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Environmental Significance

The protein corona that forms on engineered nanomaterials (ENMs) in biological systems
contributes significantly to the bioactivity of ENMs. While the inherent physicochemical
properties of ENMs are known to govern formation of the protein corona, there remains a
significant knowledge gap on how exposure of ENMs to environments rich in organic matter
1 (e.g.,rivers and wastewater treatment plants) prior to biological uptake affects the adsorption
12 of proteins onto ENMs. This work uses time-resolved, in-situ vibrational spectroscopy to
13 investigate the protein sorption dynamics on ENMs in the presence of dissolved organic carbon.
14 Outcomes enhance our understanding of how proteins interact with the surface of ENMs that
have been exposed to environmentally relevant scenarios.
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Abstract

The inherent physicochemical properties of engineered nanomaterials (ENMs) are known to
control the sorption of proteins, but knowledge on how the release of ENMs to the
environment prior to protein exposure affects this reaction is limited. In this study, time-
resolved, <i>in-situ</i> infrared spectroscopy was used to investigate the sorption of a model
protein, bovine serum albumin (BSA), onto two different types of titanium dioxide
(TiO<sub>2</sub>) ENMs (catalytic-grade P90 and food-grade E171) in the presence and
absence of a simple dissolved organic carbon molecule, oxalate. Infrared spectroscopy results
showed that oxalate adsorbed to P90 through chemisorption interactions, but it adsorbed to
E171 through physisorption interactions due to the presence of inherent surface-bound
phosphates. Secondary structure and two-dimensional correlation spectroscopy analyses
showed that BSA interacted with and unfolded on the surface of P90, but not E171,
presumably due to the repulsive forces from the negatively charged phosphates on E171.
When oxalate was pre-adsorbed to either P90 or E171, the unfolding of BSA occurred, but
along different pathways. This suggests both the “outer” surface chemistry (e.g., oxalate
layers) and the mechanism by which this layer is bound to the ENM play a significant role in
the adsorption of proteins. Collectively, the results indicate the exposure of ENMs to natural
and engineered environments prior to biological uptake affects the resulting protein corona

formation, and thus the transport and bioactivity of ENMs.

INTRODUCTION

Understanding the interaction of engineered nanomaterials (ENMs) with biological
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systems is important when considering both its applications (e.g., drug delivery) and
implications (e.g., toxicity). Upon contact with biological environments, ENMs can become
coated with proteins that form a “corona” around the ENM.! While the inherent
physicochemical properties of the ENM (e.g., size, surface charge) control the protein
sorption behavior, the resulting corona contributes more significantly to the behavior of the
particles in biosystems.!”?¢ Due to their widespread use, ENMs have a high probability of
release into the environment throughout their life-cycle.?’- 2 To date, most studies on protein
corona formation have been conducted using pristine or functionalized surfaces, but there is
limited knowledge how ENM exposure to natural and engineered environments prior to
biological uptake will affect the protein corona formation.

While the general behavior of the formation of protein coronas on ENMs is known,
outcomes are likely to change in realistic scenarios where other macromolecules are present.
A critical knowledge gap exists on how the presence of pre-adsorbed molecules on ENMs
will impact formation of the protein corona. Observations from polymer studies have shown
the type and size of pre-adsorbed polymers on ENMs affects the kinetics and composition of
the protein corona.?’- 3% In the environment, inorganic and organic compounds will attach to
the surface of the ENM, changing the surface chemistry. For example, the presence of
phosphate on titanium dioxide (TiO,) was shown to inhibit the sorption of bovine serum
albumin (BSA),3! and organic matter was found to complex with BSA and compete for TiO,
surface sites, altering the protein corona.*?

When ENMs enter natural or engineered environments they may interact with

ubiquitous dissolved organic carbon (DOC), a complex, heterogeneous mixture of organic
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compounds in aquatic and terrestrial environments formed through natural degradation
processes or exuded from organisms. The physicochemical properties of DOC are source
dependent, but generally humic, fulvic, and transphilic acids are the dominant fractions of
DOC.33 3% Humic and fulvic acids are more aromatic, hydrophobic, and have a lower charge
density than transphilic acids, and all contain mostly carboxylic and phenolic functional
groups.’® These weak acids can adsorb to the ENM surface, effectively changing the transport
and reactivity of ENMs in the environment.3%4? Further, complexation between proteins and
DOC is expected to be a significant contributor to the formation of the protein corona.’> 43
Thus, the alteration of the surface chemistry of the ENM by adsorbed DOC is expected to
change the protein corona’s formation behavior.

In this study, real-time, in-situ vibrational spectroscopy was used to investigate the
adsorption behavior of a model protein, BSA, onto TiO, ENMs that were exposed to oxalate,
a dicarboxylic acid representing a structurally simple DOC. In-situ spectroscopy has been
successfully used for investigating protein adsorption onto ENMs,* 4 and it is advantageous
for understanding the real-time interfacial behavior.*>> 47 To determine the impact of the
surface chemistry of the ENM on formation and transformation of the adsorbed BSA, two
TiO, ENMs were investigated: (i) a catalyst-grade TiO, (P90) and (ii) a food-grade TiO,
(E171) inherently coated with phosphates. This is the first study to use real-time, in-situ
spectroscopy to elucidate the formation dynamics and equilibrium of BSA adsorption to TiO,
ENMs in the presence of DOC. Specifically, this study (i) provides binding information for
oxalate and BSA onto P90 and E171 and (i7) knowledge on the effect of pre-adsorbed oxalate

on the adsorption behavior of BSA onto P90 and E171.
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MATERIALS AND METHODS
Materials

(Photo)catalytic-grade TiO, (P90) was obtained from Evonik (Essen, Germany). The
average primary particle size of the mixed-phase P90 has been previously reported by our
group as 12 nm for anatase (86%) and 18 nm for rutile (14%).*® Food-grade TiO, (E171) was
purchased from Minerals-Water Ltd. (Purfleet, UK). BSA (AMRESCO Inc., Solon, Ohio)
was used as a model protein in this study (Fig. S1). Sodium oxalate (Na,C,04, 99.5+%)
purchased from Alfa Aesar (Ward Hill, MA) was used as a simple DOC surrogate (Fig. S1).
In the environment, oxalate is present from the incomplete oxidation of carbohydrates in
plants, and thus serves as a representative simple DOC. All experimental and solution

preparations used ultrapure water (Thermo-Barnstead Waltham, MA, 18.2 MQ-cm).

