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Bovine serum albumin (BSA) adsorbed on amorphous silicon dioxide (SiO2) nanoparticles was

studied as a function of pH across the range of 2 to 8. Aggregation, surface charge, surface

coverage, and protein structure were investigated over this entire pH range. SiO2 nanoparticle

aggregation is found to depend upon pH and differs in the presence of adsorbed BSA. For SiO2

nanoparticles truncated with hydroxyl groups, the largest aggregates were observed at pH 3, close

to the isoelectric point of SiO2 nanoparticles, whereas for SiO2 nanoparticles with adsorbed BSA,

the aggregate size was the greatest at pH 3.7, close to the isoelectric point of the BSA-SiO2

complex. Surface coverage of BSA was also the greatest at the isoelectric point of the BSA-SiO2

complex with a value of ca. 3 61� 1011 molecules cm�2. Furthermore, the secondary protein

structure was modified when compared to the solution phase at all pH values, but the most

significant differences were seen at pH 7.4 and below. It is concluded that protein–nanoparticle

interactions vary with solution pH, which may have implications for nanoparticles in

different biological fluids (e.g., blood, stomach, and lungs). VC 2017 American Vacuum Society.

[http://dx.doi.org/10.1116/1.4982598]

I. INTRODUCTION

Nanotechnology is a rapidly growing field, thereby

increasing concerns over potential human exposure to and

environmental accumulation of nanoparticles. Oxide nano-

particles, including silicon dioxide (SiO2), are widely used

in industrial applications, consumer products, and the bio-

medical field.1–3 Commercially available nanoparticles

approved for food and pharmaceutical use, Cab-O-Sil HS-5,

have been chosen for these studies to span the range of

potential applications. The potential of these nanoparticles to

enter the human body increases with each new application

and use. Furthermore, the disposal of these particles includes

disposing into water bodies. Therefore, it is critical that

nanoparticle interactions with biological systems and

biological components are studied in aqueous environments.

Oxide nanoparticles, including metal oxide nanoparticles,

have been widely studied for protein–nanoparticle interac-

tions.4 Certain metal oxide nanoparticles, such as zinc oxide,

can readily dissociate in aqueous media leaching metal ions

which can cause toxicity.5–7 SiO2 nanoparticles are of inter-

est because they are widely accepted as nontoxic8 and

therefore are becoming increasingly utilized.9 As a result,

their potential for accumulation and transport in aqueous

environments is high.

Nanoparticles that enter the human body are immediately

coated with a protein corona, a dynamic entity comprised of

biological components that encounter the nanoparticle

including mainly proteins as well as some salts and other

molecules.10,11 The protein corona then interacts directly

with cells and tissues in the body and determines the fate of

nanoparticles.10–12 Therefore, studying the nature of the pro-

tein corona becomes crucial in determining the implications

of internalized nanoparticles toward human health. For these

studies, we have used a model protein, bovine serum albu-

min (BSA), to investigate the effects of pH on the corona.

Serum albumins are important for human health studies

because they are the most abundant protein in the blood,

making up slightly more than half of the total protein con-

tent.13,14 Furthermore, BSA is 98% similar to the human

analog while being more widely studied.15,16 The pH-depen-

dent structural changes of both BSA and its human analog

human serum albumin have been well characterized.17–22

BSA exists in three known forms, depending upon pH. The

normal (N) form exists above pH 4.5, at physiological

conditions, and has a compact, triangular, or heart shapea)Electronic mail: vhgrassian@ucsd.edu
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(Fig. 1).23 As the pH lowers toward more acidic conditions,

