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Abstract  

The interaction of a model protein, bovine serum albumin (BSA) with two different metal oxide 

nanoparticles, TiO2 (~22 nm) and SiO2 (~14 nm), was studied at both physiological and acidic 

pH. The pH- and nanoparticle-dependent differences in protein structure and protein adsorption 

were determined using attenuated total reflectance Fourier transform infrared spectroscopy 

(ATR-FTIR) and thermogravimetric analysis (TGA). The results indicated that the surface 

coverage of BSA decreases with decreasing pH on both TiO2 and SiO2 surfaces, and BSA 

coverage is higher by a factor of ca. 3 to 10 times more on TiO2 compared to SiO2. The 

secondary structure of BSA changes upon adsorption to either nanoparticle surface at both pH 

7.4 and 2. At acidic pH, BSA appears to completely unfold on TiO2 nanoparticles whereas it 

assumes an extended conformation on SiO2. These differences highlight for the first time the 

extent to which the protein corona structure is significantly impacted by protein-nanoparticle 

interactions which depend on the interplay between pH and specific nanoparticle surface 

chemistry.  
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Metal oxide nanoparticles have been used in several industries and consumer products. 

Two metal oxides in particular, TiO2 and SiO2, have a broad range of applications and are among 

the most prevalent metal oxide nanoparticles used.
1,2

 For example, both TiO2 and SiO2 

nanoparticles are critical materials in pigments and both are used as food additives.
3-8

  Although 

these metal oxide nanoparticles bring significant benefits, their widespread use also makes them 

of interest as a potential risk to human health and the environment.
9,10

  There is evidence 

showing that nanoparticles, upon uptake by biological targets, could generate reactive oxygen 

species (ROS) and induce oxidative stress which could be harmful to the cell membrane and 

cause DNA damage.
9-12

  Moreover, as discussed in detail below, when proteins adsorb to 

nanoparticle surfaces there is a potential for protein denaturation which may cause loss of protein 

function.
13

  

 In biological systems, a layer of proteins forms at the nanoparticle surface. This is called 

the protein corona; the protein corona includes proteins, lipids, and ions that immediately adsorb 

to the nanoparticle surface,
14-18

 and it is a dynamic entity that can change over time.
15,19

 Studies 

have investigated the kinetic and thermodynamic properties of corona formation, as well as the 

composition of the corona in simple and complex media.
15,20-23

 Determining which proteins 

adsorb to the surface, and how their structure changes, is difficult in complex media.  

The most common model protein for simplified systems is bovine serum albumin (BSA). 

Although there have been several studies on the adsorption of BSA on various inorganic and 

polymeric nanoparticle surfaces, including metal oxide nanoparticles in biological media,
24-26

 

few have investigated the pH-effects of this adsorption process.
27-30

 Since oxide nanoparticles are 

common in both food additives as well as topical products, there needs to be an understanding of 

the protein corona under different conditions as pH varies widely across the gastrointestinal tract 
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from pH 1-3 in the stomach, to 5-6 in the large intestines, and 7-8 in the small intestine.
31

 

Therefore, it is very important to evaluate the environmental health and safety of SiO2 and TiO2 

nanomaterials as a f(pH). 

 BSA has a molecular weight of approximately 66 kDa,
32

 and is widely used as a model 

protein because it has similar properties, molecular weight, and an amino acid sequence to its 

human variant, human serum albumin, it is easily available, and albumin is ubiquitous in the 

body, found in all bodily fluids.
33

 It has been demonstrated that BSA exists in multiple forms 

depending on the pH of its environment, as shown in Figure 1. The common forms of BSA are 

the normal form (N form, pH 9.0-4.5), the fast form (F form, pH 4.0-3.5), and the extended form 

(E form, pH below 3.5). Between pH 4.5-4.0, BSA exists in an N-F transition form and abruptly 

transforms to the F form when the pH drops below 4.0. The 3-D sizes of N, F, and E forms of 

BSA are: 8.0   8.0   3.0  , 4.0   4.0   12.9  , and 2.1   2.1   25.0  , respectively.
34,35

 The 

structure of BSA gradually lengthens from N form to E from. Thus, conformational changes 

occur in both the secondary and tertiary protein structure as a function of solution pH. BSA can 

also undergo changes in conformation upon surface adsorption.
13,36,37

 There is evidence that BSA 

adsorption is optimal at its experimental isoelectric point, 4.7 at room temperature.
28,38

 However, 

a systemic study of BSA behavior at different pH on nanoparticle surfaces is still lacking, 

especially at low pH. 