Materials Characterization

Transmission electron microscopy (TEM; FEI Titan 80-300, Hillsboro, Oregon) was
used to determine the primary particle size and morphology of the ENMs in the presence and
absence of BSA and oxalate. The ENMs were mixed with BSA and/or oxalate for 30 min,
and then a drop was pipetted onto a carbon-lacey copper TEM grid. Before drying
completely, a drop of ammonium molybdate tetrahydrate (2% w/v solution adjusted to pH =
7 with NaOH) was added to provide contrast between the ENM and adsorbed organic layer.

The zeta potential ({) and point of zero charge (pH,.) of P90 and E171 were
measured using phase analysis light scattering (PALS, NanoBrook Omni, Brookhaven

instrument corporation, Holtsville, NY). To measure the pH,, a single stock solution of each
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TiO, (0.119 mg/L) was prepared in 1 mM potassium nitrate (KNO;, Sigma Aldrich ACS
Reagent Grade). The stock solution was then split into two samples and the pH adjusted (with
HNO; or NaOH) as needed to measure the { at pH values below and above that of the stock
solution. After each pH adjustment, the solution was pipetted into a cuvette for subsequent
zeta potential analysis. Thirty measurement cycles were conducted at a 15° scattering angle
and 25 °C in triplicate for each sample, and the average and standard errors were reported.
The zeta potential was calculated from electrophoretic mobilities using the Smoluchowski
model (i.e., ka > 1). To analyze the effect of BSA and oxalate adsorption, the zeta potential
was measured after mixing (t = 15 min) with respective concentrations of 3.3 nM and 3.3
puM.

The hydrodynamic size (HDS) and stability of the ENMs was measured in the
presence and absence of BSA and/or oxalate using dynamic light scattering (DLS,
NanoBrook Omni, Brookhaven Instrument Corporation, Holtsville, NY). Briefly, 5.95 mg/L
TiO, was added to either ultrapure water, 0.17 uM of BSA, or 0.17 mM of sodium oxalate,
mixed for 15 minutes, and then 3 mL transferred to a cuvette for the DLS measurement. All
measurements were conducted at 25 °C with a 10 s equilibration time. The HDS was
measured in triplicate at a 90° scattering angle, and the average and standard error of the
effective diameters were reported.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) and X-ray
photoelectron spectroscopy (XPS) were used to characterize the surface composition of P90
and E171. DRIFTS analyses were conducted using an EasiDiff accessory (PIKE

Technologies, Madison, WI) on a Bruker Vertex 70 FTIR. A 6 mm aperture and 10 kHz
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scanner velocity were used with a KBr beamsplitter. For each sample, 64 background scans
were conducted followed by 64 sample scans of 4 cm™! resolution from 400 to 4000 cm-!. All
spectra were analyzed with OPUS 6.5 software (Bruker Corp., Billerica, MA). XPS (PHI,
VersaProbe II) spectra were normalized to the C 1s emission (284.6 ¢V) and fit using PHI
MultiPak software. All samples were analyzed in a window of 124 to 138 eV with a 0.2 eV

step size.

Infrared Spectroscopy Experiments

Adsorption mechanisms of BSA and oxalate onto the TiO, samples were measured
using time-resolved, in-situ attenuated total reflectance Fourier transform infrared (TRIS-
ATR-FTIR) spectroscopy. TRIS-ATR-FTIR experiments were conducted using a Vertex 70
(Bruker Corp., Billerica, MA) equipped with an MCT detector (liquid N, cooled MCT,
InfraRed Associates, Inc., Stuart, FL). The ATR flow-through cell (Pike Technologies,
Madison, WI) was outfitted with an AMTIR internal reflection element (IRE) crystal. Spectra
were corrected and complemented using functions such as atmospheric compensation and
baseline correction available in the OPUS 7.2 software package (Bruker Corp., Billerica,
MA).

To create the particulate films on the IRE crystal, TiO, solutions (1 g/L) were
prepared in ultrapure water by brief mixing followed by bath sonication for 20 minutes
(Branson M3800, 40 kHz). 1 mL of the TiO, suspension was evenly distributed on the
surface of the AMTIR crystal using a pipette and allowed to dry. The film was then exposed

to experimental solutions for analysis. The concentration of TiO, was chosen based on
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outcomes from previous literature*> > and on their acceptable infrared (IR) absorbance
intensity observed by us.

TRIS-ATR-FTIR experiments were conducted in either batch or flow-through mode.
Batch mode was used to determine the adsorption mechanisms of either oxalate or BSA
alone, while flow-through mode was used to simulate changing environments and
competitive adsorption of oxalate and BSA. All IR spectra were obtained from 4000 to 800
cm!at a 4 cm™! resolution averaged over 64 scans. To begin, the film was first exposed to
water for 20 min to saturate the TiO, film with water molecules. This allowed for background
water peaks to be removed. In batch mode, the TiO, film was exposed to either a sodium
oxalate (10 mM) or BSA (10 uM) solution for 20 min, and the final time point was reported.
For flow-through mode (~6.8 mL/min), either oxalate or BSA was first flowed across the film
for 20 min, followed by flowing the other compound for 20 min (i.e., oxalate followed by
BSA). Spectra was recorded approximately every ~8.5 sec. After the second compound,
water was flowed through the system for 20 min to observe the desorption behavior of the
previously adsorbed layers (i.e., oxalate or BSA). All TRIS-ATR-FTIR experiments were
conducted one time, and due to natural heterogeneity resulting from the film preparation,

some variability is expected and thus the results presented are only semi-quantitative.

