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particles were characterized for their physicochemical properties in their pristine state and after interacting with
saliva. Analysis of the protein corona composition of saliva interacted dietary particles was carried by 1D gel
electrophoresis and LC-MS/MS. We observed a net decrease in the negative surface charge and change in ag-
glomeration size in saliva interacted NPs. Significant differences in corona composition, and protein abundance
were noted among the tested particles. Several proteins with vital functions in digestion and host protections
were found to be enriched on the surface of particles. In order to verify if the binding of proteins have any effect
on their function, we tested the amylase and lysozyme activities of saliva in the presence and absence of NPs of
SiO, and TiO,. Our results showed that these particles could compromise the enzymes function wherein NPs of
SiO, showed the highest effect. Overall, our study, identified human salivary proteins involved in the protein
corona of dietary particles and showed that vital functions of saliva such as digestion and antimicrobial activities

could be partially affected by protein-nanoparticle interactions in saliva.

1. Introduction

Nanoparticles (NPs) are widely applied in the cosmetic, food and
nutraceutical industry for improving stability, quality, bioavailability of
active ingredients and overall function of the final product (Rashidi and
Khosravi-Darani, 2011; Hulla et al., 2015; Bhushan, 2017). The in-
creasing use of NPs in food and consumer products can lead to human
exposure through oral route (McCracken et al., 2016). Upon entry into
human body and encounter with biological fluids, the surface of the NPs
will be decorated with wide range of biomolecules- generally referred
to as “corona”. Surface corona plays an importance role in the biolo-
gical identity of NPs that influence their fate and transport in the body
(Docter et al., 2015; Ke et al., 2017). The concept of protein corona was
extensively studied for plasma proteins interacted NPs because of its
relevance to therapeutic interventions through injected nano-delivery
systems (Barran-Berdén et al., 2013; Tenzer et al., 2013; Winzen et al.,
2015). While, daily human exposure to NPs through oral route is esti-
mated to be 10'2-10'* (Powell et al., 2010), studies addressing the
interaction of NPs with proteins of relevance to gastro-intestinal system
are scarce (McCracken et al., 2016). Knowledge on the protein corona
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of ingested NPs is essential to understand the fate of NPs in the body
and its effect on protein function.

Human saliva is a complex mixture of proteins and minerals and has
several physiological roles which helps in maintaining homeostasis in
the oral cavity. Saliva is constituted by secretions from multiple salivary
glands and is composed of water, electrolytes, mucus, white blood cells,
epithelial cells, glycoproteins, nitrogenous products, enzymes (such as
amylase and lipase), antimicrobial agents such as secretory IgA and
lysozyme proteins (de Almeida et al., 2008). Major functions of the
human saliva are host defence, nutrient digestion and protective func-
tions which includes tissue coating, lubrication, humidification, im-
munological activity, anti-(Bacterial, viral, Fungal) activity, digestive
enzymes, bolus formation and taste perception (Humphrey and
Williamson, 2001; de Almeida et al., 2008). The potential of NPs to
interfere with vital functions of saliva is expected given the proven
inhibitory action of NPs such as TiO, and SiO, on trypsin (Phue et al.,
2019) and lysozyme (Vertegel et al., 2004), respectively.

In this study we investigated food grade silica (SiO,) particles (nano
and micron size), titanium dioxide (TiO,) and citrate coated Silver (Ag)
NPs to understand (1) the qualitative and quantitative differences in the
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protein corona of saliva interacted particles and (2) to verify if the in-
teraction of particles with salivary enzymes (lysozyme and amylase)
compromise their function. We report the difference in type and re-
lative abundance of proteins associated with hard corona of saliva in-
teracted particles (SiO, MP, SiO, NP, TiO, NP, Ag) and that dietary
particles could compromise the vital functions of saliva such as diges-
tion of starch and antimicrobial activity. To our knowledge, this is the
first study reporting the interaction of dietary NPs with human saliva,
which point towards potential health implications of exposure to
dietary NPs.

2. Materials and methods
2.1. Materials

Bovine serum albumin (BSA), 3,5-Dinitrosalicylic acid, maltose
monohydrate, soluble potato starch, Lysozyme from chicken egg white
(L6876), iodoacetic acid, DDT (dichlorodiphenyltrichloroethane) and
Micrococcus lysodeikticus ATTC no.4698 were purchased from Sigma
Aldrich (St. Louis, Missouri, United States). The pierce 660 nm protein
assay kit was supplied by Thermo-Fisher Scientific (Scotia court,
Ontario, Canada). Sodium dodecyl sulphate -polyacrylamide gel elec-
trophoresis (SDS-PAGE) chemicals and protein standards were pur-
chased from Bio-Rad laboratories (Mississauga, Ontario, Canada) and
Trypsin was obtained from Promega MS grade). Solvents used for LC-
MS/MS orbitrap were MS grade. For all the experiments, the stock so-
lution and buffer (PBS buffer —0.01 M, pH 7.4) were prepared ac-
cording to the standard laboratory procedures using Milli-Q reagent
grade water (MilliQ, Millipore, Canada).

2.2. NPs used in the study

The food grade silicon dioxide particles (SiO,) in nano size
(AEROSIL 200F) and micron size (SIPERNAT 22) were obtained from
Evonik Corporation (NJ, United States). We chose food grade silica for
this study, as previous studies from our group had shown that the re-
lative abundance of branched siloxane groups (Si-O-Si) are less and
linear siloxane groups are high in food grade particles compared to non-
food grade particles and both grades of silica has distinguishable dif-
ference in their agglomeration behaviour (Phue et al., 2019). Titanium
dioxide NP -Anatase (TiO,) was purchased from Sigma Aldrich (St.
Louis, Missouri, United States). The Citrate coated Ag NPs (Citrate-
AgNPs) were synthesized according to the protocol reported earlier
(Huynh and Chen, 2011). Briefly, 1 mM aqueous solution of silver ni-
trate with the capping agent (10 mM trisodium citrate solution) in the
ratio of 2:1 was mixed together. The mixture was vortexed for 2 min
and wrapped with aluminium foil and incubated in water bath for 3 h at
70 °C until the colour of the mix changed to greenish yellow. The re-
sulting mixture was centrifuged for 30 min at 14,000 rpm and the
pellets were washed twice by re-suspending in deionized water and
centrifugation. Washed NP pellet was re-suspended in deionized water
for further use. Pellet obtained from 5 mL of the solution containing
washed NPs were freeze dried and weighed for obtaining the con-
centration of NPs (weight/mL).