 

Figure 1. Diagram of BSA form and dimension changes as a function of pH (Modified from Carter, D. C.; Ho, J. X., 

1994. With permission from Elsevier.).35 
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To investigate changes in protein structure upon adsorption on to nanoparticle surfaces at 

circumneutral and acidic pH, we have used attenuated total reflectance-Fourier transformation 

infrared (ATR-FTIR) spectroscopy. This tool provides a real-time, in situ analysis of the 

nanoparticle-protein interface.
18,39,40

 We are able to probe this nanoparticle-protein interface due 

to the evanescent wave that extends upon each internal reflection and the transparency of the 

metal oxide nanoparticles in the spectral region of interest.
18,41

 Infrared absorption bands in the 

region from 1600 – 1700 cm
-1

 are most often used for secondary structure determination because 

it has high absorbance intensity and is comprised from amino acid functional groups which 

determine the hydrogen bonding interactions of the secondary structure
42

 Complementing the 

ATR-FTIR spectroscopic data, we use thermogravimetric analysis (TGA) to determine the 

surface coverage of BSA on the nanoparticle surface.
43,44

 In this work, we quantitatively 

compare the adsorption and conformation of BSA on two metal oxide nanoparticle surface thin 

films composed of SiO2 and TiO2. These data allow us to make predictions as to the effects of 

nanoparticles on protein structure and function circulating in the blood at circumneutral pH, and 

in the stomach as released from food additives at acidic pH.    

Results and Discussion 

Nanoparticle Characterization. TiO2 primary nanoparticle size was determined to be 22  1 nm 

whereas SiO2 nanoparticle size was determined to be 14  2 nm from transmission electron 

microscopy (TEM). The surface area of SiO2 was 330  24 m
2
/g whereas that for TiO2 was 50  

8 m
2
/g as determined from BET analysis; both agree well with company specifications for these 

particles. Additionally, phase state was determined for these nanoparticles. SiO2 nanoparticles 

were amorphous, and the X-ray diffraction (XRD) pattern for TiO2 particles shows that TiO2 was 

86% anatase and 14% rutile. Furthermore, isoelectric point (IEP) for SiO2 and TiO2 
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nanoparticles were obtained by running zeta potential measurements and plotting zeta potential 

as a function of pH. The experimentally determined isoelectric point for SiO2 and TiO2 

nanoparticles are 3.1 and 6.5 respectively which are consistent with literature reported values 

that are ~pH 3.0 and ~pH 7.0 respectively.
45,46

 These data are summarized in Table 1 and 

additional data (TEM images, XRD and zeta potential measurements) are shown in Supporting 

Information (Fig. S1 and Fig. S2). 

Table 1. A summary of nanoparticle characterization data from TEM, BET, XRD measurements and IEP 

assessment. 

 

Nanoparticle  
TEM determined  

size (nm) 

BET  

surface area 

(m
2
/g) 

Crystallinity IEP  

SiO2 14 ± 2 330 ± 24  Amorphous 3.1 

TiO2 22 ± 1 50 ± 8 
86% anatase 

14% rutile 
 6.5 

 

ATR-FTIR spectroscopy of BSA in solution at pH 7.4 and pH 2.0 The characteristic IR 

absorption bands for proteins are commonly referred to as the amide I, II, and III regions. The 

amide I region exhibits peaks from the C=O stretch and extends from 1600-1700 cm
-1

. The 

amide II region arises from the combined motions of the C-N stretch and the N-H bend and 

ranges from 1500-1600 cm
-1

. The amide III region commonly has multiple smaller peaks, but is 

primarily composed of CH2 scissoring motion. The amide III region extends from 1200-1350 cm
-

1
.The ATR-FTIR spectra for 10 mg/mL BSA in solution at pH 7.4 and pH 2.0 in the amide 

regions is presented in Figure 2.
18,47-50

 At pH 2 there is an additional peak at 1712 cm
-1

 which 

corresponds to a carbonyl stretch associated with the protonation of COO
-
 groups in amino acids 

to form COOH.
18,51

 At pH 7.4 there is an additional peak at 1399 cm
-1

 which is due to the 

deprotonated form and is associated with the C-O carboxylate stretch.
49

  The spectra shown in 

Figure 2 agree with previous studies on BSA in solution as a function of pH. 
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Figure 2. Absorbance spectra of 10 mg/mL BSA solution at pH 7.4 (top) and pH 2.0 (bottom) in the amide regions. 