the BSA molecule extends its structure, becoming more lin-

ear.15,16 The extended (E) form of BSA exists below pH

4.0.15,16 Between the N- and E-forms of BSA, there exists

the fast (F) form (pH 4.0–4.5); in this region, BSA quickly

transitions from the N-form to the E-form.15,16 Further, the

secondary structure of BSA has been studied using circular

dichroism spectroscopy and attenuated total reflectance

Fourier transform infrared (ATR-FTIR) spectroscopy. Most

commonly, the alpha-helix content reported for BSA in

aqueous media is 66%–68%.24–26 However, it has been

shown that under acidic conditions and/or upon adsorption,

the alpha helical structure of BSA decreases.13,27

The adsorption of proteins, including BSA, on nanoparti-

cle surfaces has been investigated in terms of impacts on

nanoparticle aggregation, protein coverage, and protein

structure.27–33 Investigations on the effects of pH have been

conducted and shown that protein adsorption is the greatest

at or near the isoelectric point,34–37 and there is not necessar-

ily a pH-dependent trend for protein adsorption to nanoparti-

cle surfaces away from the isoelectric point.37 Aggarwal

et al. conducted a study on pure silica and zirconia nanopar-

ticle surfaces and a mixture of nanoparticle surfaces and

found that the composite surface better retains the native

protein structure upon adsorption.38

ATR-FTIR spectroscopy is particularly useful for real-

time in situ analysis of protein adsorption on metal oxide

nanoparticles.30,39–42 This technique probes the interfacial

region between a nanoparticle thin film and the protein due

to the evanescent wave produced from each reflection as

well as the transparency of the metal oxide nanoparticle

layer in the infrared region.39,42 Proteins exhibit characteris-

tic absorption bands due to vibrational modes of the protein

backbone. In particular, three amide regions exist, the amide

I region which extends from 1600 to 1700 cm�1 is mainly

due to C¼O stretching; the amide II and III regions are due

(mainly) to the out-of-phase and in-phase coupled motions

of the C-N stretching and the N-H bending, respec-

tively.13,43,44 The amide I and amide III regions can be used

to determine secondary structure information; however, the

amide III band has a much lower intensity than amide I, and

therefore, the amide I peak is often used for secondary struc-

ture analyses.33,45

The amide I band has well characterized component

bands of different frequencies corresponding to secondary

protein structural motifs such as alpha heli-

ces.13,24,28,40,43,44,46–48 Additionally, the amide I peak will

shift to lower wavenumbers when there are an increasing

number of hydrogen bonds between the protein and the sur-

face.49 The frequencies of these absorbance bands may shift

as a function of pH, and additional bands arise due to proton-

ation/deprotonation of acidic and basic sites within the

amino acid residues that make up the protein.41,42 pH-depen-

dent studies of proteins on nanoparticle surfaces have indi-

cated that the isoelectric point of the protein corresponds to

the greatest adsorption onto the nanoparticle surface, inde-

pendent of the point of zero charge for the nanoparticle sub-

strate.34–37 However, other studies indicate that the

isoelectric point of the substrate determines maximum pro-

tein adsorption.48,50 Quantification of protein adsorption has

been done in the past using ATR-FTIR spectroscopy in an

equilibrium state; however, here we use thermogravimetric

analysis (TGA) to determine the number of protein mole-

cules which adsorb to a nanoparticle surface.37,40 Previous

studies of BSA adsorption have focused primarily on sec-

ondary structure analysis rather than protein surface

coverage.13,31,33,51,52

In this study, we combine ATR-FTIR spectroscopy and

TGA to obtain the time- and pH-dependent spectra of BSA

on SiO2 and quantify the adsorption and the structure of

BSA on the surface. Protein adsorption, protein coverage,

and protein structure have not been investigated previously

in an integrated study. We also have measured nanoparticle

aggregation and surface charge using dynamic light scatter-

ing (DLS) to determine the isoelectric points of our materials

and the tendency toward aggregation of these nanoparticles

in aqueous environments. The results from these experi-

ments provide an important step in better understanding pro-

tein adsorption on nanoparticle surfaces and the resulting

protein corona as a function of solution pH.

II. EXPERIMENT

A. Nanoparticle characterization

The hydrophilic fumed SiO2, Cab-O-Sil HS-5
VR

, was

obtained from the Cabot Corporation and used with no fur-

ther processing. Transmission electron microscopy (TEM,

JEOL JEM-1230) was used to determine the size and size

distribution of individual nanoparticles. A 100 lg/ml solu-

tion of SiO2 nanoparticles in isopropanol was prepared and

sonicated using a probe sonicator for 10 min at an amplitude

of 40% in 20 s on and 10 s off intervals. A single drop was
FIG. 1. Structure of BSA in its native form, “N-form,” as appears at physio-

logical pH (PDB ID 4F5S).
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added to a Formvar-coated copper TEM grid (Ted-Pella,

Inc.) and allowed to dry overnight before imaging. The parti-

cle size was determined using IMAGEJ software. Brunauer-

Emmett-Teller (BET, Quantachrome BET Nova 4200e)

analysis was used to determine the surface area of the nano-

particles. SiO2 nanoparticles were allowed to degas at

300 �C overnight before running seven-point N2-BET

analysis.