2.3. Physical characterization

The average size, polydispersity index (PDI) and surface charge of
particles were characterized by Scanning Electron Microscopy (SEM),
Dynamic Light Scattering (DLS) and zeta potential measurement, re-
spectively. The hydrodynamic diameter and the zeta potential of NPs
dispersed in buffer (PBS) and saliva (Incubated for 1 h at 37 °c) were
determined using a dynamic light scattering (DLS) (Nanobrook Omni
instrument, Brookhaven's, New York, USA), at 25 °C at a concentration
of 50 ug/mL (Deng et al., 2009; Tenzer et al., 2013). Samples prepared
for the DLS were loaded into a pre-rinsed folded capillary cell for the
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zeta potential measurement with an applied voltage of 100 V. For SEM
analysis (Hitachi, SEM-SU8230, Japan) samples (5 pL of 50 ppm NP
dispersion) were dropped on the SEM stub, dried at room temperature
for overnight and were examined at 50 KV accelerating voltage without
coating (Phue et al., 2019).

2.4. Human saliva collection and processing

Saliva samples (unstimulated whole saliva) were obtained from
healthy volunteers in accordance with a standard protocol (George and
Kishen, 2007; Schipper et al., 2007) after obtaining institutional REB.
To prevent the proteolytic degradation of the salivary proteins, col-
lection tubes were placed on ice during collection. The saliva collected
from each individual was vortexed for 20 s and centrifuged at 8000 rpm
for 10 min to remove the debris. The clear supernatant from each tube
were pooled in order to minimize inter-individual variation in saliva
composition with respect to protein quality and quantity. The pooled
saliva was transferred to Eppendorf tubes and centrifuged at 12,000g
for 10 min and the supernatant was collected. Upon completion of
processing, all processed saliva samples were stored at —18 °C for
further analysis. The protein concentration of the saliva was quantified
with the Bradford assay (Bradford dye reagent, Alfa Aesar, United
States).

2.5. Preparation of saliva interacted dietary particles

Fifty microliter of NPs stock in buffer (10 mg/mL) were transferred
in to the 450 pL of saliva (total volume of 500 L at a concentration of
2 mg/mL) and incubated at 37 °C for 1 h under constant shaking at
100 rpm. An hour of incubation was chosen to ensure the dynamic
equilibrium in the formation of protein corona (Tenzer et al., 2013).
Saliva samples without NPs were prepared in identical way with equal
volume of being buffer added instead of NPs suspension. After in-
cubation, the particles were separated from the supernatant by cen-
trifugation at 12,000 rpm for 30 min. The pellet was re-suspended in
500 pL of PBS buffer and centrifuged again to pellet the bound protein-
particle complexes. Subsequently, the particle pellet was resuspended
in PBS buffer and washed by three centrifugation steps at 12,000 rpm
for 15 min and were suspended in 50 uL of SDS sample buffer (2% SDS,
5% P-mercaptoethanol, 10% glycerol and 62.5 mM Tris-HCI)
(Lundqvist et al., 2008).

Due to the agglomeration in aqueous medium, the calculation of
total surface area for the NPs was not practical for dosimetry.
Therefore, the weight/volume was used for the dosimetry of particles
(Deng et al., 2009).

2.6. Desorption of salivary proteins from dietary particles

For 1D-GE, the proteins bound to particles were eluted by boiling
the particle-proteins complex with SDS sample buffer. For this, the
particle-protein pellet was mixed with 50 pL of SDS sample buffer and
was boiled for 5 min at 95 °C. The supernatant with desorbed proteins
from the particle were separated by centrifuging at 12,000g for 10 min.
The collected sample was used for bound protein quantification and 1D-
GE. Whereas, for the proteomic analysis using LC-MS/MS, the proteins
were eluted from the particles by boiling the pellet particle complex
with Laemmli buffer.

2.7. Protein quantification

The amounts of proteins bound to particles were quantified after
desorption of proteins from NPs using 2% SDS by Pierce 600 nm assay.
Briefly, 20 pL of the sample were mixed with 200 pL of Pierce 660 nm
assay reagent, incubated at room temperature for 10 min with gentle
shaking and the absorbance was read at 660 nm using spectra max i3x
plate reader (soft max pro 7.0.3, Molecular Devices, USA) (Winzen
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et al., 2015). BSA (Sigma Albumin, Bovine) was used as a standard and
blank readings were made with particles that were not interacted with
saliva.

2.8. One-dimension (1D) SDS PAGE

The particles collected after the interaction with saliva were mixed
with 50 pL of SDS sample buffer. We used gradient SDS-PAGE for vi-
sualizing the protein bands. For this, 20 uL of particle suspension was
loaded on to a polyacrylamide gel with 4% acrylamide concentration
for stacking gel and a resolving gel with gradient of acrylamide con-
centration of 8-12%. The gels were run using gel electrophoresis unit
(Bio-Rad, model 3000xi) at a constant voltage of 50 V for 4 h. The
resulting gel was stained with Coomassie brilliant blue stain followed
by silver staining (Bio-Rad) with gentle agitation. A combined
Coomassie blue-silver stain method was followed to increase the sen-
sitivity of the detectable salivary proteins. All experiments were con-
ducted in triplicates to ensure the reproducibility of the general pattern
and band intensities on the 1D gels.