Peaks shown are for protonated carboxyl group at pH 2.0 (1712 cm-1), the amide I peak (1650 cm-1), amide II peak 

(1546 cm-1) and the amide III region (peaks 1453 and 1399 cm-1). 

ATR-FTIR spectroscopy of BSA adsorbed on SiO2 and TiO2 at pH 7.4 and pH 2.0. As BSA 

adsorbed to the nanoparticle surfaces over time, the absorption band intensities increased in the 

amide regions. There were also small shifts in frequency due to changes in the interaction with 

the surface and other co-adsorbed BSA molecules. In particular, shifts to lower wavenumbers are 

often due to increased hydrogen bonding,
52

 and shifts to higher wavenumbers are indicative of 

increased beta structures.
53

 Figure 3 displays the ATR spectra for BSA adsorption to nanoparticle 

surfaces over time at pH 7.4 (3a) and pH 2.0 (3b). Smaller peak shifts from the initial time to the 

final time were observed for SiO2 than for TiO2. Additionally, adsorption of BSA appears to be 

greater on the TiO2 surface compared with the SiO2 surface, as noted by the difference in 

absorbance intensity between substrates. 
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Figure 3. Absorbance spectra of 1 mg/mL BSA as a function of time for (a) pH 7.4 on SiO2 nanoparticles (top) and 

TiO2 nanoparticles (bottom), (b) pH 2.0 on SiO2 nanoparticles (top) and TiO2 nanoparticles (bottom). Spectra are 

shown for four different time points: 10, 30, 60, and 90 minutes (bottom to top).  

At both pH the spectra for BSA adsorbed onto SiO2 exhibited relatively consistent peak 

frequencies, whereas on TiO2 at pH 2.0 the bands exhibited enhanced relative band intensity, 

band broadening, and shifts in frequency for each of the bands in the spectrum. These changes 

indicate that the protein was unfolding and/or denaturing on the surface.
13,54

 A new peak at 1411 

cm
-1 

appeared under this condition which can be attributed to the symmetric stretching mode of 
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COO
-
 in BSA attached to the highly hydroxylated TiO2 surface at acidic pH.

18,55,56
 The 

separation of the peak at 1646 cm
-1

 into peaks at 1644 and 1630 cm
-1

 arises from the asymmetric 

stretching mode of NH3
+
 in highly charged amino acids of BSA.

18,56
 

Absorbance intensity between the amide I and amide II peaks can give qualitative 

information on the protein secondary structure.
36 

The ratio of relative intensities of the amide I 

and amide II peaks, that is, the amide I/II ratio changes upon adsorption on both particle 

surfaces. Combined with the knowledge of amide I peak shifts, the amide I/II ratio implies BSA 

conformation changes differed because of the different surfaces and pH. More specifically, it can 

be derived that the conformational change comes in the form of beta and turn structures as 

reported in previous studies.
53

  

Secondary protein structural analyses of BSA in solution and adsorbed on SiO2 and TiO2. To 

further determine changes in protein structure upon adsorption, spectra for BSA in the solution 

phase, adsorbed on TiO2 nanoparticles, and adsorbed on SiO2 nanoparticles at pH 7.4 and pH 2.0 

were curve fit. To learn more about how the secondary structure changes upon adsorption at two 

different pH. The amide I band was curve fit using five components for the secondary structure 

of BSA according to five literature-reported component bands, as summarized in Table 2.
13,36,57

 

