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Nanoparticles (NPs) have been widely utilized in the food industry as additives with their

beneficial characteristics, such as improving sensory property and processing suitability,

enhancing functional and nutritional values, and extending shelf-life of foods. Silica is

used as an anti-caking agent to improve flow property of powered ingredients and as

a carrier for flavors or active compounds in food. Along with the rapid development of

nanotechnology, the sizes of silica fall into nanoscale, thereby raising concerns about

the potential toxicity of nano-sized silica materials. There have been a number of studies

carried out to investigate possible adverse effects of NPs on the gastrointestinal tract.

The interactions between NPs and surrounding food matrices should be also taken into

account since the interactions can affect their bioavailability, efficacy, and toxicity. In the

present study, we investigated the interactions between food additive silica NPs and

food matrices, such as saccharides, proteins, lipids, and minerals. Quantitative analysis

was performed to determine food component-NP corona using HPLC, fluorescence

quenching, GC-MS, and ICP-AES. The results demonstrate that zeta potential and

hydrodynamic radius of silica NPs changed in the presence of all food matrices, but their

solubility was not affected. However, quantitative analysis on the interactions revealed

that a small portion of food matrices interacted with silica NPs and the interactions

were highly dependent on the type of food component. Moreover, minor nutrients could

also affect the interactions, as evidenced by higher NP interaction with honey rather

than with a simple sugar mixture containing an equivalent amount of fructose, glucose,

sucrose, and maltose. These findings provide fundamental information to extend our

understanding about the interactions between silica NPs and food components and to

predict the interaction effect on the safety aspects of food-grade NPs.

Keywords: silica, interaction, quantitative analysis, sugar, protein, lipid, mineral

INTRODUCTION

Nanotechnology and engineered nanoparticles (NPs) have attracted much attention for a
wide range of applications in the field of chemical engineering, materials science, cosmetics,
pharmaceutics, and medicine. NPs have been also widely applied to food products as additives,
nutrient supplements, antimicrobial agents in food packaging, and delivery systems. According
to Nanotechnology Consumer Products Inventory released in October 2013, the number of NPs-
based commercial products in food and beverage have increased recently, of which gold, titanium

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
http://www.frontiersin.org/Microbiology/editorialboard
https://doi.org/10.3389/fmicb.2017.01013
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2017.01013&domain=pdf&date_stamp=2017-06-07
http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive
https://creativecommons.org/licenses/by/4.0/
mailto:sjchoi@swu.ac.kr
https://doi.org/10.3389/fmicb.2017.01013
http://journal.frontiersin.org/article/10.3389/fmicb.2017.01013/abstract
http://loop.frontiersin.org/people/432124/overview
http://loop.frontiersin.org/people/426412/overview
http://loop.frontiersin.org/people/432117/overview
http://loop.frontiersin.org/people/432017/overview
http://loop.frontiersin.org/people/400418/overview


Go et al. Silica Interaction with Food Matrices

dioxide, zinc oxide, and silica (SiO2) are among the most widely
applied NPs (Vance et al., 2015). In particular, SiO2 NP is
registered as a food additive E551 in the European Union (EU)
and used as an anti-caking or anti-clumping agent (Dekkers et al.,
2011; Wang et al., 2013). Humans are exposed to NPs through
oral intake of NPs-containing food or beverage, which counts for
16% of total exposure (Vance et al., 2015). Oral ingestion being
the third route of NP exposure, next to skin (58%) and inhalation
(25%) (Vance et al., 2015; Cao et al., 2016), safety aspects of NPs
to food sector duly need a critical consideration.

Toxicological effects of food-grade SiO2 NPs on biological
systems have not been extensively explored compared to other
commercial types. Moreover, most in vitro and in vivo studies
have focused on biological responses upon exposure to SiO2

NPs, without considering potential interactions between NPs and
biological or food components (Borak et al., 2012; Lee et al.,
2014; Kim et al., 2016). As NPs in food are present in mixtures
with food matrices containing carbohydrates, proteins, lipids,
minerals, and other trace elements, interactions between NPs
and food components can be critical factors affecting potential
toxicity, oral absorption, biodistribution, and efficacy of NPs. It
was reported that NPs affect nutrient absorption (Mahler et al.,
2012; Dorier et al., 2015), but the interactions between food-
grade NPs and food components have not been well explored.
On the other hand, food components could also influence the
absorption and toxicity of NPs as well (Wang et al., 2014;
Bohmert et al., 2015; Docter et al., 2015; Lichtenstein et al., 2015;
Jiang et al., 2016). Indeed, our previous research suggested that
oral absorption of food-grade SiO2 NPs is highly affected by food
components, showing 2.4- and 2.5-fold enhanced absorption
efficiencies in the presence of albumin and glucose, respectively
(Lee et al., 2017).