Computational Analysis of IR Data
For the analysis of the BSA secondary structure, the amide I band (1600—1700 cm!)
was extracted and curve-fitted using Fityk v.0.9.8.5! Before curve fitting, the background

spectra were subtracted from the amide I band followed by atmospheric compensation and
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baseline correction using OPUS. Goodness of fit was analyzed in-software using y?
numerous fits were conducted, and the mean and standard deviation values are reported for
acceptable fits (<0.0002). Generalized two-dimensional correlation spectroscopy (2DCOS)
was used to understand the adsorption dynamics of BSA on TiO; in the presence and absence
of pre-adsorbed oxalate. 2DCOS is a mathematical tool that can interpret overlapping peaks
of IR spectra by spreading the peaks over a two-dimensional array.>? For example, it allows
the use of spectral intensity to examine the changes in sequential order in the denaturation
process of proteins. The major bands and secondary structure of BSA were analyzed using an
opensource 2DCOS software, 2D-Shige (Shigeaki Morita, Kwansei-Gakuin University,
2004-2005). In this study, two scenarios were analyzed with 2DCOS for P90 and E171: (1)
the BSA spectra with no pre-adsorbed oxalate, and (2) the BSA spectra with pre-adsorbed
oxalate. All spectra data were analyzed following the 2DCOS methods discussed

previously.>?

RESULTS AND DISCUSSION
TiO, Material Characterization

The average primary particle size of E171 was previously reported to range from
106-132 nm with a standard deviation of 38-56 nm.>> TEM images of the E171 sample used
in this study showed primary particle sizes within this range (Figure 1). DRIFTS and XPS
analyses indicated the presence of phosphate groups on the surface of the E171 (~2.9% at.
wt.), while no additional surface moieties were observed for P90 (Fig. S2 and Fig. S3,

respectively). The pH,,. of P90 and E171 was approximately 6.0 and 4.5, respectively
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(Figure 2), which is in good agreement with our previous work on the characterization of

different E171 samples.®® 3 54 The lower pH,,. of E171 is attributed to the negatively

oNOYTULT D WN =

9 charged phosphate groups sorbed to the surface of TiO,. As a result, the zeta potential of
12 E171 remained negative at the experimental pH range used in the study (5.1-6.7), while P90

was mostly positive.

Figure 1. TEM images of P90 (a, b) and E171 (¢, d). Images (b) and (d) are higher

56 magnifications of (a) and (c), respectively.
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Figure 2. Average (-potentials of P90 (closed circle) and E171 (open circle) as a function

of pH. Error bars represent one standard deviation.

Adsorption Behavior of Oxalate and BSA onto P90 and E171

IR spectra were collected for oxalate and BSA separately in the absence and presence
of P90 or E171 (Figure 3). The observed IR peak positions for oxalate and BSA are
summarized in Table 1. Compared to the solution-phase spectra (i.e., no TiO,), new peak
development and peak shifting upon adsorption may indicate inner-sphere complexation or
hydrogen bonding between the adsorbate and adsorbent. The solution-phase peaks for oxalate
(Figure 3a) were assigned to the following vibrations: 1308 cm! is CO symmetric stretching
[vi(C-0)], 1566 cm™ is CO asymmetric stretching [v,(C-O)], and 1695 cm! is CO
asymmetric stretching [v,;(C=0)]. The major peaks of the solution-phase IR spectra for BSA
(Figure 3b) were attributed to the amide I, II, and III bands (1651, 1547, and 1252 cm’!,

respectively). The amide I is predominantly CO stretching with contributions from out-of-

11
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phase CN stretching, in-plane NH bending, and CCN deformation.>> The amide I is
predominantly out-of-phase in-plane NH bending and out-of-phase CN stretching with
contributions from CO bending, CC stretching, and NC stretching.>> The amide II is
predominantly an in-phase combination of CN stretching and NH bending.>

For oxalate, the mechanism of adsorption differed for P90 and E171 (Figure 3). For
P90, the peak at 1695 cm™! red-shifted -2 cm™! while 1566 cm! blue-shifted +6 cm™!. These
shifts were accompanied by a reduction in the peak intensity for 1566 cm™! and 1308 cm™!, an
increase in the peak intensity for 1695 cm!, and the formation of two new peaks at 1425 cm!
[V(C-0) + v(C-C)] and 1279 cm’! [vy(C-0O) + 8(0O-C=0)]. For E171, a shift was only
observed for the 1695 cm! peak, with a blue-shift of +4 ¢cm-!. Similar to the P90 results, a
new peak was formed at 1425 cm™'.

The [v{(C-0)] and [v,(C—O)] peaks at 1566 cm™' and 1308 cm!, respectively, are
considered to be weakly adsorbed outer-sphere complexes driven by hydrogen bonds
between COO™ of oxalates and O—H®" and/or water molecules anchored on the surface of
Ti0,.°%-58 The peaks at 1693-1699 cm!, 1425 cm™!, and 1279 cm™! are associated with inner-
sphere complexes between COO™ and Ti ions of Ti0,.°%0 Thus, P90 conclusively forms an
inner-sphere complex with oxalate because of the significant decrease in peak intensity for
1566 cm! and 1308 cm!, the red-shift of 1566 cm!, the increased intensity for 1693 cm!,
and the formation of new peaks at 1425 cm™!' and 1279 cm!. For E171, oxalate presumably
formed a mixture of outer- and inner-sphere complexes because the physisorption related
peaks at 1566 cm™!' and 1308 cm! were still present and the chemisorption related peak at

1425 c¢cm™! was formed. E171 is coated with phosphate groups resulting in a negatively

12
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charged surface at the experimental pH (i.e., Figure 2), and oxalate is also negatively charged
at this pH (i.e., HC,0,/C,04%). This results in repulsive forces that reduce the transport of
oxalate to the surface of TiO,, inhibiting the formation of inner-sphere complexes. However,
IR evidence of chemisorption suggests phosphate does not completely inhibit oxalate from
entering the inner Stern layer, which is supported by previous reports on competitive sorption
between oxalate and phosphate.®!-6> Thus, either the phosphate does not completely cover the
surface or oxalate is able to displace the bound phosphate. The latter is presumably the
dominate mechanism as phosphate and oxalate have similar binding constants for TiO, %, and
thus exchange is possible.