2.9. Protein identification by mass spectrometry

We performed LC-MS/MS mass spectrometry analysis using
3000HPLC- orbitrap fusion MS (Thermo Scientific, Canada). Briefly, the
pelleted particle-protein complexes obtained from the last centrifuga-
tion step in corona preparation were re-suspended and incubated in
Laemmli buffer and the protein solution (40 uL) was loaded onto a
single well of a stacking gel to remove lipids, detergents and salts.
Subsequently, the stacked proteins were reduced using 10 mM DTT,
alkylated with iodoacetic acid and then digested with trypsin in ac-
cordance with the standard protocol for in-gel digestion (Shevchenko
et al., 2007). The resulting peptides were re-solubilized in 0.1% aqu-
eous formic acid and 2% acetonitrile and were loaded onto a Thermo
Acclaim Pepmap (Thermo, 75uM ID X 2 cm C18 3uM beads) precolumn
and then onto an Acclaim Pepmap Easy spray (Thermo, 75uM X 15 cm
with 2uM C18 beads) analytical column separation using a Dionex
Ultimate 3000 uHPLC at 220 nL/min with a gradient of 2-35% organic
acid (0.1% formic acid in acetonitrile) over 2 h. Peptides were analysed
using a Thermo Orbitrap Fusion mass spectrometer operating at
120,000 resolution (FWHM in MS1, 15,000 FWHM for MS/MS) with
HCD sequencing of all peptides. Tandem mass spectra were extracted
and deisotoped by PROTEOME DISCOVERER version 2.0. Charge state
deconvolution was not performed. Scaffold (version Scaffold_4.10.0,
Proteome Software Inc., Portland, OR) was used to validate MS/MS
based peptide and protein identifications. The raw data were converted
into *.mgf format (Mascot generic format), searched using Mascot 2.3
against human sequences (Swissport 2018). Mascot was searched with a
fragment ion mass tolerance of 0.100 Da and a parent ion tolerance of
5.0 PPM. Protein probabilities were assigned by the Protein
Prophet algorithm (Nesvizhskii et al., 2003). Peptide identifications
were accepted if they could be established at greater than 95.0%
probability by the Peptide Prophet algorithm (Keller et al., 2002) with
Scaffold delta-mass correction and contained at least 2 identified pep-
tides. Proteins were annotated with GO terms from NCBI (downloaded
8-Aug-2018) (Ashburner et al., 2000).

2.10. Data analysis using bioinformatics tools

The proteomic data from Scaffold™ was used in bioinformatic tools
such as Expasy, Pantherdb, Bioinformatics.psb, perseus for the analysis
of isoelectric point, gene ontology classification, Venn diagram and
cluster analysis respectively. The theoretical isoelectric point for the
selected list of proteins was calculated using tools available from
Expasy.org (https://web.expasy.org/compute_pi/). To describe the
gene function, the GO (gene ontology) data which includes molecular
function, biological function, protein class were analysed using Scaffold
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and Panther tools (http://www.pantherdb.org/).

To identify the overlap and the unique protein gene list, we used
bioinformatic webtool from Ugent (http://bioinformatics.psb.ugent.be/
webtools/Venn/). The cluster analysis and statistical analysis for the
genes corresponding to the identified proteins were analysed using
Perseus software (http://www.biochem.mpg.de/5111810/perseus).
Fold change value was calculated in Scaffold™ by comparing it with
control sample (Human Saliva) and the Z score for all the genes with
fold change =2 were calculated in Perseus software for cluster analysis.

2.11. a-Amylase enzyme activity by DNS assay

The a-amylase activity was measured in the presence of SiO, and
TiO, particles at a concentration of 2 mg/mL of particles in whole
human saliva. Saliva without particle was considered as control. Briefly,
the effect of particle on a-amylase activity was studied by incubating
the saliva (180 pL) and particle (20 pL) at a concentration of 2 mg/mL
for 1 h. The substrate was mixed with 1% NaCl in the ratio of (4:1) and
incubated at 37 °C for 5-10 min to equilibrate the reaction mixture.
Subsequently, 0.2 mL of the substrate (1% soluble potato starch) was
added into the saliva -particle mixture and incubated for 5 min followed
by addition of 0.2 mL of DNS reagent (dye) and place it in a heating
block for 15 min. After boiling, the Eppendorf tubes were cooled in ice
bath and were added with 0.9 mL of deionized water. The tubes were
centrifuged at 12,000 rpm for 10 min to pull down the particles and
200 pL of each of the sample was pipetted in the microplate and the
absorbance was read at 540 nm. The released sugar in the test sample
and control was calculated and compared. All experiments were per-
formed at least three times with triplicate samples.

2.12. Turbidimetric assay for lysozyme activity

Turbidimetric assay based on the lysis of gram-positive Micrococcus
lysodeikticus bacterial cells was used for the measurement of the salivary
lysozyme activity (Helal and Melzig, 2008). For this, the substrate
(freeze dried bacterial cells) was prepared at a concentration of
0.30 mg/mL using phosphate buffer. The test sample containing 30 pL
of saliva and 30 pL of dietary particles (2.0 mg/mL) were pre-incubated
for 1 h in 96 well plate. The wells were then added with 170 pL of
substrate solution (bacterial cell suspension). The mixture was in-
cubated for additional 5 min before the absorbance was read at 450 nm
using a plate reader. Thirty microliter of saliva sample added with 30 pL
PBS bulffer served as the control. All experiments were repeated 3 times
with triplicate sample in each test.

3. Results
3.1. Dietary particles characterization

The dietary particles used in this experiment were characterized
prior to their interaction with human saliva to assess their size, shape,
hydrodynamic diameter and surface charge (7 potential). Particle
characterization were performed in MQ water, PBS buffer and whole
saliva by using scanning electron microscopy (SEM), dynamic light
scattering (DLS) and zeta potential measurements as shown in Table 1
and Fig. 1. According to the suppliers, the primary particles sizes of
SiO, NP, SiO, MP and TiO, NPs were 12 nm, 110 ym and ~ < 44 pm,
respectively. However, SEM analysis showed that size of primary par-
ticles constituting the aggregates are 25 nm, 70 nm, 150 nm and 50 nm
for SiO, NP, SiO, MP, TiO, NP and Ag NP respectively, which are
largely in agreement with the data supplied by the supplier except for
SiO, MPs (Fig. 1). In the case of Ag NPs, we noticed the presence of rod-
shaped silver nanoparticles although majority of them were spherical in
shape (Fig. 1D).

All particles agglomerated to certain extent in saliva, except for SiO,
NPs which was comparable to the size of particles dispersed in water. A
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Table 1

Summary of physical characterization of the dietary particles used in the experiment. Effective diameter by number in (nm); Poly dispersity index-PDI; and Zeta potential (ZP) in mV of all the four dietary particles

measured when dispersed in buffer and human whole saliva incubated for 1 h at 37 °C. Values are mean = SD from three independent experiments.