B. Hydrodynamic diameter and surface charge

DLS (Beckman-Coulter Delsa Nano C) was used to deter-

mine the hydrodynamic diameter of particles in solution as a

function of pH. Using the same instrument, the zeta potential

was also measured on the same samples to determine the sur-

face charge as a function of pH. To determine the impact of

protein adsorption on the nanoparticle size and zeta potential,

5 mg of SiO2 was mixed with 5 ml of 1 mg/ml BSA (>96%

purity, Sigma-Aldrich). Nanoparticles with or without protein

were suspended in pH-adjusted solution. Pure Optima
VR

water

was adjusted to the pH of interest using 1 M HCl or 0.8 M

NaOH. Suspensions were sonicated in a bath sonicator for

10 min and then stored overnight to equilibrate the protein

coating protein coating. Immediately before measuring and to

prevent nanoparticle settling, suspensions were again soni-

cated for 10 min in a bath sonicator. Measurements in the

presence and the absence of BSA were compared. Samples

were run in triplicate, using the method of cumulants to deter-

mine the diameter and its standard deviation.

C. Surface coverage

TGA (Pyris 1 TGA, Perkin-Elmer) was used to quantify

BSA adsorption on SiO2 nanoparticles. A mass of 4 mg of

SiO2 was mixed with 1 ml of 1 mg/ml BSA solution. Samples

were sonicated for 20 min before incubation at 4 �C for 24 h.

The incubation time and temperature were used to obtain a

uniform coating and prevent bacterial growth, respectively.

Samples were washed by centrifugation at 1000 g for 20 min.

The supernatant was removed, and 1 ml of pure water was

added. The nanoparticles were resuspended in water by mix-

ing via pipetting. Samples were dried at room temperature for

two days. For TGA measurements, samples were heated at a

rate of 5 �C/min from room temperature to 700 �C under a

flow of air. The mass loss below 100 �C was assumed to be

due to water, and the mass loss above 100 �C was assumed to

be due to protein.40 The amount of BSA molecules per sur-

face area of SiO2 was calculated. This calculation was done

using the specific surface area measured by BET analysis, the

initial mass of the nanoparticles alone and the mass of the des-

orbed protein, according to Lehman et al.40

D. Protein adsorption measurements using vibrational
spectroscopy

Real-time in situ analysis of BSA adsorption on SiO2

nanoparticles was investigated using ATR-FTIR (Thermo-

Fisher) spectroscopy. A suspension of 8 mg of SiO2 nanopar-

ticles per 1 ml of Optima
VR

water was prepared and sonicated

for 5 min. This uniform suspension was deposited into an

even layer on the amorphous material transmitting infrared

radiation crystal element (PIKE Technologies) and allowed

to dry overnight under a stream of dry air purge. A horizon-

tal flow cell was attached to the unit, and pure Optima
VR

water was run through the flow cell at approximately 1 ml/

min to remove any loosely bound nanoparticles from the

crystal element. A 1 mg/ml solution of BSA was prepared in

pH-adjusted water and run through the flow cell for 90 min

with spectra collected every 10 min. Then, pure Optima
VR

water was run through the flow cell for 60 min with spectra

collected every 10 min to observe desorption behavior.

E. Protein secondary structure determination

ATR-FTIR spectra of BSA adsorption onto SiO2 nanopar-

ticles over time were further processed for direct comparisons

between conditions. First, the spectrum of water on SiO2 nano-

particles was subtracted from each time point to achieve a lin-

ear baseline at 1800 cm�1, which helps ensure that the amide

peaks are due to protein adsorption and not water. Then, spec-

tra were curve fitted to a Gaussian–Lorentzian shape using five

component peaks in the amide I region, determined from the

second derivative spectra of the solution phase BSA and con-

strained by previous literature values.13,24,46 Curve fitted spec-

tra were further modified to have a linear baseline at zero in

the amide I region and a peak maximum of exactly 1 absor-

bance unit in the amide I region.