The aim of the present study was to determine the interactions
between SiO2 NPs and food matrices. NP interactions with
honey, skim milk, olive oil, or phosphate buffered saline (PBS),
which represent saccharide, protein, lipid, and mineral matrices,
respectively, were analyzed quantitatively. In addition, the role of
trace nutrients on the NP interaction with saccharides and casein
(major components in honey and skim milk, respectively) was
also investigated.

MATERIALS AND METHODS

Materials and Characterization
Food-grade amorphous SiO2 NPs were purchased from Evonik
Industries AG (Essen, Germany). Materials used were as follow:
acacia honey (Dongsuh Food Co., Ltd., Seoul, Republic of
Korea), D-(+)-glucose (Sigma-Aldrich, St. Louis, MO, USA),
D-(−)-fructose (Sigma-Aldrich), sucrose (Sigma-Aldrich), D-
(+)-maltose monohydrate (Sigma-Aldrich), skim milk powder
(Seoul Milk, Seoul, Republic of Korea), casein sodium salt from
bovine milk (Sigma-Aldrich), extra virgin olive oil (imported
from Spain, Beksul, CJ CheilJedang, Seoul, Republic of Korea),
37-component fatty acid methyl esters (FAMEs; Sigma-Aldrich),
hexane (Sigma-Aldrich), sodium hydroxide (Sigma-Aldrich),
biphenyl (Sigma-Aldrich), methanol (Samchun Chemical Co.,
Ltd., Gyeonggi-do, Republic of Korea), acetonitrile (HPLC grade,

Samchun Chemical Co., Ltd.), water (HPLC grade, Samchun
Chemical Co., Ltd.), and PBS buffer (NaCl 137 mM, KCl 2.7
mM, Na2HPO4 10 mM, KH2PO4 1.8 mM; Dongin Biotech. Co.,
Republic of Korea).

Particle size and morphology were determined by scanning
electron microscopy (SEM; FEIQUANTA 250 FEG, Hillsboro,
OR, USA). Zeta potentials and hydrodynamic radii of NPs in
aqueous suspension and food matrices were measured with
Zetasizer Nano System (Malvern Instruments, Worcestershire,
UK). Stock solution of SiO2 NPs [50 mg/ml in distilled water
(DW)] was prepared, stirred for 30min, and diluted to designated
concentrations just prior to experiments.

Solubility
Particles (5 mg/ml) were dispersed in 10% honey, 1 mg/ml of
skim milk solution, olive oil, and PBS buffer, respectively. After
different incubation times at 25◦C, supernatants were collected
by ultracentrifugation (16,000× g) for 15 min, and analysis of Si
in the supernatants was performed as described previously (Paek
et al., 2014).

Interaction between NPs and Saccharides
Different concentrations (1, 2, 5, and 10%) of acacia honey
were prepared in DW and incubated with 5 mg/ml NPs
with shaking at different temperatures (4, 25, and 40◦C). 10%
concentration of honey, containing ∼42.4% fructose, ∼29.6%
glucose, ∼0.2% sucrose, and ∼0.1% maltose, was used as the
highest concentration due to high viscosity over this level.
Fructose, glucose, sucrose, and maltose at each concentration of
1, 2, and 5% were mixed and used as sugar mixtures to mimic
honey matrix containing only equivalent amounts of each sugar,
without trace nutrients. After designated incubation times (1, 24,
48 h, and 7 d), the samples were centrifuged at 23,000 × g for 1
h. The supernatants were analyzed after washing with distilled
and deionized water (DDW) or without washing, and then,
filtered through syringe filter (Agela Technologies, Wilmington,
DE, USA). Saccharide concentrations were quantified by high
performance liquid chromatography (HPLC) using a Shimadzu
HPLC system (Kyoto, Japan), equipped with RID-10A refractive
index detector, on a Hypersil APS-2 column (250 × 4.6 mm i.d.,
5 µm, 120 Å, Thermo Fisher Scientific, MA, USA). The mobile
phase was acetonitrile:water (80:20, v/v) and flow rate was set at 1
ml/min. Column temperature was maintained at a constant 40◦C
and injection volume of sample was 20 µl. Each experiment was
repeated three times on separate days.

