. When f-LG was adsorbed in the absence of phosphate, the
spectral shoulder at 1640 cm! developed (Fig. 5b), which has been suggested to be due to hydrogen
bonding changes upon protein adsorption.®*> However, in the presence of phosphate, the band
shape of f-LG amide I resembled its shape in the solution phase, indicating co-adsorbed phosphate
constrained protein denaturation and secondary structural changes.?® Notably, we observed no
change in phosphate band intensities during sorption experiments; however, band shape changes
were detected upon protein introduction, indicating possible differences in surface phosphate
species present on the surface as well as different modes of binding to the surface when co-

adsorbed protein was present (Fig. S4).

16
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3.6 Secondary structural analyses of adsorbed proteins. Protein secondary structures were further
investigated, leveraging both changes in the amide I/II ratio over time and curve-fitting of the
amide I band, which is highly sensitive to protein conformational changes.3? Initial analysis of
temporal changes in the amide I/II ratio reveals time-dependent, phosphate-driven protein
conformational changes during adsorption (Fig. S5).7¢ Reduced ratios indicates that protein
conformational changes occurring in the first 20 minutes in the absence of phosphate, whereas the
conformational change occurred over 60 minutes in the presence of co-adsorbed phosphate, as can
be seen by the steady ratio after this time. These observations were used to select time points for
secondary structural analysis at early (4 minutes) and later (90 minutes) reaction times.

Using a curve-fitting approach, protein solution-phase and adsorbed ATR-FTIR spectra
were deconvoluted into f-sheets, turns, o-helices, extended chains (short-segment chains
connecting the a-helical segment), random coils, and side-chain moieties (Fig. S6). Vibrational
frequencies (cm™!) of the solution and adsorbed peak centers associated with individual secondary
structure components of the BSA and f-LG solutions after curve fitting are summarized in Table
S1. The peak center positions were shifted =3 cm™! from the local minimum positions determined
by the second derivative, and the coefficients of determination (R?) were > 0.9 for deconvolution
fits. Unreacted solution-phase spectra of f-LG indicate its structure is comprised of a short a-helix
and eight strands of antiparallel S-sheets, which form a conical barrel.?? In contrast, BSA has been
shown to be comprised solely of a-helix structures.?>> However, it is essential to note that reported
variations are possible within =10% among secondary structures distribution.!? Our curve-fitting
results for solution-phase protein conformational analyses, shown in Fig. S6, were aligned with

previous findings®, as the dominant component of the BSA solution-phase conformation at pH 6
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was largely a-helix (52%), while the f-LG solution was primarily comprised of extended chains/f-

sheets (49%).

(a) BSA (b) B-LG
without phosphate with phosphate without phosphate with phosphate

4 min
4 min

N\

T T T T T i T T T T T T
1700 1680 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600 1700 1680 1680 1640 1620 1600 1700 1680 1660 1640 1620 1600

90 min
90 min

N\

-7

T T T T T T T T T T T T
1700 1630 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600 1700 1830 1660 1640 1620 1600 1700 1680 1660 1640 1620 1600
‘Wavenumber (cm™) Wavenumber (cm) Wavenumber (cm™!) Wavenumber (cm!)

B-sheets/lurns  mmmmm Random coils
f-sheets Lxtended chains
a-helix Side-chain moities

Figure 6. Background subtracted and normalized protein amide I band for secondary structural analysis
with curve fitting results for (a) BSA and (b) f-LG adsorbed on a-Fe,O; nanoparticles in the presence and
absence of pre-adsorbed phosphate at pH 6.0. The magenta and dark blue solid lines represent the original
experimental spectrum, and the black dashed lines represent the cumulative fit. Component bands are given
for intermolecular B-sheets/turns (cyan), B-sheets (green/brown), a-helices (fuchsia), random coils (dark
red), short-segment chains connecting the a-helices (orange), side-chain moieties (lime).

Changes in these relative spectral contributions during protein adsorption to a-Fe,O;
nanoparticles at 4- and 90-minutes were used to further our understanding of the dynamic effects
of pre-adsorbed phosphate on adsorbed protein conformation (Fig. 6, Table 3).3>6577.78 [nitial
adsorption (4 minutes) in the absence of phosphate induced structural changes in both proteins
compared to solution-phase conformations (Fig. S6), as BSA underwent a gain in extended chains
(+18%) while S-LG exhibited increasing a-helix (+19%) and decreasing random coil (-26%)
content (Table 3). The suggested unfolding process after BSA adsorption on metal oxides has been
previously observed,?®* as has the formation of non-native o-helical -LG intermediates in
complex systems, as the amino acid sequence of f-LG has a markedly high preference for an a-

helix conformation.” The observed increase in relative alpha helix abundance, however, may also
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be due to the relative preferential unfolding in B sheets. = When phosphate was present,
transformations were substantially reduced. Phosphate may inhibit adsorptive protein
conformational changes through bridging and ternary complex formation®’-#? or induction of steric
constraints. These results are in agreement with studies on other oxide surfaces, such as TiO,,
where phosphate attenuates conformational changes of proteins. Although the degree to which
these structural changes occur within BSA, in the presence or absence of phosphate, depends on
the specific phase and size of the nanoparticle, the impact of adsorbed phosphate in modulating
changes in the protein structure appears to be quite similar between different oxides (a-Fe,O3 and

TiO,) and different sizes/phases of Ti0,.26-:64

Table 3. Secondary structural elements content (%) in the amide I region, determined via curve-fitting for

solution phase (5 mg/mL) and after 90 min adsorption onto a-Fe,O; and phosphate-coated a-Fe,0;.