Suspended in whole saliva

Suspended in PBS buffer

Suspended in water

Dietary

particles

Zeta Potential (mV)

PDI

Effective diameter by number

(nm)

Zeta Potential (mV)

PDI

Zeta Potential (mV) Effective diameter by number

PDI

Effective diameter by number

(nm)

(nm)

1.61
0.96
0.79
3.81

—20.05 *=
-17.77

—13.67
—-14.33

0.01
0.34
0.07

0.28 =+

0.54
0.20

+ 4.56

27.43

5.62
2.76
2.90
2.92

+

—26.47
—28.54
—43.14
—10.61

0.37 = 0.20
0.25 0.03
0.72 0.02
0.42 0.14

55.62 * 16.94
41.96 24.10
321.7

0.788
2.63
0.92
5.01

—25.95 =+
—-20.13

-32.61
—20.40

0.32 = 0.082
0.34 0.11

0.13
0.50

+ 15.10
4.05

50.53

SiO, NP

+

+

+ 100.41

235.59

+

+

+

+

+

+

41.78
422.86
57.06

SiO, MP

+

+

384.43
5.13

+

291.76
26.97

=+

+

173.49
9.92

+

=+

0.014
0.08

+

13.41
7.57

=+

TiO, NP

+

+ 0.02

0.362

+

+

+

54.44 =

+

+

+

Ag NP
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significant increase in particle size was observed for TiO, and Ag NPs
due to the agglomeration in PBS buffer and saliva (> 100 nm). The
polydispersity index (PDI) value found to be higher in PBS and lower in
saliva for all the particles except SiO, MPs. None of the particles had a
PDI value less than 0.05 suggesting that these particles were not
monodispersed. All these particles exhibited negative zeta potential in
PBS and saliva. The zeta potential value for all the particles in saliva
showed a decrease in the net negative zeta potential (Table 1). TiO, NPs
showed significant decrease from the initial negative charge
—43.14 mV to —13.1 mV.

3.2. Protein quantification and analysis by 1D gel electrophoresis

Fig. 2(A) shows the amount of proteins bound onto the surface of
particles. The total amount of adsorbed protein was significantly higher
in SiO, NPs in comparison to TiO5 and Ag NPs, and SiO, MPs. The data
suggested 20-40% depletion of total proteins from saliva when particles
are interacted at a concentration likely to be encountered during con-
sumption of food commodities contain manufactured NPs.

Fig. 2(B) shows 1D-PAGE of salivary proteins retrieved from the
pellet of dietary particles incubated in human saliva for 1 h (lane 3-6)
and proteins from human whole saliva (lane 2). The difference in band
intensities suggested differences in the relative abundance of proteins in
tested particles. As such NPs of SiO, showed the highest number of
protein bands and the bands were darker in comparison to protein
bands obtained from other particles. The enrichment of proteins on the
surface of particles was observed as new bands (red box in Fig. 2(B))
which were absent in the control lane 2 (human saliva).

3.3. Proteomic profiling of salivary coronal proteins by mass spectrometry
analysis

The profile of protein coronas on the surface of the dietary particles
after 1 h of incubation in human saliva were investigated using LC-MS/
MS. A total of 737 unique salivary proteins were identified, in which
498 were identical to the whole saliva and the remaining 239 proteins
were unique to saliva interacted particles suggesting possible enrich-
ment of specific proteins on the surface of particles. The detailed list of
the identified salivary coronal proteins is provided in the supplemen-
tary data (Table S1).

The difference in the composition of the salivary protein corona
around the dietary particles is evident from the Venn diagram shown in
Fig. 3(A), total of 339, 372, 246, and 149 salivary proteins were
identified in the coronas on SiO, NPs, SiO, MPs, TiO, NPs and Ag NPs,
respectively (Fig. 3(A)). It was found that 123 proteins were common to
all the particles surface irrespective of the size and chemistry. Number
of distinct proteins present in the coronas of SiO, NPs, TiO5 NPs and Ag
NPs were 115, 31 and 9, respectively (Fig. 3(B)).

The relative abundance of the proteins is illustrated in Fig. 4(A) as a
heap map. Hierarchical cluster analysis showed a significant difference
in the abundance of proteins present on different particles. Based on GO
analysis, genes corresponding to proteins could be clustered in to 5
categories. Cluster 1 has 14 genes, most of which are highly abundant
in SiO NPs followed by Ag NPs while, almost none with TiO, NPs.
Cluster 2 represent genes that are significantly abundant on Ag NPs but
with minimal presence on TiO, and SiO, NPs. Cluster 3 represents
genes of protein that are mainly abundant on TiO, NPs. Similarly,
cluster 4 grouped genes of proteins that are mainly abundant on SiO,
MPs and some of the protein genes from this cluster were also found on
SiO, and TiO, NPs. The last class of the cluster grouped the genes of
protein that are highly abundant on the surface of SiO, NPs. The list of
genes constituting the clusters in 4A is provided in Table S1. Fig. 4(B)
represents the fold enrichment of the salivary proteins on the particles
surface. We observed a significant enrichment of salivary proteins on
particle surface which were close to or below the detection limit in the
whole saliva. Overall, 168, 131, 80 and 72 protein genes found to be
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Fig. 1. SEM image of dietary particles obtained after drying the NP dispersion (50 ppm) on the SEM stub. (A) SiO, NP; (b) SiO, MP; (C) TiO, NP; (D) Ag NP.