Interaction between NPs and Proteins
Different concentrations of SiO2 NPs (1, 2.5, and 5 mg/ml)
were suspended in 1 mg/ml of skim milk solution (in DW)
or 0.35 mg/ml of casein solution (in DW), and incubated
with shaking at different temperatures (4, 25, and 40◦C). After
designated incubation times (1, 24, 48 h, and 7 d), the suspensions
were subjected to protein fluorescence quenching analysis using
a luminescence spectrometer (SpectraMax R© M3, Molecular
Devices, CA, USA). Excitation wavelength was set at 280 nm
and fluorescence emission intensity was measured at wavelength
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from 300 to 420 nm. Quenching ratio was calculated as (I0-
I)/I0, where I0 and I stand for basal fluorescence emission
intensity in controls (NPs-untreated proteins) and experimental
groups (NPs-treated proteins), respectively. Each experiment was
repeated three times on separate days.

Interaction between NPs and Lipids
SiO2 NPs (50 mg/ml) were dispersed in olive oil for 30 min and
diluted to 20 mg/ml prior to experiments. NPs suspended in olive
oil were incubated with shaking for 1, 24, and 48 h at different
temperatures (4, 25, and 40◦C). After centrifugation at 23,000
× g for 1 h, fatty acid methyl esters were prepared by alkaline
transmethylation (Liang et al., 2011). The supernatants (1 µl)
were spiked with internal standard solution (final concentration
of 100 µg/ml), and 1 ml of 0.4 M NaOH-CH3OH was added
and reacted for 5 min with ultrasonification. The methyl esters
were extracted with 5 ml of hexane, diluted to 3-folds, and
analyzed by gas chromatography-mass spectrometry (GC-MS).
A standard mixture (FAMEs, 1 ml of 10 mg/ml) was dissolved
in 9 ml of hexane and the standard solution was diluted to 10,
20, 50, 100, 200, and 500 µg/ml concentrations, and then, spiked
with internal standard biphenyl (100 µg/ml). The adsorbed fatty
acids on NPs were calculated after subtraction of reduced fatty
acids in the supernatants from those in olive oil control. Each
experiment was repeated three times on separate days. All GC-
MS analyses were performed with an Agilent 5977E GC-MSD
system (Agilent Technologies, CA, USA), including 7820A GC
instrument coupled with a 5977E MS detector. A StabilWax R©

capillary column (30m × 0.25 mm, 0.25 µm thickness, Restek,
PA, USA) was used, and column temperature was hold for 1 min
at 50◦C, programmed from 50 to 200◦C at the rate of 25◦C/min,
from 200 to 230◦C at the rate of 3◦C/min, and then hold for 23
min at 230◦C. The injection temperature was kept at 250◦C and
the carrier gas was helium. The column flow was 1 ml/min and
a sample of 3 µl was injected with a split ratio of 5:1. The ion
source temperature was 230◦C and the samples were ionized by
electron impact ionization at 70 eV. Selected-ion monitoring was
performed at m/z 55, 67, 74, 79, and 87.

Interaction between NPS and Minerals
Two different concentrations (5 and 10 mg/ml) of SiO2 NPs
were dispersed in 1 ml PBS and reacted with shaking for various
times (1, 24, 48 h, and 7 d) at different temperatures (4, 25, and
40◦C). To remove unboundminerals fromNPs, the samples were
centrifuged at 23,000 × g for 1 h and washed with DDW. This
procedure was repeated three times. The aliquots were digested
with 10 ml of ultrapure nitric acid at ∼180◦C and diluted with
3 ml of DDW. After filtering through syringe filter (0.22 µm,
Agela Technolgies), total Na concentrations were determined by
inductively coupled plasma-atomic emission spectroscopy (ICP-
AES, JY2000 Ultrace, HORIBA Jobin Yvon, longjumeau, France).
Each experiment was repeated three times on separate days.