III. RESULTS AND DISCUSSION

A. Nanoparticle characterization

Nanoparticles were characterized according to their size,

shape, and crystallinity via TEM (Fig. 2). Additionally,

TEM confirmed that the nanoparticles were present as

FIG. 2. TEM image of Cab-O-Sil HS-5; the scale bar is equal to 100 nm; the

average particle size is 14 6 2 nm based on fifty distinct particles, and the

BET specific surface area is equal to 330 6 24 m2/g.
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aggregates of approximately 250 nm. Analysis using ImageJ

over 50 particles indicated that the average diameter of pri-

mary particles was 14 6 2 nm. The specific surface area

using BET analysis of three samples each weighing approxi-

mately 170 mg was determined to be 330 6 24 m2/g. The

hydrodynamic diameter provided information on aggregate

sizes in aqueous solution. At most pH values, the hydrody-

namic diameter was between 200 and 300 nm regardless of

the presence or the absence of BSA (Fig. 3). However, at or

near the isoelectric point, a large degree of aggregation

occurred between particles due to decreased electrostatic

interactions, or less repulsion, and subsequent charge stabili-

zation. This occurred at pH 3.0 for pristine SiO2 nanopar-

ticles and at pH 3.7 for BSA coated SiO2 nanoparticles.

The nanoparticle zeta potential was measured over a

range of pH values, and it was confirmed that pH 3.0 and 3.7

are closest to the isoelectric points of SiO2 and BSA-SiO2,

respectively (Table I). It has been reported that at the iso-

electric point of the nanoparticle, surface adsorption was

enhanced.53,54 For bare silica, the isoelectric point occurred

at pH 3.0. Other groups found that the protein isoelectric

point was optimal for adsorption, which occurs at pH

4.7.37,55 Therefore, it was expected that either pH 3.0 or 4.7

would result in the greatest degree of adsorption. Here, we

find that the greatest amount of protein adsorption, measured

quantitatively from TGA (Fig. 4 and Table S1),62 occurs in

the pH range of 3–4.7 with the value of the surface coverage

being the greatest at pH 3.7, the isoelectric point of the nano-

particle–protein complex. However, that value also has the

greatest error associated with it. This may be due to the fact

that aggregates are the largest at this value and aggregation

can play a role in the available surface area and can impact

these measurements.

The zeta potential of the SiO2 particles changes in the

presence of BSA at all pH, except pH 7.4, the physiological

pH (Table I). In general, above the isoelectric point, the zeta

potential will be negative, whereas below the isoelectric

point, the zeta potential will be positive. The zeta potential

was measured as a function of pH and provided as a plot pre-

viously.56 The measured zeta potentials are not linear.37 This

suggests that there are compounding effects. One such effect

is the protonation and deprotonation of functional groups in

the amino acid residues within BSA as a function of pH.

Furthermore, the protonation and deprotonation of amino

acids changes as a function of pH, which may influence how

BSA binds to the nanoparticle surface as well as the surface

charge.

B. Protein adsorption as a function of time and pH

ATR-FTIR spectra of solution phase BSA at 10 mg/ml

were collected over a range of pH values to determine peak

locations for BSA (Fig. 5). The characteristic IR absorption

bands of proteins are commonly referred to as the amide I,

II, and III regions. The amide I region extends from 1600 to

1700 cm�1. The amide II and III regions arise from the com-

bined motions of the C-N stretching and the N-H bending

and range from 1500 to 1600 cm�1 and 1200 to 1350 cm�1,

respectively. Peaks above 1700 cm�1 are due to the stretch-

ing motion of the C¼O for protonated carboxylic acid

groups of the amino acid residues. The band at around

1454 cm�1 is due to the CH2 scissoring motion of these

methylene groups.

As proteins adsorb onto nanoparticle surfaces, they may

undergo conformational changes.13,46 In some cases, this

FIG. 3. Hydrodynamic diameter of bare SiO2 nanoparticles (white) and

BSA-coated SiO2 nanoparticles (black) as a function of pH. The values

reported are the mean of three trials, and error bars represent one standard

deviation from the mean.