For BSA, sorption onto P90 and E171 was apparent as wavenumber shifts were
observed for the amide I and III bands and the absorption intensity the amide I/II ratio
increased compared to the solution-phase spectra (Figure 3; Table 1). This suggests
conformation changes of the secondary structure occurred upon adsorption.®®7" The
wavenumber shift for the amide I band was identical for P90 and E171, despite their
difference in surface chemistry. The blue-shift of the amide I from 1651 to 1657 cm™! was
presumably from the reduction of intramolecular hydrogen bonding and transition dipole
coupling of BSA,%%71- 72 resulting from protein unfolding upon adsorption to the TiO,.

Though the peak shift of the amide I was identical for P90 and E171, the difference in
the amide I shape and the amide I/Il ratio suggests the conformational changes upon
adsorption were different. Protein adsorption in aqueous solution follows a general three-step
process: (1) transport from the bulk to the surface film, (2) attachment to the surface, and (3)

rearrangement on the surface, which will change the surface potential and expose different

13
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portions of the protein that facilitate further adsorption and structural changes. In an unmixed
system, transport is driven by diffusion and is typically the controlling kinetic process.”
Attachment occurs through long- and short-range forces, but long-range forces (e.g.,
electrostatics) are critical to guiding the protein to favorable sorption sites, whereas
immobilization only occurs through strong interactions with the surface.’ In our system, the
zeta potential of P90 and E171 at the experimental pH of 5.1 was approximately +27.5 and
—35 mV, respectively. Thus, at this pH the surface of P90 was composed mostly of Ti-OH,"
and Ti-OH groups (i.e., pH,p. = 6.0), and E171 was dominated by H,PO4 groups (i.e., pKy; =
2.15, pKq, = 7.20). The pH,, of BSA is approximately 4.87° and thus it would be slightly
deprotonated.

For BSA sorption to P90, electrostatic attraction between Ti-OH," groups and
deprotonated moieties on BSA was likely the initial driving force, followed by strong
interactions and structural rearrangement upon entering the inner Stern layer. For E171,
electrostatic repulsion between negatively charged phosphate groups and deprotonated
moieties on BSA suggests transport to the inner layer and chemisorption are not favorable;
however, the pH,,. represents the global charge, but BSA consists of a mixture negatively
charged (i.e., carboxyl), positively charged (i.e., amino), polar, and nonpolar segments. This
results in a complex sorption mechanism that can be spontaneous even in unfavorable
electrostatic conditions.”® Two modes of attraction are possible: (1) the amino groups were
attracted to the negatively charged phosphate groups or (2) non-electrostatic forces between
TiO, and BSA overcame the weak repulsive forces, allowing BSA to attach to the TiO,

surface and then rearrange. Both or one of these mechanisms are possible and have been

14
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discussed at length previously for protein adsorption to surfaces;’®%® however, previous
studies have shown phosphate can either complex with BSA3!- 84 or block the adsorption of
BSA,® which conflicts with either of the proposed attachment hypotheses. Kinetic and
secondary structure analyses were conducted to further elucidate the adsorption mechanism

of BSA onto P90 and E171 under varying scenarios.

Table 1. Summary of major IR bands for BSA and oxalate in the absence and presence

of P90 or E171. Oxalate’® 60: 86,37 and BSA%" 38 bands were previously identified.

BSA Oxalate
s;g:sign P90 | E171 Sgi;t;gn P90 |E171 Assignment
1695 | 1693 | 1699 Vas(C=0)
1651 | 1657 | 1657 Amide I
1566 | 1572 | 1566 Vas(C-0)
1547 | 1547 | 1547 Amide TI
1402300 00 Amide T
1248 | 1248
1425 |1425| v{(C-0) +v(C-C)
1308 | 1308 |1308 vy(C-0)
1279 vy(C-0) + 3(0-C=0)

15
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(a) Vas{C=0) Vi{C-0) + V(C=C) (b) amidel amide I
1695cm?  (c-0) 1423cm? v(C0) 1651 cm?® 1547 cm?

1566 . 1308 cm™ d A
cm” ; " |
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P90
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24 1800 1600 1400 1200 1800 1600 1400 1200

25 Wavenumber (cm-?) Wavenumber (cm™)

28 Figure 3. Batch ATR-FTIR spectra (64 scans, 4 cm’!) of oxalate and BSA in the
31 presence of P90 and E171 films. (a) From bottom to top: aqueous oxalate, oxalate and
P90, oxalate and E171. (b) From bottom to top: aqueous BSA, BSA and P90, and BSA

36 and E171. The unadjusted pH of samples was 6.7 for oxalate and 5.1 for BSA.