Adsorbed Adsorbed on phosphate-
on a-Fe, 03 (A)* coated a-Fe,0; (A)*
Ssetcr‘l’l'::ll?:g S;’)ll:::;“ 4 min 90 min 4 min 90 min
B-sheets/turns 3 3(0) 5(+2) 1(-2) 1(-2)
B-sheets 20 17 (-3) 15 (-5) 13 (-7) 15 (-15)
é a-helices 52 38 (-14) 43 (-9) 27 (-25) 48 (-4)
< Random coils 11 23 (+12) 6 (+5) 21 (+10) 12 (+1)
Extended chains 12 15 (+3) 30 (+18) 35 (+13) 22 (+10)
Side-chain moieties 2 4 (+2) 1(+1) 3 (+1) 2 (0)
SSii?ltgl?:Z, Slo)l;:;:;n 4 min 90 min 4 min 90 min
B-sheets/turns 4 1(-3) 3(+D) 1(-3) 2(-2)
B-sheets 13 9(-4) 3 (+10) 2 (-11) 6 (-7)
S a-helices 19 27 (+8) 48 (+29) 27 (+8) 29 (+9)
i Random coils 29 12 (-17) 3 (-26) 28 (-1) 23 (-6)
Extended chains 32 37 (-5) 39 (+7) 35 (+3) 36 (+4)
Side-chain moieties 3 14 (+11) 4 (+1) 7 (+4) 4 (+1)

(A)* = Difference between adsorbed and solution phase secondary structure content.

After 90 minutes (Fig. 6), both proteins approached solution-phase conformations (Fig. S6),

regardless of phosphate. Smaller changes, such as the persistence of random coils in the f-LG
19
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phosphate system, were observed, but composite spectra were highly consistent with those
observed before adsorption. Broadly, this temporal evolution suggests significant protein
conformational changes occurred at low surface coverage (4 minutes), and native conformations
were reassumed at higher coverage (90 minutes) These results are in agreement with analyses of
the amide I/II ratio shown in Fig. S5. The observation of solution-phase conformation at 90 min
may be due to re-folding as additional proteins adsorb, or a scaffolding of unchanged proteins onto
altered inner-layer proteins to the extent that the observable signature is dominantly of the
unaltered, solution-phase conformation. While few studies have examined the effect of phosphate
on oxide biomolecule adsorption, prior work by Xu et al. investigating pH effects on BSA
complexation with TiO, observed similar conformations at pH 7.4 after 90 minutes of reaction
time. Both adsorption reaction sets, in the presence and absence of phosphate, were also found to
be irreversible. This suggests that our observations of phosphate-mediated inhibition of adsorption
rates and conformational changes are not specific to a-Fe,O3 nanoparticles, but likely rather driven
by the presence of adsorbed phosphate. Thus, we propose for oxide surfaces in general that protein

adsorption and structure in the environment are impacted by oxyanions, in particular phosphate.

4. Conclusions

Solution and temporal solid-phase ATR-FTIR spectroscopic measurements demonstrate
the impact of phosphate on protein adsorption kinetics, coverage, and conformation at nanoscale
oxide interfaces. Phosphate pre-adsorption to a-Fe,O3; nanoparticles slowed both f-LG and BSA
adsorption kinetics, which were observed to be protein-specific, and resulted in an approximately
50% reduction in protein surface coverage. BSA was observed to exhibit Langmuir-like kinetic

curves, while contrastingly f-LG showed potentially two-step adsorption dynamics, suggesting
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that directly-coordinated BSA may be less bioavailable than f-LG. Deconvolution analyses of
ATR-FTIR spectra at low- and high-coverage conditions revealed initial changes in both S-LG and
BSA secondary conformation, despite longstanding consideration of f-LG as a rigid protein,
followed by a return to solution-phase conformation at 90 minutes, approaching saturation. BSA
unfolded into random coils and extended chains, while f-LG transitioned into primarily a-helix
structures. Importantly, phosphate markedly reduced these early conformational changes and thus
may serve as an effective modulator of adsorbed protein function, particularly at low surface
coverage. Such conditions are highly relevant for many environmental matrices, where reported
protein concentrations in solution range from 1 to 100 mg L. Our work suggests that adsorption
to oxide nanoparticles and associated conformational changes may render enzymes inactive in
these systems, and highlights the importance of phosphate in attenuating protein denaturation in
environmental and industrial applications, such as environmental safety, remediation, and
ecosystem health. These results contribute to a growing understanding and future investigations

of complex protein coronae formation at environmental interfaces®°.
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