The normalized curve fit amide I bands are presented in Figure 4, where the black line represents 

the original spectrum and the light blue or red dotted lines represent the overall fit at pH 7.4 and 

pH 2.0, respectively. The percent content for each of the secondary structure elements is reported 

in Table 3. Literature values for secondary structure elements of BSA vary over a range of 

approximately 10%, however most agree the alpha helix content is 60-65% of the total secondary 

structure.
43,57-62

 For our studies, changes greater than 10% upon adsorption were considered 

significant given this variability. 
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Figure 4. Background subtracted and normalized BSA amide I band for secondary structural analysis curve fitting 

for structural analysis: (a) 10 mg/mL BSA solution (top), adsorbed BSA on SiO2 nanoparticles (middle) and 

adsorbed BSA on TiO2 nanoparticles (bottom) at pH 7.4; (b) 10 mg/mL BSA solution (top), adsorbed BSA on SiO2 

nanoparticles (middle) and adsorbed BSA on TiO2 nanoparticles (bottom) at pH 2.0. The black lines represent the 

original experimental spectrum and the light blue or red dotted lines represent the overall fit at pH 7.4 and pH 2.0, 

respectively. Component bands are given for β-sheets/turns (dark blue), α-helices (dark pink), random chains (dark 

red), extended chains/β-sheets (light pink), and side chain moieties (lime). 
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Table 3. Vibrational frequencies of the absorption bands associated with secondary structural elements of BSA in 

the amide I region used for curve fitting.  

 

Secondary structure Vibrational frequency (cm
-1

) 

β-sheets/turns 1685-1663 

α-helices 1655-1650 

Random chains 1648-1644 

Extended chains/β-sheets 1639-1621 

Side chain moieties 1616-1600 

 

 

Table 4. The secondary structure content (%) in BSA determined via curve fitting for BSA in solution and after 

adsorption on to the nanoparticle surfaces; SiO2 and TiO2.  

pH Secondary structure Solution phase BSA  

Adsorbed BSA  

on SiO2 

(Δ from solution)a
 

Adsorbed BSA  

on TiO2 

(Δ from solution)a
 

7.4 β-sheets/turns 5 9 (+4) 9 (+4) 

α-helices 68 59 (-9) 51 (-17) 

Random chains 4 15 (+11) 13 (+9) 

Extended chains/β-sheets 20 12 (-8) 23 (+3) 

Side chain moieties 3 5 (+2) 4 (+1) 

2.0 β-sheets/turns 6 5 (-1) 2 (-4) 

α-helices 60 48 (-12) 30 (-30) 

Random chains 9 15 (+6) 8 (-1) 

Extended chains/β-sheets 19 25 (+16) 24 (+15) 

Side chain moieties 6 7 (+1) 36 (+30) 
a
 – difference between adsorbed and solution phase structure content 

 

In solution, BSA had a decreased -helix content at pH 2.0 compared with the 

physiological pH 7.4, which is consistent with the literature.
63,64

 The same was true for BSA 

adsorbed on either nanoparticle surface. However, there was more than double the amount of -

helix content loss in BSA upon adsorption to the TiO2 surface compared with adsorption to the 

SiO2 surface at pH 2.0. In contrast, at pH 7.4, -helix content decreased upon adsorption and the 
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random chain content increased on both SiO2 and TiO2 nanoparticles. Loss of helical structure is 

greater for TiO2 than for SiO2, and SiO2 undergoes a loss of extended chains/ -sheets.   

In general, the loss of -helical structure is expected to be balanced by an increase in -

structures.
36

 However, for BSA on TiO2 at pH 2.0 which exhibited the greatest loss in -helix 

structure compared to the solution phase, the major increase was in the side chain moieties rather 

than the -structures. This suggests that more of the amino acid side chains of BSA were 

exposed and thus BSA denatured under these conditions. In contrast, with BSA on SiO2 at pH 

2.0, the majority of structural increase occurred in -structures and relatively no change in side 

chain moieties were observed. Therefore, on SiO2 there were changes in protein folding, but the 

protein remains intact and close to the native form.  