37.34

30.21
I I 27.10

SiO2NPSiO2 MPTiO2 NP Ag NP

*
*
*
100
50
0

SiO2 NP Si0o2 MP TiO2 NP Ag NP

&

A)

n
N
=}
Bound Protein (%)
- N W W
S NSO NSO hOo

-
N
=]

Protein Concentration (ug/ml)

(B)
200
1163
97.4
66.2

Sy
n

31

14.4
6.5

MW  Saliva SiO2NP SiO2 MP TiO2NP AgNP

Fig. 2. Analysis of protein corona after incubation with human saliva. (A) Quantitative analysis of bound protein concentration in pg/mg of Particles: Proteins were
quantified by Pierce 660 nm Assay after the desorption of proteins from particles using 2% SDS; (B) changes in the bound protein pattern of whole saliva interacted
with 4 different dietary particles: Particle bound proteins were separated in 1-D SDS-PAGE and visualized by combination of Coomassie and silver staining. The
Molecular Weight (KDa) of reference proteins are shown in the first lane. * Indicate statistically significant difference from SiO2NPs (p < 0.05).

significantly enriched on the dietary particles of SiO, NP, SiO, MP, TiO,
NP and Ag NP respectively with fold enrichment of =2. The heatmap
displaying fold enrichment was clustered in to 5 groups. Each cluster
represents a unique pattern of protein enrichment in respective particle.
Cluster 4 was found to be the major cluster with 118 protein which are
constituted by either less abundant high affinity or high abundant high
affinity proteins of saliva. For instance, lysozyme and lactoferrin were
high abundant proteins that showed higher affinity for SiO, NPs and

SiO, MPs with 3.6 & 3.2-fold enrichment from the human saliva. On the
other hand, Annexin is a low abundant protein in saliva which was
found to be enriched ~5.5-fold by all the tested particles.
Apolipoproteins B-100, Annexin A2 and Annexin A11 were found to
be enriched by all the particles. Notably, Ag NPs showed higher value of
fold enrichment for Annexin proteins. On the other hand, SiO, NPs
showed unique pattern of fold enrichment by adsorbing almost 11
unique proteins from the list of 20 most enriched proteins
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Fig. 3. Venn diagram shows the number of salivary proteins found associated with surface corona of saliva interacted particles. (A) Four dietary particles (B) only
dietary NPs and (C) silica particles of micron and nano size. Distinct composition of corona associated proteins for each particle is evidenced as difference in the
number of proteins and identification of unique proteins in saliva interacted particles suggested the preferential enrichment of low abundant proteins (which were

not originally detected in saliva).

(Supplementary data: Table S2). Notably, only 8 proteins from the list
of 20 most abundant proteins were shared by both SiO, NPs and SiO,
MPs, suggesting the potential role of particle size in determining the
types of proteins binding onto particles.

3.4. Comparative analysis of the protein corona on dietary particles

The top twenty most abundant salivary proteins from the protein
corona formed on the 4 different dietary particles is listed in Table 2.
Generally, there was high redundancy in proteins present on the corona
of particles (Table 2, bold and italics). However, there were proteins
that were unique for each particle.

Most abundant proteins included a-amylase-1, polymeric im-
munoglobulin receptor, prolactin inducible proteins, zymogen granule
protein 16 homolog B, lactotransferrin, immunoglobulin constant alpha
1, alpha- 2 heavy chain, and BPI fold containing family A member 2.
The difference among particles in protein abundance is exemplified by
the presence of Annexin Al and A6 exclusively in Ag NPs while proteins
such as Lysozyme C, Cystatin-SN was present in all group except Ag
NPs. We also compared the abundance of proteins in saliva and particle
corona after emPAI optimization of spectral count to mitigate the dis-
parity in spectral count arising from differences in number of peptides
from larger and small proteins (Ishihama et al., 2005). While there was
a high overlap between the list of proteins generated by these two
methods, the relative ranking changed and proteins of smaller MW
were seen climbing up in the ranking after emPAI optimization (Table
S3).

To characterize and compare the nature of proteins that are found in
the top 20 abundant and enriched proteins on the particles surface, we
grouped proteins for their molecular weight (MW) and isoelectric point
(pD. Almost 70% of the corona proteins were composed of those with
molecular weight < 60 kDa. Unlike other particles, Ag NPs had less
proteins with mass < 20 kDa and also had proteins with mass of
100-150 kDa (Fig. 5(A)). We also compared the molecular weight and
p! of most enriched proteins. Mostly, the enriched proteins on SiO, and
TiO, particles had MW of 100-150 KDa (Fig. 5(B)). Fig. 5(C & D) re-
presents the protein classification by pl for abundant and enriched
coronal proteins of the dietary particles, respectively. Generally, 90% of
the most abundant proteins present on the particles had their pI values
less than 7 (Fig. 5(C)). Notably, 50% of proteins enriched on SiO5 NPs
were with a plI value in the range of 7-11 (Fig. 5(D)).

3.5. Functional annotation of the salivary protein corona

We employed bioinformatics tools, such as Scaffold gene ontology
(GO) and Panther database to classify the coronal proteins based on GO
terms. Classes of proteins identified through GO term annotation are
presented as stacked bar plot in Fig. 6. Enzyme modulator, hydrolase,

proteins involved in host defence and immunity, signalling molecule,
oxidoreductase and cytoskeletal proteins constituted ~60% of the
coronal proteins. There were quantitative differences in the relative
distribution of these protein classes among the tested particles. For
instance, there was a two-fold increase in oxidoreductase class of pro-
teins on Ag NPs while, the presence of oxidoreductase in other particles
were comparable to that of saliva. Similarly, transcription factors were
found only in SiO, particles. Other protein classes such as transporter,
calcium binding, and carrier protein were found in higher percentage
on the tested particles compared to the whole saliva which in turn
suggest the enrichment of these protein classes on the surface of par-
ticles.

3.6. Influence of dietary particles on the enzyme activities of a-amylase and
lysozyme in human saliva

As the NP surface have the ability to modify the structure and
therefore the function of the proteins, we hypothesized that activity of
a-amylase and lysozyme will be influenced by the presence of dietary
particles in human saliva. All the tested particles showed statistically
significant decrease in a-amylase activity as shown in Fig. 7A. Among
the three dietary particles tested (SiO5 NP, SiO, MP and TiO, NP), SiO,
NPs exhibited the highest inhibition which was 34.94% in comparison
to a-amylase activity in whole saliva (inlet Fig. 7A). SiO; MPs and TiO,
NPs didn't show significant difference between them in the enzyme
inhibition activity as shown in the figure inset 7A. The lysozyme
function in saliva was found to be affected by the presence of SiO,
particles (both NPs and MPs) but not by TiO, NPs (Fig. 7(B)). The %
inhibition of lysozyme activity was 24.3, 11.58 for SiO2 NPs and SiO2
MPs, respectively (inlet, Fig. 7B).