TABLE I. Zeta (f) potential of native SiO2 nanoparticles and BSA-coated

SiO2 nanoparticles (1 mg/ml SiO2, BSA) Samples were run in triplicate and

the mean and standard deviation are reported.

pH f-potential (mV) SiO2 f-potential (mV) BSA-SiO2

2.0 2.4 6 0.5 23.9 6 2.8

3.0 0.9 6 0.1 27.1 6 0.7

3.7 �4.7 6 0.2 0.4 6 0.1

4.7 �7.3 6 1.2 �24.3 6 1.2

7.4 �22.6 6 0.5 �22.3 6 2.7

8.0 �18.6 6 2.2 �30.5 6 1.9

FIG. 4. Surface coverage of BSA on SiO2 nanoparticles determined from

thermogravimetric analysis. The reported values are mean 6 standard

deviation.
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can be seen by frequency shifts of the absorbance bands to

higher or lower wavenumbers. In particular, peak frequency

shifts to lower wavenumbers in the amide I band are indica-

tive of increasing hydrogen bonds.49 BSA in the solution

phase exhibited very small peak shifts of 63 cm�1 in the

amide I and amide II regions as a function of pH (Fig. 5).

In ATR-FTIR experiments to investigate surface adsorp-

tion, 1 mg/ml BSA was used. At this concentration, BSA has

a very weak signal on the bare crystal, but the signal is

enhanced by adsorption to the nanoparticle thin film. Upon

adsorption to the nanoparticle surface, frequency shifts in

the peak location were also minimal (Fig. 6), indicating

small changes in the protein structure. At pH 2.0, adsorbed

BSA has an additional peak at 1714 cm�1 due to the proton-

ated carboxyl group, and the peak at 1400 cm�1 disappears.

The remaining peaks shift only slightly over time compared

to the solution phase BSA at the same pH.

The peak intensity of the amide II band was recorded to

provide insights into the adsorption of BSA onto the SiO2

surface (Fig. 7). Each measurement was taken at 1545 cm�1

for all the pH values and all the times. This standard was

used because the native amide II peak appeared at

1545 cm�1, and data were reported at the chosen wavenum-

ber, not interpolated between wavenumbers. From this plot,

it is clear that pH 3.7 yields the greatest intensity and amount

of BSA adsorbed, which is consistent with the TGA results

(Table I). These results agree with previous studies that

show the greatest protein adsorption at either the isoelectric

point of the protein or the surface, as already determined

from TGA measurements.37,55

All desorption measurements were done under the same

conditions—circumneutral (pH 6.5). At most pH values,

there was a small decrease in absorbance intensity.

However, at pH 2, there was an increase in absorbance inten-

sity during desorption. The amide bands are strongly depen-

dent on the hydrogen bonds between the protein and the

substrate. Stronger hydrogen bonds alter the peptide chain,

for example, denature proteins, which would also result in a

shift in the absorbance.48 Thus, it can be inferred that at pH

2.0, there are conformational changes occurring within the

protein as a result of the higher solution pH.

C. Protein secondary structure as a function of pH

The amide I bands of the ATR spectra in Fig. 5 and the

final adsorption spectrum at each pH from Fig. 6 were curve

fitted with five components (Table II, Fig. 8),13,44,46 repre-

senting the secondary structure of BSA with quantitative val-

ues presented in Table III. Once fitted, these components

FIG. 5. ATR-FTIR spectra of 10 mg/ml aqueous BSA as a function of pH.

The characteristic IR absorption bands of proteins are associated with the

amide I, II, and III regions. The amide I, II, and III regions extend from

1600–1700, 1500–1600, and 1200–1350 cm�1, respectively. The 1454 cm�1

band is typically associated with d(CH2) vibrations. The band above

1700 cm�1 is due to the stretching motion of the C¼O, for protonated car-

boxylic acid groups. Peak frequencies of the amide I band vary by approxi-

mately 2 cm�1, and the peak position of the amide II band varies within

1 cm�1 as a function of pH.

FIG. 6. ATR-FTIR spectra of 1 mg/ml BSA adsorbed onto the SiO2 nanopar-

ticle surface. Representative adsorption spectra at 30 min (purple), 60 min

(blue), and 90 min (green) and desorption spectra after 60 min of desorption

(red) are provided. The characteristic IR absorption bands for adsorbed pro-

teins are associated with the amide I, II, and III regions. The amide I, II, and

III regions extend from 1600–1700, 1500–1600 and 1200–1350 cm�1,

respectively. The band above 1700 cm�1 is due to the stretching motion of

the C¼O for protonated carboxylic acid groups. It can be seen in the spectra

that both the peak position and the absorbance intensity vary as a function

of pH; the peak position of the amide I band varies from 1650 to 1653 cm�1,

and the amide II band varies from 1543 to 1546 cm�1.
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provided information about the changing secondary structure

of BSA. The protein is predominantly composed of a-helices

which are also the most unstable of the secondary struc-

ture.13 If BSA unfolds on the nanoparticle surface, the alpha

helix content is expected to change most of all the secondary

structural elements.