42 Sorption Kinetics of BSA

45 The dynamic sorption behavior of BSA in the presence of oxalate was investigated for
P90 and E171 under two experimental scenarios: (1) a BSA solution was flowed through the
50 system, followed by an oxalate solution (Figure 4 a,c); (2) an oxalate solution was flowed
53 through the system, followed by a BSA solution (Figure 4 b,d). The purpose of the first
55 scenario was to evaluate the effect of DOC (i.e., oxalate) on adsorbed BSA that was already

58 formed on TiO, (e.g., a protein coated ENM entering the aquatic environment). The purpose

16
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of the second scenario was to investigate how pre-adsorbed DOC affected the adsorbed BSA

(e.g., a DOC coated ENM entering the bloodstream). The flow-through experiments are

useful since this presents a more realistic scenario (e.g., a lake that has a pseudo-constant

high concentration of DOC compared to the protein). For both scenarios, an additional phase

was conducted at the end to investigate desorption behavior by water. The C=0 and amide 11

vibrations were selected as representative bands for oxalate and BSA, respectively. The

amide II band is good for monitoring and quantifying protein adsorption because it is less

sensitive to structural changes and has less interferences from the absorbance of the water

band at ~1640 cm!.30.49.50

BSA -> Oxalate

Oxalate - BSA

3 {a) BSA Oxalate UPW gl {b) Oxalate BSA UPW
| e—rricle 1 4
08 | = e =0 (Oxalate) - 0g
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Oxalate BSA UPW
1 % UPW . (d)
0.8 \ 08
: |
_E 06 5
E171]
<04 - 04 ‘
0.2 0.2 -
"Mhﬂosu-‘-u \h..ﬂb'\t"\‘l e
o : B e tetuhaten nl L T TR 0 gy | i A ” §
; ! : : 0 10 20 30 40 50 60
0 10 20 20 40 50 &0 ; .
Time (min) Time [min)

Figure 4. Flow-through ATR-FTIR spectra (64 scans, 4 cm™') for BSA in the presence

and absence of pre-formed oxalate layers on P90 (a, b) and E171 (¢, d) films. All

17
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absorbances were normalized to the maximum value recorded. The amide II (1547 cm!)
and C=0 (1693 cm™! and 1699 cm! for P90 and E171, respectively) peaks were selected
for BSA and oxalate, respectively. Each dataset has three sequential phases: flow
BSA/oxalate solution — flow oxalate/BSA solution — flow water. The vertical lines

represent the time point at which each phase transitioned (e.g., 20 min).

The IR absorbance values of BSA and oxalate adsorption onto P90 were
approximately an order of magnitude greater than E171 (Fig. S4) because of the greater
available surface area per mass for P90 and more favorable sorption mechanism (i.e.,
chemisorption). To equally compare the kinetics between samples, the absorbance values
were normalized to the maximum observed value for each phase (e.g., for the BSA phase in
Figure 4a, all values were normalized to 0.301).

The Elovich, pseudo zero-order (PZO), pseudo first-order (PFO), pseudo second-
order (PSO), and parabolic diffusion models are commonly used to empirically fit sorption
data.??-2 None of these models were found to accurately describe any of the BSA adsorption
(i.e., to P90 and E171 in the presence and absence of pre-adsorbed oxalate) datasets across all
time points, indicating the presence of different sorption mechanisms. Heterogeneous
sorption reactions are not easily described by a single kinetic model, and often sorption
reactions are modeled without consideration of early, diffusion driven timepoints.®!> 3
Schmidt et al.*’ found the simplified Elovich and PSO models to fit the adsorption of BSA to
montmorillonite, but early time points in the Elovich model were not predicted well,

suggesting diffusional control in this region. In our study, we found a mixture of PZO and

18
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PSO models at early and late times, respectively, described the data well (R? > 0.99, data not
shown). The is presumably due to the mixture of sorption mechanisms involved with protein
adsorption including physisorption, chemisorption, and structural rearrangement. These
empirical kinetic models generally lead to “good fits” because early and late times do not
skew the correlation significantly. Because of the complexity of the sorption mechanisms, the
inconsistency in the models used to obtain rate constants, and the variability from a lack of
experimental repetitions, we instead report the initial slopes of the sorption kinetic curves to
gain a general understanding of the behavior. The normalized absorbances were used to
calculate the initial rates of adsorption for BSA and oxalate, which corresponded to the initial
linear slope of the datasets.

For the first scenario, the initial rates of adsorption of BSA onto P90 (Figure 4a) and
E171 (Figure 4¢) were 0.106 and 0.235 a.u. s’!, respectively. The faster rate of adsorption
onto E171 suggests the sorption behavior was dominated by physisorption compared to P90,
which was likely a mixture of physi- and chemi-sorption. For P90 and E171, the addition of
oxalate after BSA sorption caused BSA to partially desorb, which continued into the
subsequent water phase. This indicates a fraction of BSA was weakly or reversibly adsorbed.
The desorption was more apparent for E171, which confirms the sorption of BSA was

dominated by physisorption mechanisms.

For the second scenario, with oxalate pre-adsorbed to the surface, the sorption kinetics
and behavior of BSA changed for both P90 and E171 (Fig. 4; Fig. S5a). The initial rate for
P90 (Fig. 4b) was 0.011 a.u. s''; however, the kinetics for P90 with pre-adsorbed oxalate were

not straightforward and the use of a single initial rate is misleading. Instead, four distinct
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kinetic regions were observed (Fig. S5b): (1) BSA adsorption was initially slow (0.011 a.u. s
1); (2) the rate increased slightly (0.019 a.u. s!); (3) the rate increased (0.098 a.u. s’) to a
similar rate as BSA adsorption on bare P90 (0.106 a.u. s!); (4) the rate slowed (0.037 a.u. s),
and then sorption continued into the water phase until reaching equilibrium. In the first two
regions, BSA was presumably competing with oxalate for sorption sites, and oxalate was
being displaced or rearranged as indicated by the decrease in the oxalate absorption intensity.
In the third region, BSA adsorption preceded at a similar rate as to when no oxalate was
present, suggesting oxalate had been partially displaced in favor of BSA. However, the
absorption intensity of oxalate began increasing back to its original value precisely in this
region even though there was no oxalate being added. This suggests oxalate was only being
temporarily displaced or rearranged initially and then re-adsorbed simultaneously with BSA.
In the last region, BSA sorption slowed as it approached saturation conditions. This suggests
oxalate partially hindered the rate of adsorption of BSA but did not completely inhibit it.
During the water phase, BSA was not desorbed as observed in the first scenario, rather it
continued to adsorb, further providing evidence oxalate slows the adsorption kinetics of BSA
with continued rearrangement and sorption. The adsorption behavior of BSA and oxalate in
both scenarios is conceptualized in the schematic presented in Figure 5.