4. Discussion

We assessed the corona protein profile of dietary particles interacted
human saliva, as mouth is the port of entry for particles used in food
additives, dental materials and drug formulations. Our results showed
qualitative and quantitative difference in the distribution of proteins
present in the hard corona of different types of dietary particles tested.
NPs of SiO, showed the highest amount of proteins adsorbed in com-
parison to other particles. Proteomic analysis showed the distinct type
of gene clusters corresponding to proteins adsorbed on different parti-
cles. The functional annotation of proteins found associated with par-
ticles showed higher prevalence for those involved in metabolic and
defence functions.

Inorganic particles used as food additives could get released from
the food matrix and could interact with saliva during mastication of
food. Saliva serves pivotal function in enabling the smooth passage of
food through digestive tract and is a major reservoir of digestive
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Fig. 4. Hierarchical clustering of the proteins found on the surface corona of saliva interacted dietary particles. (A) Heat map showing relative abundance of 506
differentially expressed genes corresponding to proteins identified on each dietary particle compared with human saliva. Color scheme is based on the z score values
of fold change of individual proteins compared with whole saliva. (4B): Heat map showing enrichment of proteins on each dietary particle in comparison with those

identified from human saliva.

enzymes and proteins of relevance to oral hygiene (Loo et al., 2010;
van‘t Hof et al., 2014). Therefore, it is crucial to understand the inter-
actions of human salivary proteins with particles, including NPs that
are used as food additives.

We observed agglomeration of particles when they were dispersed
in saliva and PBS buffer. The increase in particle size when dispersed in
saliva could be explained by the combined effect of the protein corona
formation and the agglomeration of the particles due to the pH and
ionic strength of the saliva (Bihari et al., 2008). Many studies have
shown that protein corona could stabilize the particles in the solution
(Deng et al., 2009; Monopoli et al., 2011). For instance, TiO, and Ag
NPs dispersed in water and PBS quickly agglomerate from their original
size of 20 to 50 nm to hundreds of nanometres while, in the human
saliva the protein coating prevents the particles from forming large
clusters. The net negative charge of particles reduced after incubation

in saliva, suggesting the presence of protein corona. Several studies
addressing the interaction of serum plasma with NPs have showed that
these physicochemical properties of the particles such as chemical
composition of the particle, surface charge, surface chemistry and size,
have significant influence on the formation and composition of protein
corona (Docter et al., 2015; Zanganeh et al., 2018). Thus, while the
main reason for the differences among particles for corona protein
profile as observed in our study could be attributed to the chemical
makeup of particles (including its surface chemistry and dissolution),
the influence of size on the relative abundance of proteins cannot be
discarded. For instance, the silica particles of comparative surface
chemistry showed 269 shared proteins while 70 and 102 proteins were
unique to NPs and MPs, respectively. It should be noted that the type
and relative abundance of proteins bound onto NP surface are de-
termined not only by the physicochemical properties of NPs but also the



238
100.
0)
202

19¢

act

Imp

Nano

L

et a

an,

inivasi

Srini

D.