These data on the change of secondary structure contents indicated that the highly helical 

structure of BSA unfolded in solution and further upon adsorption at lower pH. This manifested 

as a decreased -helical content in the protein secondary structure. BSA had the highest alpha-

helical content in solution at physiological pH, in its normal form.
13

 
65,66

 In general, BSA lost 

more alpha helical structure upon adsorption on TiO2 compared to on SiO2 at the same pH. This 

was consistent with the relative shifts in the frequency of the absorption bands, where on SiO2 

there were smaller shifts compared with TiO2. However, compared to solution phase BSA, the 

adsorbed BSA spectra on both surfaces experienced IR frequency shifts and large changes in the 

relative intensities which can be attributed to strong hydrogen bonding with the hydroxyl (–OH) 

groups on the surface.
52,55

 On the TiO2 surface at acidic pH, BSA lost the majority of the helical 

content which is consistent with protein unfolding on the surface and was not seen on SiO2. 

Previous research showed loss of alpha helix structure is complemented by the gain of beta 

structures at neutral pH because of the relative stability of beta structures compared with alpha 
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helical structures.
36

 In our studies, this was seen predominately in the chain structure of our 

protein upon adsorption to either nanoparticle surface. A recent study of BSA adsorption onto 

various types of SiO2 nanoparticles indicated that BSA adsorbed onto non-porous particles 

results in a significant loss in alpha helix structure (10% remaining) and an increase in all other 

structures.
43

 This study used complex medium (Roswell Park Memorial Institute, RPMI) rather 

than pure water, introducing a variety of other inorganic and biological components with the 

ability to adsorb to the SiO2 surface.
43

 Furthermore, the type of silica studied differed which has 

been shown to have an impact on its surface chemistry and toxicity.
67

 

The greater denaturation effects on BSA adsorbed to the TiO2 surface may be a result of 

stronger electrostatic interactions between BSA and the hydroxyl groups on TiO2 surface. Both 

nanoparticles have –OH groups on their surfaces once hydrated which can interact with the 

adsorbed protein. As the number of surface hydroxyl groups increases, the affinity for the protein 

to the surface gets stronger.
55,68,69

 It has been reported in the literature that TiO2 nanoparticle 

surfaces have greater –OH density than SiO2 surfaces,
68

 therefore, BSA would have a higher 

binding strength on TiO2 due to the increased number of interactions with OH groups. 

Electrostatic interactions with the surface have also been reported to play a critical role in protein 

adsorption, particularly between the –COO
-
 and –NH3

+
 groups from the amino acid chain with 

the surface and surface charge depending on pH.
70

 

Furthermore, there have been discussions on differences between a soft and a hard 

protein corona. The soft corona contains proteins that adsorb quickly, but reversibly, to the 

nanoparticle surface while the hard corona is characterized by proteins which adsorb slowly and 

irreversibly.
17,71

 Proteins in the hard corona tend to undergo greater alterations in structure as 

compared with proteins in the soft corona.
71,72

 Since the protein corona is substrate-dependent,
15
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and the ATR absorbance intensity indicates a much lower amount of BSA on the SiO2 surface 

than the TiO2 surface, it is likely that BSA is a soft corona component on SiO2 and does not 

undergo structural changes. However, the same protein may be part of the hard corona on TiO2 

supported by the significant structural changes due to the conformational entropy of the protein 

on the TiO2 surface.
72

  

TGA of protein surface coverage on SiO2 and TiO2 nanoparticles. Additional quantitative 

information can be obtained from surface coverage measurements using thermal desorption of 

the protein from the nanoparticle surfaces; these data are summarized in Table 5. After 24 hours 

at 4C, the surface was assumed to be saturated with BSA, but this does not account for the 

possibility of multi-layer adsorption. BSA adsorption was greater for pH 7.4 as compared to pH 

2 on both nanoparticle surfaces. At physiological pH, BSA displayed an order of magnitude 

increase in adsorption to TiO2 over SiO2. Literature values for BSA adsorption onto SiO2 at 

neutral pH exceed the observed values in this study (4.5x10
11

, 4.8±0.3 x10
11

, and 1.09x10
12

 

molecules cm
-2

).
24,25,41

 The literature reported value for BSA on TiO2 falls slightly above the 

more common value for BSA on SiO2, 5.7x10
11

 molecules cm
-2

.
54

 The nanoparticle types used in 

other studies vary slightly from those used in this study, and therefore variability in the 

quantification is expected. Overall, we conclude the values obtained from these experiments 

were consistent with the literature and with the ATR-FTIR absorbance intensity obtained with 

these systems.  