For the adsorption of BSA onto E171 with pre-adsorbed oxalate (Fig. 4d), the initial
rate was slower (0.141 a.u. s’!) than in the absence of pre-adsorbed oxalate (i.e., Fig. 4b;
0.235 a.u. s!). No desorption of BSA from E171 occurred during the water phase, contrary to
the first scenario, suggesting there is some degree of interaction between oxalate and BSA

resulting in irreversible sorption of BSA. Similar dynamic interactions between natural
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organic matter (NOM) and BSA were observed for TiO,, where the adsorption behavior was
dependent on the “history” of exposure.’> When NOM and BSA were introduced
simultaneously, an NOM-BSA complexed species adsorbed to TiO, and multilayer sorption
was inhibited. When the species were introduced sequentially (i.e., NOM and then BSA), the
NOM dominated inner-layer adsorption with BSA populating the outer-layers of the
macromolecular coating. Similar results have been reported regarding the competitive
adsorption between humic acid and BSA onto TiO,.°* Humic acid adsorbed to TiO, without

displacing BSA due to non-specific hydrophobic interactions between adsorbate species.

The association of DOC (e.g., oxalate) with proteins has been contributed to m—n
interactions, dipole—dipole bonding, electrostatic attraction, and hydrophobic interactions.*>
9398 However, because both oxalate (pK,, = 4.26) and BSA (pH,,. = 4.8) are negatively
charged at the experimental pH range (5.1—6.7), electrostatic attraction is not expected to be a
major contributor. Additionally, the hydrophilic nature of oxalate will limit hydrophobic
interactions. Therefore, dipole-dipole interactions (e.g., hydrogen bonds) and/or n—m
interactions of C atoms of BSA and oxalate are presumably the main complexation
mechanisms that overcome the electrostatic repulsion between BSA and oxalate, resulting in
irreversible sorption of BSA.

For all scenarios, the sorption of BSA onto E171 was faster compared to P90 (Fig.
S5), presumably due to the physisorption-dominated mechanisms due to the phosphate bound
to the surface of the TiO,. For both P90 and E171, the addition of oxalate to the system prior
to BSA resulted in slower sorption kinetics of BSA, and its post addition resulted in the

desorption and/or rearrangement of surface-adsorbed BSA. The rebound in oxalate
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adsorption after desorption suggests its displacement was only temporary. These results
collectively indicate the “history” of the nanoparticle exposure can affect the kinetic and
equilibrium conditions, and thus the resulting transport and bio-activity behavior of the
nanoparticle. Consequently, accurate modeling of the protein corona formation will not be
straightforward, and simply knowing the pristine or manufactured state of the nanoparticle or
the environment it is exposed to (e.g., blood) will not be sufficient. Knowledge of the surface

chemistry just prior to the protein corona formation will be critical.
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Figure 5. A representative schematic of the adsorption behavior of BSA onto (left to
right): bare P90, bare E171, P90 with pre-adsorbed oxalate, E171 with pre-adsorbed

oxalate. The “P” represents phosphate groups. Figure is not to scale.

The adsorption behavior of BSA and oxalate onto the TiO, ENMs was confirmed by
analyzing the stability, HDS, and zeta potential (Table S2 and Fig. S6), and by imaging with
TEM (Fig. S7). In water, P90 is stable but aggregated with an HDS of 279 + 3.4 nm. In the
presence of BSA and oxalate, the HDS of P90 increased to 1116 £ 75.6 nm and 2112 £+ 167
nm, respectively. A corresponding decrease in the zeta potential from positive to negative
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values was observed for each. In the presence of both BSA and oxalate, the HDS did not
change significantly for P90 (302 + 4.2 nm), but the negative magnitude of the zeta potential
increased. This suggests the BSA and oxalate complex adsorbs to P90 and stabilizes it
through increased electrostatic repulsion. For E171, only the addition of BSA significantly
altered the HDS (315 £ 9.9 nm to 464 + 0.3 nm) and zeta potential (-27.3 £ 2.9 mV to -0.2 £
0.8 mV). Results of the settling (i.e., stability) experiments in Fig. S6 showed only P90 with
oxalate became unstable within 2 hrs, but both P90 and E171 with BSA became unstable
within 24 hrs. The mixture of oxalate and BSA did not result in instability within 24 hrs,
confirming the complexed BSA-oxalate species exhibits a different adsorption behavior than
BSA or oxalate alone. This agrees with previous outcomes on the competitive sorption
between NOM and BSA.3? TEM images confirmed the presence of BSA adsorbed to P90 and
E171 (Fig. S7). These outcomes collectively support the molecular-scale observations that
protein adsorption, which alters the surface chemistry of the ENMs, is significantly affected

by both the inherent surface chemistry of the ENM and the exposure to DOC.

Analysis of the Secondary Structure of BSA

The secondary structure of BSA was evaluated for the two scenarios described in the
previous section to determine conformational changes occurring upon adsorption to TiO, in
the presence and absence of DOC (i.e., oxalate). The secondary structure of BSA was
investigated using the amide I band (~1600—1700 cm™!), which is sensitive to changes in
secondary structure.®® % The amide I band of BSA was deconvoluted into B-sheets/turns, o-

helices, random chains, extended chains/B-sheets, and side chain moieties (Fig. 6).
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Wavenumber ranges for each component of the BSA secondary structure are summarized in
Table S1.44 35, 68,99-101 The v, (C=0) peak for oxalate was also fitted for relevant experimental

results. The deconvoluted peak area percentages were determined as a function of the total

amide I area to evaluate specific component changes with varying conditions (Table 2). The

a-helix portion was used to evaluate perturbations and unfolding of the BSA structure.® 102
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(a) (b) N (c)
e =
s
=]
z
P90 £
£
J — <
1700 1680 1660 1640 1620 1600|1700 1680 1660 1640 1620 1600 | 1700 1680 1660 1640 1620 1600
(d) (e) (f)
]
£
2
z
[
E171 £
<
) X A\ S\

1700 1680 1660 1640 1620  1600{1700 1680 1660 1640 1620 1600|1700 1680 1660 1640 1620 1600

Wavenumber (cm™) Wavenumber (cm)

() ~
- = = Amide | Peak fitted
. ' ) Vas C=0 B-sheets/turns
Solution a-helices Random chains
Extended chains/B-sheets —— Side chain moieties
1700 1680 1660 1640 1620 1600
Wavenumber (cm?)