TABLE II. Vibrational frequency range for secondary structural elements in

the amide I region (Refs. 7, 18, and 34).

Secondary structure element Vibrational frequency range (cm�1)

b-sheets/turns 1685–1663

a-helices 1655–1650

Random chains 1648–1644

Extended chains/b-sheets 1639–1621

Side chain moieties 1616–1600

FIG. 7. Peak height of the amide II band as a function of time and pH for

adsorbed BSA with values taken at approximately 1545 cm�1 for all pH.

FIG. 8. Curve fitting components of the amide I band for free BSA (a) and adsorbed BSA (b) as a function of pH. All the peaks were normalized to a linear

baseline at zero and a maximum height of one absolute absorbance unit. Five different components used are shown in the figure inset. The term “Original” rep-

resents the total fit, the sum of all of the components, that is seen to match each of the original spectra.
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In the solution phase, minimal changes in the structure

were observed as a function of pH. This is consistent with

the peak locations in the overall ATR spectra. However,

when the curve fitting was compared from the solution

phase, 10 mg/ml BSA, to the adsorbed phase, 1 mg/ml BSA

after 90 min, the a-helix content (brown) does not necessar-

ily decrease upon protein adsorption to the nanoparticle sur-

face. Additionally, the extended chain/b-sheet content (blue)

decreases for most pH values, while the random chain con-

tent (purple) generally increases upon adsorption. These are

the expected responses according to the literature. However,

as they are not universally observed, there may be some pH-

dependence in this transition. At pH 2.0, the extended chain/

b-sheet content increases and the b-sheet/b-turn (green)

decreases; at other pH values, these trends are reversed.

A comparison in the a-helix content between the adsorp-

tion and desorption phases was also conducted (Fig. 9). The

complete range of pH values can be found in Fig. S1.62

Effects toward the alpha helix content can be noted due to

pH (early time points) and nanoparticle adsorption (later

time points). During the desorption phase, there was no addi-

tional BSA added to the system and all the samples were in

pure water with no pH adjustment, which had measured pH

values from pH 5.8 to 6.5. Thus, the effects noted during the

desorption phase must be a result of protein structural

changes as no additional BSA was added to the system.

Jachimska and Pajor reported the native a-helix content

of BSA as a function of BSA conformation and found that

the extended form exhibited the lowest percentage of a-

helix content (35%) and the normal form exhibited the

highest (55%).57 Bouhekka and B€urgi noted that BSA

adsorption on TiO2 resulted in a decreased a-helix content

to 23%.24 Lehman et al. reported a total a-helix content of

10% for BSA on nonporous SiO2 and 12% on mesoporous

SiO2, compared to 57% for BSA in solution.40 Catalano

et al. reported an alpha helix content of approximately

36% for BSA adsorbed onto pyrolytic SiO2 nanopar-

ticles.58 All previously reported results have a much lower

content than what was measured in these studies, which

can be due to the different nanoparticles used. Neither

Lehman et al. nor Catalano et al. used water as the disper-

sant,40,58 and Catalano et al. reported that the media influ-

ence protein– nanoparticle interactions.58 The porosity of

the nanoparticles may influence the adsorption of BSA to

nanoparticle surfaces.59 A comparison study between TiO2

and SiO2 nanoparticles found that the surface hydroxyl

groups available for nanoparticles differ,56 which change

depending on the generation method for SiO2

nanoparticles.60

In addition to the differences in the alpha helix content

compared to those in the literature, three phenomena were

noted between the adsorption and desorption phases: refold-

ing, unfolding, and structural stability. Unfolding is the line-

arization of the protein molecule on the surface, while

refolding generates a more compact protein structure on the

surface. This naturally occurs as a function of pH with the

different conformations of BSA15,16 and may also occur as a

TABLE III. Percentage of the different secondary structural elements of solu-

tion phase BSA as a function of pH compared to BSA adsorbed onto the

SiO2 nanoparticle surface. Also, shown is the difference between the struc-

ture of adsorbed and solution phase BSA. In some cases, due to rounding

errors, not all values add up to exactly 100%.