n-
icro-e
m
ith the ed
along wi na shovids
. a
1 fluid icle coro g tow. icle
ica rtic intin artl
. lOg i pa 0! n p. or
bio ith ol p . O F
the dw T oroveins data. g
in iate iva co rot S n A
ins cia livi in p /M to
rotein S asso the sal ertain C-MS absen were
f p tein: in f ¢ L re abs se
ies o t o e e da le,
erties is of pro abseI.l hmentd by th ins wh eroxi examp in
rop nt. sis ere ric ne rote ctop for se
P! onme 1analyhichw ive en ngthe cin p nd la tein, fo crea of
vir ge w lecti stre t mu me a ro Id in: case
1D nds f se her dan yA% llpop -fo the re-
ba itv o rt n lyso 0 64 in er
ique ility fu abu as 10 ith se oth L.
iqu ibili as ighly h -B wi ea ith al.,
) un SSi is wi h uc Apo S incri it et
g 0 his higl ins s NP d in, twi er n
2 ep T the tein NPs. Ag fol en enz do
R3] th faces. hen t pro Ag on d 33- ngru 1: T iche ive
g ur w dan on nt an co 2011; enr ativ
< S ce, n d me 47 re 1 be eg .
£ instan abu iche ich as a7 h a al., to ith n itive
g = ins w nri enr it w hic ins et d it osi
8 Z lo be e t ile i w. fins foun icles wi t p L,
S§E 5 NPs, to ifican whi ively San re tic ne eta
~ S E 8 nd to T ni liva ecti 11; 6 we par ith zer bial
g 2 ) S fou s1g sa esp 20 A at ins w - Ten icro
) 2 ! g 5 ShO""edisOn to TiO, ret al., 9 Allilown th rotein 2012; Zntimlckopro_
8 - S 9 N E g 3 ompar s and (Jeon xin A ’Ve S with p t al., dant ntileu en-
9] A N 3] 5 ] S §5 S C NP ies nne ies ha ind ge bun A ting )
& % § g £ 3 g ) k] v E 3 Sio, studi ly, A tudies ly bin 1: Den low a ch as get par
o S 2 Q 3 £ 5 d ilar! > S ial 11; t su me ) ]y, ive
o S E g3 S g8 & £ £ 2 g rte imi Ps. ntia 20 tha 7) zZy ting tiv
3 £ 5 E S S 2 S3E g £ po Si N re 18, d > lyso res ga
=) S E L 2o ~ 9 El S £ g 8 11). Ag refe imbe tice (pt d ly Inte t ne a-
g S < > 2 S g ) = cic] ) g = 20 nd e p Sim no rge in an e. In ne f neg
3 25 ERE 2 g = ER B & g < i0, a harg i and also ha rrin harg ith ing o icles
= H:-Ea - .e‘{'-a'_'m<°=.a s 2 TiO, c li a e,‘ec nsfe.ec ~sw-dlng rtic
= 58 > E kS g~ . 2 e < 2 g 8 38 S face rma ly, w sitiv tra tiv tein: bin d pa of
° s § S W ¥ 5y ch= 2 S % § s == ur: (Ka ingly, po cto ega ro ial (S ing
b=, g“\ué"g%gg.‘ %zg-‘EﬂwEEm § e rdi a La t n f p nt harg indi -
2 SR 288 =3 § g g & = rg co ing e, ne Y fere; chal bi ar
N S g E = 5 = 0 o T A g2 g E cha Ac layi idas ith ce re ively itial f p
g S E £E% 2 g gss 2R E 13). disp TOXi wi alen his p ativ init ce o ins.
= 3 g g S 8 Z 3 85 &5 20 ins lope icles rev te t f neg the urfa otel
s ==~°.:®.U 552 - tein: e art igh p ibu o ct ive s Pr.’ng
= S S 0 9 28 s < o< ® ro my p hig tri ce ffe tiv ed 1n1
ke % 3 o eEE 2 p e, ese a at rfa 'se ga rg rm i
= = E S R — 8 inas th d We su an ne. cha te ific
< 13 = =5 = < — g tein n we . the . he 1 in de ecC.
&3 ES2 ~ g L d o ho na to Vro k ively in sp ich
=] e =2 5 E=S 2 iche S rO n o as tiv le al ic
3 g5 o 8 g 5 o ric Iso ir co ins o ing t ins m: ega ro et enr
2 & £ Q ) S E £ s a heir ein ding ins f n jor m to enri
Z Q S .8 N g S icle in t ot T te o aj wn n rin,
= S S 5 5 tic in pr co ro ing m ho Wi the
. o k. > ) T e ed Ac prot din, a s ho ta 0
9 < B S 8 - o 9 harg rg ct. ivary bin lay Iso es ), S als
2 ] = 3 = : c ha ffe liv p a av ins), e
2 g 1= 2 = =) s g lv ¢ 's e sa the ions ve h tein Wi -
£ % S g S E = 5 E ively n's ed sal tio have les rotel tly, 1o
ob g 8- °.: & & k| tiv a rg ing action s ticles prol la ich p
= % 3 § S & s S & 2 X ) rom ha low inter die ar ich mi Tic in
= £ g 3 S8 S99 E = Vi ly c allowi In stu i0, par er Si ine- tein,
5 S £ 2 ipis g = % = g to itively by bic ns, Ti olin 010). roli pro f
= g > § g g g g--g g £ 2 g £ g T osi here ulom actio nce, s (pr L. 2 ivary p rs 1 ces o
g . . N 58 $£% % ZER R ticles w ile co inter instar PRPs o calive tumo urfa of
S S s s 3 £55 1€¢ 258 g S £ tic while le i For idic lih as s in he s ding
i ~ 2 g £ 23 s 8 & 2 & 283 s, tic ins. aci I (Sa ch bra n t bin on
< ] 2 B0 = A 3 S < g5 b= ) 8 & Thu . -par tein as -II su ant Do d se
£ I §25% FEEE g2 ML ch SA ins lign 2V doreducta f
=] 3 5 5% u-wwc ot fP‘ su d te a - fe du ite o
= S 2. 2E o §§3H>4 prote 0 ins S an protets m ha re idore st
9 S, 8 N S ! g ) &) inding ote ins of d in Ip for p xid tive Ps
= 3 5% RCR 3 g E SR bin opr ati ent ete na e fo ac gN
£ i 3 %g EE ::“)““E g £ X - phosph 1, Cystnrichrﬁain, de; coHageexampilme“t Cin the g with A
g 73 Ex5 T x g 0 tin- € c n r ic ntin din e
= 5 5 K 3 E‘ N EQ 5 4 ista an ta in a the nr ese; n b
o <] ) = N 9] hi. d in be in o € I bi to .
g $E8§ S2E 5 £ rve in cha An the es p ed ified ic
= 2|5 g E %‘E T 2 g 2 Obses tubulgammal rticlesf'ace Wasmoleclfl preferr identifi etaboin
Z S 2. 2 5 ins, n pa r ine thi € 1d met: s
p 5 e €n g ner T n,
S = g% = g =2 2 an o) o m or u iche I .
© a S ] 23 ) E = i0, n t oup ht to ith ¢ omm ric hy eins
g & M £5 £ g g = Ti ins o iol gr oug wi 1 e f en rase, rot
= <5 g S S £ e & 2 te hiol g th iated ce % o sfe d p the
= S S S 28 =) E 2 g pro . T e is cia s & 50 ran; iche of .
8 g ) 2 ?éf S g 3 E o NPs ctas 012). asso oces ost hast enry 7% tein
= <8 5§ 25 - s E = Ag redu 1,2 ins T pri Alm suc top ). 6 pro
g 38 ] e < = £ 8 ido t al., ote lula s. ivity the 3% tal icle
£ ° 5 2 > s 8 2% » 2 g 2 oxi ee pr cel imulu tiv Ps (3 kele art
= ] £ 8 Q= 3 S £ S b 3 B org! 11y, in stim ic ac N : 1ty tos n p The
£ €3 S8 &3 5 5 ® 5 = <23 (Ge era ed to Iyti r Ag cvin cy d o E.
=) g ) = = 5 S B3 £ g8 [ A Gen involv onse t cata As fo se a d in iche 0 nts
5 & g § 3 g g g g g g g Y &E jorly 11‘1d respl edin ivity. drola-nvolve d enr Al prarra e-
g it £3 Tis 1 £2 process an nvolved ely in hyhose s founo Apo salival'pid "
=t ~ w8 [+ =i S e e t in > in i
=) EQ;’:EU = ¥3 g8 E X g oc ar ula stly e tei 10 an n
5] 'Eg"""uFE:E‘u‘)%E“ g pr NPs reg mo: S ar TO o B hum: le i
| Ngo.ueuz.aak_] k| . e d NP f p Ap ior ro g0
S S =y £ S L5 105 m lve . [0) om T der
2 > 5§ g8 E 3 3 N S Zym o i0, lass as f fr ajo n in
g gﬁ&%iSEEE ~ > den inv n TiO c uch ins m u i
8 : ] n se do or ins s ote y a may at w
5 R SELE 3 a tho n maj in . Opro la icles th -
= % § % E IS g - Tc E o E : areteins fAOEOtherlipoproteApOhProt eins p partldhange-sn the SZI
— o 3 g S h 0 0 ing p he lc 1 uel,
50 ) = a8 s = 2 pr ing. ap tin, se f t iona e ; Tre .
§ e = % E N 5 s % bindlnegs was of deple as the rface f(;rmatloto chan§012& partial
g3 < =S g ac e ion, su n e n, e he
:Z . E g ° § § é ~ & ~§ Surfsequencestigau o theg to C(zion al dun 4 Chl\?P causmong .tn.
= g 23 £ > : £ g 2 on inv on din c ane A ibitio
] & g 5 3 3 = 2 E 3 c her bed lea sfun lkey TiO, liva. inhi i
] S £2 0§ g . 5 e B g rt . or| nt dy ; Wa d sa mn m
5 E 5 B S §~ = g 3 Z g g g fubolismins adsangemiecomle 2019; Ps), an ity Ofntage Oefnzymieins'
=Y = =S S Q& =} S 7] 5 s ta rote arr: in to al., dM ctiv: rce; r TO _
2 2 g 2 g = 28 S = 5 X £ 2 E P 1 re ein et an e a t pe le fo on p inter
g % S8 25 g s 3 “ g 55« & tura rot Phue NPs Zyme hes ab ect re i f
o] Eo;.“,E 'T;E,"g keg’ °=3 s A truc he p e ( i0, ( lyso hig en effi we ion o
g £ 3 B ks RS Eg 2 s rt ur i02 d he am ittle ey ctio:
2 il =31 ¥ EEES rende partcles of o showed puded foty when o e,
g g g c e . . - S-
g S35 N 58 SSEE "‘ dary arti -amy Ps s r istry I ity iqu a
$ T E £2a g8¢ < on, ). P f a N are hem ctiv un ften
E Z S §i: g AN g K 013 " o 510, ces ec € a d by me. is o for
«s 09 s § g2 53 = S E 2 ibition icles rfa rfac Zym iate enzy: th only
g EfE §3 23 g e inhib rticle; suri su f en ed in ou th
2 g5 < S&E 2 g £ in| d pa ilica ilica s 0 be m nge he m mou
B8 a ISERS) S [ 55 ] < 3 te S ince s los to ha: in t the
c z 23 = A ~ g ® 3 > g tes ally, sinc ved ht al ¢ in in in
k= ~ >3 A = 8 g 9] o 3 ner: ion Ser. oug tion ecti ays
% % A '§° % é :éo g ; i 2 G‘Zbilizatl the OEPS is thnformaamyloi food st
= = S g N g o 0 5o m re, . CO: d a
a 5 E S g = S Y X o 3 refo: SiO,, use an ce,
2 g 2§ 25 3 g I he ith ca ose rtan,
= g ° 2 g §-§‘ £ =4 E £ T ted w i0,, tof amyl 1 impo
E 2 P 22 2 z § ac fSiC Fminiona
5 g o £ > P B E s § 3 2 Pt NPS9 estion f mini
g R g8 asga@a% g g Dig be o
= RS g2 £ %éoEeaﬁg“: ks ed to
3] - ] K 8 o k= ERY m
3 g3 £ Ewmgééu S U
2 -":?J,E agmUE'EEEES_' o
g :E§§a=%°";%§ze§“ =2
2 Q-"-TE&%§'3‘5>\UH on
a ';’.gzm.:cszgd =32
g E ss§§§§52 SRR
o= sEsauN SRl
=i o = oS £ (%)
2 S '2‘ AR ® o
i | e
S [22]
= | ok
N p) 3
283 ;
B3