The observed differences in adsorption as a function of nanoparticle surfaces and pH can 

be attributed to the availability of binding sites for hydrogen binding between protein and 

nanoparticle surface.
73,74

 Anatase and rutile have different Ti atom densities which results in 

different surface density of –OH binding sites,
75,76

 therefore the anatase/rutile ratio affects the 
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degree of BSA binding in these TiO2 nanoparticles as compared with others in the literature. In 

general, anatase has a greater amount of protein adsorption relative to rutile.
77

 In general, mixed 

phase samples have shown small rutile crystallites amongst the more abundant anatase phase.
78,79

 

SiO2 nanoparticles have a lower surface hydroxyl density of about one half as compared with 

TiO2 nanoparticles.
68

 This is presented in a significantly lower adsorption of BSA to the SiO2 

surface than the TiO2 surface as measured with TGA. The solution pH also plays an important 

role in the relative adsorption of BSA to the nanoparticle surfaces. The terminal hydroxyl groups 

on the TiO2 surface are diminished at low pH and replaced with Ti-OH2
+
 or Ti-OH

+
-Ti groups.

73
  

Table 5. Surface coverage determination using thermogravimetric analysis (molecules/cm2) of BSA adsorbed 

on SiO2 and TiO2. 

  Surface coverage (molecules/cm
2
) 

  pH 7.4 pH 2.0 

BSA on SiO2 1.9 ± 0.3 × 10
11  

1.5 ± 0.2 × 10
11 

BSA on TiO2 1.7 ± 0.3 × 10
12  

4.6 ± 0.7 × 10
11

  

 

Just as the surface point of zero charge has been shown to enhance adsorption,
27,53

 protein 

adsorption has also been shown to be optimal at the isoelectric point of the protein.
24,73

 This 

suggests that surface coverage is pH-dependent, and this dependence arises from a combination 

of the surface and the protein point of zero charge. Alternatively, the different dimensions of E-

form BSA and N-form BSA results in different occupation of surface sites per molecule upon 

adsorption and, thus, gives a lower surface coverage at acidic pH.
12

 This second effect is a 

potential new mechanism for understanding changes in protein coverages at different pH. 

Conclusions 
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SiO2 and TiO2 nanoparticles are important metal oxides nanomaterials that are widely used in 

industry and consumer products. Even though these two types of nanomaterials are applied in 

common products, this study shows that these two nanomaterials could interact distinctively with 

the same protein as a function of pH. These results bring up some important factors in protein 

interaction with similar metal oxide nanoparticles and give insights into the environmental health 

and safety consideration when using nanomaterials in industry and consumer products. Several 

important conclusions come from this study of BSA adsorption on two different nanoparticle 

surfaces. These include: 

1. Protein conformation changes as a function of pH both in solution and when adsorbed 

onto nanoparticle surfaces. 

2. Protein conformation differs on the two oxide surfaces compared to that of solution at pH 

7.4 and 2.0.   

3. Protein interaction is strongest with the TiO2 nanoparticle surface as indicated by the 

increased surface coverage and the larger change in protein conformation from solution 

when compared to SiO2.   

These effects have been summarized in Figure 5 and when taken together demonstrate that metal 

oxide nanoparticle surfaces impact protein structure. These structural changes are a function of 

function of nanoparticle surface chemistry and solution pH. 
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Figure 5. A summary of the experimental design and the effects of BSA adsorption onto metal oxide nanoparticle 

surfaces. BSA was added to solution at pH 7.4 or pH 2.0 and flowed over a nanoparticle surface, SiO2 or TiO2. 

Subsequently, BSA adsorbed to the nanoparticle surface in different quantities as measured by TGA and changed 

conformation to different extents as determined by curve fitting the ATR-FTIR spectra. 