Figure 6. The amide I band and secondary structure deconvoluted peaks of BSA for the
different experimental scenarios involving (a-f) P90 and E171 and (g) the solution-phase

with no TiO, or oxalate present.

The a-helix content of BSA on the bare IRE was 53.6% (i.e., solution-phase). Upon
adsorption to P90, the a-helix content decreased to 26.3%, which is in agreement with
previous studies showing when proteins adsorb to surfaces they lose their helical structure
due to strong interactions between the protein and surface (e.g., chemisorption, hydrogen

bonding).”% 76, 103, 104 In the presence of pre-adsorbed oxalate on P90, the a-helix content was
24
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comparatively higher at 34.0%, indicating a lower degree of unfolding. Likewise, even when
BSA was adsorbed first, the subsequent addition of oxalate to the system resulted in a higher
a-helix content (32.9%) compared to the solution-phase BSA. These results suggest the
displacement of BSA by oxalate allowed BSA to fold back into its a-helix structure, and this
agrees with the kinetic data (i.e., Figure 4) showing the desorption and/or rearrangement of
BSA when oxalate was introduced. The unfolding of BSA a-helix has been suggested to
proceed through B-sheets/chains and then to B-sheet/turns.*> 68 The total B-content (i.e.,
extended and turns) for P90, P90 with pre-adsorbed oxalate, and P90 with adsorbed BSA and
subsequent oxalate exposure was 40.9%, 30.9%, and 30.1%, respectively. This increase in [3-
content agrees with the decreasing trend observed for the a-helix content. The addition of a
final water desorption phase for the latter two experiments did not significantly alter (i.e.
<5%) the o-helix content (not shown, 34.5 and 35%, respectively). Thus, even though the
desorption behavior differed between the two scenarios (i.e., Figure 4 a, b), water did not
have a measurable effect on conformational changes. Collectively, these results suggest the
presence of oxalate, whether it is pre-adsorbed or introduced after BSA adsorption, affects
the conformational state of BSA on P90.

The a-helix and total B-content of BSA on E171 in the absence of oxalate was 54.9%
and 31.5%, respectively. These were similar to the solution-phase BSA contents (53.6%,
21.4%, respectively), suggesting BSA was weakly sorbed to E171, and the presence of
phosphate groups on the TiO, surface deterred conformational changes. The presence of pre-
adsorbed oxalate on E171 reduced the a-helix content to 44.7%, again indicating the ability

of oxalate to induce conformational changes, as seen with P90. Interestingly, the a-helix
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content of BSA on both E171 and P90 pre-adsorbed with oxalate were markedly different
(44.7% and 34%, respectively). This suggests the just the presence of oxalate alone does not
determine the conformation of BSA, but rather the binding mechanism of oxalate to TiO,
affects how BSA conforms on the surface. The energetics of oxalate would be different since,
as discussed previously, oxalate is strongly bound in the inner Stern layer to P90, but weakly
bound in the outer Stern layer to E171 due to its phosphate coating. Thus, the phosphate
coating appears to play a significant role in altering the sorption of oxalate and in turn the

conformational changes of BSA upon adsorption.

Table 2. Relative percent contribution of each secondary structure of BSA adsorbed on
P90 and E171 ENMs. Goodness of fit was analyzed using »>; numerous fits were
conducted, and the mean and standard deviation values are reported for acceptable fits

(<0.0002). OX = oxalate.

Side chain Extended Random B- Vas
a-helices
moieties chains/B-sheets chains sheets/turns C=0
BSA
29+0.3 156 +2.8 22.1+4.0 53.6+4.9 58+03 -
solution
BSA 9.3+£0.1 11.4+0.1 23.6+£00 263+0.0 29.5+0.0 -

P90 BSA —-0OX 10.6%0.0 9.6+0.0 23.0+£0.0 329+0.1 20.5+0.1 33+0.0
OX —-BSA 9.1+£0.1 109+0.2 222+0.1 340+£0.1 20.0+0.1 3.0+0.0

BSA 49+0.6 194+28 87+33 549+14 12.1+£03 -
E171 BSA—-0X 3.5+£0.0 20.3+£0.0 73+0.1 581+0.1 102+0.0 0.6+0.0
OX —-BSA 28+0.1 274+0.3 121+03 447+03 125+01 04+0.0

Analysis of the Sequential Changes of the Secondary Structure using 2DCOS
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Changes in the protein secondary structure upon adsorption are often rapid and
simultaneous, making it difficult to determine the unfolding sequence. 2DCOS is a useful
technique that can be used to deconvolute overlapping one-dimensional IR peaks that occur
due to an external perturbation (i.e., time).#% 52 105,106 [t was used herein to determine the
sequence of secondary structural changes that occurred during the first minute of adsorption.
Figure 7 shows synchronous (real components) and asynchronous (imaginary components)
2DCOS plots and the spectrum analysis for the amide I secondary structures of BSA upon
adsorption onto P90 and E171 in the absence and presence of oxalate. The sequential changes
of the secondary structure of BSA upon adsorption was determined by the location and signs
of cross peaks (v1, v2) in the synchronous and asynchronous spectral plots. When the sign of
cross peaks is positive in the synchronous plot, both vl and v2 increase or decrease
simultaneously as adsorption progresses. In contrast, when the sign of cross peaks is negative,
an opposing trend occurs, and vl increases while v2 decreases or vice versa. For the
asynchronous plot, the cross peak shows a sequential change of spectral intensities that
occurs as the external perturbation (time) is applied to the two waves, vl and v2. In other
words, variations in the dynamic changes observed for vl and v2 can be seen from the
asynchronous spectrum, where associated signs are expressed in red (+) and blue (—) (Fig. 7
and Fig. S8). For the asynchronous cross peaks, there are four scenarios that can occur in the
adsorption event and these are separated into the upper left and lower right regions of the
spectrum plot (e.g., Fig. S8): (1) if the cross peaks are located in the upper left (i.e., vl <v2)
and are positive (i.e., red), then the lower wavenumber, vl, occurs before the higher

wavenumber, v2; (2) if cross peaks are located in the lower right (vl > v2) and are positive