pH Secondary structure

Solution

BSA

Adsorbed

BSA (D from solution)

8.0 b-sheets/turns 10.1 5.6 "4.5

a-helices 66.0 66.5 #0.5

Random chains 2.0 7.3 #5.3

Extended chains/b-sheets 18.0 17.1 "0.9

Side chain moieties 4.1 3.5 "0.6

7.4 b-sheets/turns 10.9 9.0 "1.9

a-helices 61.2 59.2 "2.0

Random chains 1.2 14.6 #13.4

Extended chains/b-sheets 22.4 12.1 "10.3

Side chain moieties 4.3 5.2 #0.9

4.7 b-sheets/turns 7.4 10.4 #3.0

a-helices 59.9 64.5 #4.6

Random chains 5.5 2.4 "3.1

Extended chains/b-sheets 23.6 17.4 "6.2

Side chain moieties 3.7 5.3 #1.6

3.7 b-sheets/turns 11.2 4.6 "6.6

a-helices 53.4 69.5 #16.1

Random chains 2.2 11.7 "9.5

Extended chains/b-sheets 25.9 11.9 "14

Side chain moieties 7.4 2.3 "5.1

3.0 b-sheets/turns 12.6 7.9 "4.7

a-helices 52.3 68.0 #15.7

Random chains 4.2 2.1 "2.1

Extended chains/b-sheets 30.1 20.0 "10.1

Side chain moieties 0.9 2.1 #1.2

2.0 b-sheets/turns 10.7 4.8 "5.9

a-helices 61.2 47.9 "13.3

Random chains 3.8 15.5 #11.7

Extended chains/b-sheets 14.8 25.2 #10.4

Side chain moieties 9.4 6.6 "2.8

FIG. 9. Alpha helix content of adsorbed BSA as a function of time for three

select pH values during adsorption at a BSA concentration of 1 mg/ml.

During the desorption phase, the solution was then changed to circumneutral

pH and contained no BSA. Following this change, each pH demonstrates a

unique phenomenon of refolding (pH 2.0), unfolding (pH 7.4), or no

changes in folding (pH 3.7) when no additional BSA is being added to the

ATR-FTIR flow system.
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result of adsorption.13,27 This suggests that although the iso-

electric point may mediate protein adsorption as a function

of pH,34–37,48,50 there are also other effects driving nanopar-

ticle–protein interactions. At pH 2.0, the greatest change in

the alpha-helix content is observed. In the solution phase,

the alpha helix content is 60%, in the adsorbed phase, it is

about 50%, and in the desorbed phase, it is approximately

75%. The increase in the alpha helix content in the adsorbed

phase is expected to result from a change in intermolecular

hydrogen bonds, which is consistent with the amide I peak

shifts.

The purpose of the desorption studies is to determine if

protein adsorption is reversible on the nanoparticle sur-

face.40,61 The reversibility is generally determined by com-

paring the absolute absorbance intensity over time, such as

in Fig. 6. However, this may be insufficient if the changing

protein conformation alters the spectra, as with pH 2. Thus,

comparing the secondary structure of BSA provides addi-

tional information on the ability of BSA to return to its

native conformation and presumably its native function.

IV. CONCLUSION

The nanoparticle–protein corona is influenced by pH and

can impact the aggregate size, surface charge, adsorbed pro-

tein quantity, and protein secondary structure. We found

that:

(1) The quantity of BSA adsorbed as a function of pH

changes and is the greatest at the isoelectric point of the

BSA-SiO2 nanoparticle complex.

(2) The secondary structure of adsorbed BSA differs from

that of the solution phase BSA.

(3) The protein structure changes upon adsorption relative to

the solution phase with the greatest changes seen at the

lowest pH, pH 2.

(4) BSA protein adsorbed at pH 2 can change its structure

when the solution pH increases back to circumneutral

pH. Thus, in some cases, these pH-dependent structural

changes are reversible.

Further studies of the nanoparticle–protein corona—struc-

ture and surface coverage—and how it changes with pH are

important to understand as nanoparticles translocate to dif-

ferent organs or present in different soils or water in the

environment with different pH values as this will impact

nanoparticle behavior.
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