 

Methods 

Nanoparticle characterization. Cab-O-Sil, a nonporous, amorphous hydrophilic fumed silica, 

was obtained from the Cabot Corporation and crystalline TiO2 nanoparticles were purchased 

from Sigma-Aldrich. Transmission electron microscopy (TEM, JEOL JEM-1230) was used to 

determine the size and size distribution of individual nanoparticles with ImageJ software. A 100 

g/mL solution of nanoparticles in isopropanol (SiO2) or ethanol (TiO2) was prepared and 

sonicated for several minutes. Samples were deposited dropwise onto TEM copper grids and 

allowed to dry before imaging. Nanoparticle surface area was determined using 7-point 

Brunauer-Emmett-Teller (BET) analysis (Quantachrome BET Nova 4200e). Nanoparticles were 

allowed to degas at 300°C overnight before analysis. For crystalline phases in TiO2, powder X-

ray diffraction (XRD, Bruker D8 Advance) was used. 

Zeta potential measurements. Laser Doppler velocimetry (Beckman-Coulter Nano C and 

Zetasizer Nano ZS90) was used to determine the zeta potential as a function of pH for SiO2 and 
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TiO2 nanoparticles and herein determine the isoelectric point for each material. Samples were 

prepared by mixing 5 mg of SiO2 or TiO2 with 5 mL of Optima water (Fisher Chemical) and 

adjusted to the desired pH with 1 M hydrochloric acid (HCl) and 0.8 M sodium hydroxide 

(NaOH) solutions. Measurements in the presence and absence of 1 mg/mL of BSA (98% purity, 

Sigma-Aldrich) were obtained across a wide range of pHs, including those of interest at pH 2.0 

and 7.4. Samples were run in triplicate and conditions were duplicated to ensure reliability. The 

zeta potential versus pH curves that determine the isoelectric point for SiO2 and TiO2 are 

provided in the supporting information (Figure S2).  

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) spectroscopy. ATR-

FTIR spectra of 10 mg/mL and 1 mg/mL BSA solutions at pH 2.0 and pH 7.4 exposed to the 

uncoated reflectance element were taken. For surface adsorption studies, thin films of 

nanoparticles on the ATR crystal were prepared by preparing solutions containing 2.5 mg TiO2 

or 8.0 mg SiO2 in 1 mL Optima water (Fisher Chemical), sonicating the solutions for five 

minutes to form a uniform suspension, depositing the solutions on the AMTIR crystal element, 

and allowing the element to dry overnight. A horizontal flow cell (PIKE Technologies) was used 

to slowly flow (~1 mL/min) Optima water at the pH of interest above the nanoparticle thin film 

to remove loosely bound particles and to collect a background spectrum. Then a solution 

containing BSA (Sigma-Aldrich; 1 mg/mL; pH 2.0, pH 7.4) was introduced and a slow flow over 

the nanoparticle coated crystal was established while collecting spectra every ten minutes for one 

and a half hours. 

A spectrum of water on the nanoparticles at the pH of interest was subtracted from the 

time-dependent spectra in the presence of BSA. The resulting spectra were fit to a Gaussian-

Lorentzian shape with five component bands for the amide I region which arise from the 
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secondary structure of the protein’s backbone. First, the solution phase spectrum of native BSA 

at 10 mg/mL was fit at pH 7.4 according to second derivative minima and literature constraints 

for the secondary structure elements, and likewise at pH 2.0.
12, 37

 Second, the fitted components 

from the solution phase were used as initial guesses to fit the respective adsorbed phase on each 

nanoparticle surface. All spectra were modified to follow a linear baseline and maximum peak 

height equal to 1.0 to allow for direct comparisons at all conditions. 

Thermogravimetric Analysis (TGA) of BSA Adsorption. Samples were run in triplicate with 4 

mg SiO2 or 2.5 mg TiO2 and 1 mL of a 1 mg/mL BSA solution. The samples were sonicated for 

20 minutes to form a uniform suspension. Then, samples were incubated at 4°C for 24 hours to 

reach saturation, prevent denaturation effects from temperature, and limit bacterial growth that 

may occur at higher temperatures. After incubation, each sample was washed three times with 

pure water by centrifuging at 10,000 rpm for 20 minutes and removing the supernatant. Washed 

samples were allowed to dry completely in a fume hood (2-3 days). The dried samples were 

crushed into a fine powder and loaded into a TGA instrument (Pyris 1 TGA, Perkin-Elmer). 

Samples were heated from 25°C – 700°C at a rate of 5°C per minute. The initial mass was taken 

at 100°C to remove and adsorbed water and the mass lost due to protein desorption were taken 

from 100°C - 600°C. 
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