27

Page 28 of 42



Page 29 of 42 Environmental Science: Nano

(red), then the higher wavenumber, v1, occurs before the lower wavenumber, v2; (3, 4) if the

sign of the cross peaks is negative (blue), then the order is reversed for those regions.
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Figure 7. 2DCOS synchronous and asynchronous spectra and the sequential order of
the BSA secondary structures upon adsorption to P90 and E171. In the plots, the
contour lines (black) and the colored regions (blue, red) represent the absorption
intensities from synchronous and asynchronous spectrum, respectively. The IR peaks
are the secondary structures of BSA. In the tables, the horizontal row and vertical
column wavenumbers are vl and v2, respectively. Except for (b), all synchronous
secondary structure peaks were +, so the + or — shown in the tables are for the
asynchronous spectra peaks. For (b), the parentheses represent the synchronous and

asynchronous spectra, respectively, e.g., (-,-).

At early time points (<1 min), an additional secondary structure peak was observed
between 1690-1700 cm!, which has been identified as an additional B-sheets peak.>> 100, 101
This B-sheets peak was distinguishable from the adjacent B-sheets/turns peak at early time
points when the intensity of the B-sheets/turns peak was weak. As time progressed, the
intensity the B-sheets/turns peak increased, while the B-sheets peak did not, and it became
negligible in comparison. This additional B-sheets peak was not observed in the secondary
structure peaks of BSA adsorbed onto E171.

For BSA adsorption to P90, the sequence of secondary structures observed
immediately upon adsorption was random chains — a-helix — B-sheets/turns — side chain
moieties — B-sheets (1631 cm™') — B-sheets (1693 cm™'). In the presence of pre-adsorbed
oxalate, the adsorption sequence of the BSA secondary structure was: a-helix — -

sheets/turns — random chains — side chain moicties — B-sheets (1629 cm™') — B-sheets
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(1695 cm!). Upon adsorption, the sequential changes of the secondary structure in the
absence and presence of pre-adsorbed oxalate were similar with a general trend indicating the
unfolding of BSA from o-helix to B-sheets.

For BSA adsorption to E171 in the absence of oxalate, the sequence of secondary
structures observed upon adsorption was: B-sheets/turns — random chains — B-sheets — a-
helix — side chain moieties. In the presence of pre-adsorbed oxalate, the adsorption sequence
of the BSA secondary structure was side chain moieties — o-helix — random chains — B-
sheets (1633 cm™') — B-sheets/turns — B-sheets (1695 cm™!). In the absence of oxalate, the
adsorption of BSA onto E171 was random and no clear unfolding trend was observed. As
discussed previously, this suggests phosphate inhibits the binding of BSA to TiO,, and no
mode of attraction (e.g., amino group attraction to Ti-OH,") allows BSA to approach the
surface. This also agrees with the secondary structure analysis that showed minimal a-helix
loss. In the presence of oxalate, the resulting sequence suggests unfolding occurred from o-
helix to B-sheets/turns and this behavior was comparable to P90 in the presence of oxalate.
The similar unfolding of BSA on P90 and E171 with pre-adsorbed oxalate indicates oxalate

serves a specific role in the adsorption of BSA.

Conclusion

The inherent surface chemistry of ENMs is known to control the sorption of proteins,
but little evidence has been provided on how the release of ENMs to the environment prior to
biological uptake affects the protein corona formation. In this study, we used TRIS-ATR-

FTIR to investigate the sorption of a model protein, BSA, onto two different types of TiO,
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ENMs (catalytic-grade P90 and food-grade E171) in the presence and absence of a simple
DOC molecule, oxalate. TiO; is a commonly used model ENM in fate, transport, and toxicity
studies because of its stability, widespread use, and low cost, but historically these studies
have been conducted with catalytic grade TiO, (e.g., P90) instead of the more prevalent food-
grade TiO,, E171. Though a single protein (i.e., BSA) was used in this study, outcomes can
be collectively used to understand protein corona formation. The inherent presence of
phosphates on the surface of E171 will affect the sorption behavior of DOC and proteins, the
presence of pre-adsorbed DOC on TiO2 will significantly change the adsorption behavior of
proteins. The mechanism by which DOC is bound to TiO, will impact the adsorption
behavior of proteins significantly more than considering just the presence of DOC on the
Ti0, surface.

Beyond medical applications, ENMs are unlikely to be taken up by organisms without
first being exposed to natural (e.g., streams) or engineered systems (e.g., wastewater
treatment plant). Thus, when considering the impact of the protein corona on the bioactivity
of ENMs, not only must the “history” of the ENM be considered to understand how sorbed
compounds affect its surface chemistry, but also the mechanism by which these compounds
are bound to the ENM (e.g., chemisorbed), as this will impact the ensuing sorption kinetics
and equilibrium behavior of proteins. Moving forward, using the outcomes of the simplistic
systems used in this study as baseline knowledge, future studies should consider increasingly
complex systems that have protein mixtures, more complex DOCs (e.g., humic acid), and the
presence of other potentially complexing constituents (e.g., calcium), all while keeping in

mind that the inherent ENM properties can affect these outcomes.
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The adsorption and unfolding behavior of bovine serum albumin onto catalytic- and food-
grade titanium dioxide nanoparticles is dependent on the surface chemistry of the
nanoparticles and their environmental exposure history.
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