D. Srinivasan, et al.

NanoImpact 19 (2020) 100238

Abundant proteins

(A) 100% =
80%

Enriched proteins

Iso electric point (pI)
% of Proteins

© 100%
90%
80%
70%
60%

= 50%
40%
30%
20%
10%

0%

SiO2 NP SiO2MP TiO2 NP AgNP Saliva

®) 100%
90%
g =>150 80%
S g 0% 100150 g 70%
w g 60% wso100 £ 60%
Z Oz 50% 60-80 2 150%
0,
E % 4% ad0g0 o %
3 ¥ = 30%
E 30% 2040
= 5000 u20- 20%
= 0% <20 10%
0% 2
o SIO2NP  SiO2MP TiO2NP  AgNP
SIO2NP SiO2MP TiO2NP AgNP  Saliva : : g
®) 100%
0% |
210.0-11.0 80%
29.0-10.0 70%

u8.0-9.0

_—

60%
o,

7.0-8.0 i
40%
#6.0-7.0 30%
u5.0-6.0 20%
u4.0-5.0 10%
0%

SIO2NP  SiO2MP TiO2NP  AgNP

% of proteins
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few seconds and the time given to the enzyme to act enzymatically in
the mouth during mastication vary with individuals. However, studies
have shown that considerable amount of starch hydrolysis happens in
mouth during mastication of food and that salivary amylase are pro-
tected from the acid inactivation in the stomach by partially digested
starch (Hoebler et al., 1998; Mandel and Breslin, 2012). Therefore,
binding of a -amylase to NPs of SiO, could compromise the action of a
-amylase beyond the oral cavity. Further, the presence of NPs in small
intestine could have similar effect on pancreatic a-amylase. In short,

our studies showed the selective enrichment of certain proteins in-
cluding digestive enzymes and that these interactions could compro-
mise enzyme activities. The mechanism of enzyme inactivation by SiO,
NPs is currently addressed in a separate study.

For the first time we captured the interaction of salivary proteome
with dietary particles through a qualitative and quantitative approach.
We observed a distinctive difference between each dietary particle on
its protein corona composition with differential abundance and fold
enrichment of significant salivary proteins. Further, we show that the
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interactions of particles with proteins could lead to compromised en-
zyme functions that are vital to the function of saliva. While the scope
of this investigation was limited to understanding the interaction be-
tween pristine particles and human saliva, it should be noted that
particles applied in food are likely to acquire surface coatings before
they encounter saliva. Therefore, studies aimed at understanding the
influence of food matrices on protein adsorption on particle surface and
its effect on structure and function of vital salivary proteins are war-
ranted for comprehending health effects ensuing ingestion of particles.
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