Statistical Analysis
Results were expressed as means ± standard deviations.
Experimental values were compared with corresponding
untreated control values. Statistical analysis was performed using

the Student’s test for unpaired data and one-way analysis of
variance (ANOVA) with Tukey’s Test in SAS Version 9.4 (SAS
Institute Inc., Cary, NC, USA) was carried out to determine the
significances of intergroup differences. Statistical significance
was accepted for p-values of <0.05.

RESULTS

Characterization
Particle morphology, primary particle size, and size distribution
were examined by SEM. Figure 1 shows that food-grade SiO2

NPs dispersed in DW had irregular particle morphology with
an average particle size of 24.1 ± 3.5 nm. Zeta potential and
hydrodynamic size of SiO2 NPs were determined to be −28.2 ±
1.0 mV and 287.6 ± 1.7 nm, respectively. Solubility of SiO2 NPs
in DW was not detected and did not increase in the presence of
food matrices.

Interaction between NPS and Saccharides
Zeta potential values of SiO2 NPs in honey changed to
less negative charges as honey concentration and incubation
time increased (Table 1), regardless of temperature (Table 2).
Hydrodynamic radii of SiO2 NPs in honey also significantly
increased as honey concentration increased (Table 1), without
effect of incubation time and temperature (Tables 1, 2). However,
zeta potentials and hydrodynamic radii of NPs could not
be detected at concentrations of more than 2% honey after
incubation for 7 d due to the formation of high aggregation
(Supplementary Figure 1).

Since honey contains different amounts of saccharides and
other trace nutrients, the interactions between SiO2 NPs
and saccharides were further evaluated using sugar mixtures
composed of equivalent amounts of fructose, glucose, sucrose,
and maltose, in order to investigate the effects of only
saccharides on interactions. It is worth noting that these are
major four saccharide components in acacia honey. The highest
concentration of each saccharide was set at 5%, based on
maximum solubility of both fructose and maltose in DW. Zeta
potentials of SiO2 NPs in sugar mixtures did not significantly
change, except at 5%, and were not affected by incubation
time and temperature (Tables 2, 3). Interestingly, hydrodynamic
sizes of NPs decreased in the presence of sugar mixtures in a
time-dependent manner (Table 3). No aggregation tendency was
observed in sugar mixtures (Supplementary Figure 1).

When the interactions between SiO2 NPs and saccharides
in honey were quantified by HPLC, Figure 2A shows that
fructose and glucose, the most abundant two saccharides in
honey, interacted with SiO2 NPs in a concentration-dependent
manner at 25◦C, while no interactions between SiO2 NPs and
sucrose or maltose were found. NP interaction with fructose was
slightly higher than that with glucose at more than 5% honey
(p < 0.05). However, the interactions between SiO2 NPs and
glucose or fructose in honey were not affected by incubation time
(Figure 2B) for 48 h. Meanwhile, the interactions between SiO2

NPs and glucose or fructose increased as temperature increased,
especially, low interaction levels were detected at 4◦C, compared
to 25 and 40◦C (Figure 2C).
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FIGURE 1 | (A) SEM image, (B) size distribution of primary particles, and (C)

hydrodynamic diameters of SiO2 NPs in DW. Primary particle size distribution

was measured by randomly selecting 200 particles from the SEM image.

Similar tendency was found in sugar mixtures containing
equivalent amounts of fructose, glucose, sucrose, and maltose.
Concentration-, but not time-dependent interactions between
SiO2 NPs and saccharides were found (Figures 3A,B), and these
interactions significantly increased when incubation temperature
increased at 40◦C (Figure 3C). In particular, all different types of T
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TABLE 2 | Zeta potentials and hydrodynamic diameters of SiO2 NPs in honey, sugar mixtures, skim milk, casein, and PBS buffer after incubation for 24 h at different

temperatures.

Matrix Zeta potential (mV) Hydrodynamic size (nm)

Temperature (◦C) Temperature (◦C)

4◦C 25◦C 40◦C 4◦C 25◦C 40◦C

Honey (10%) −18.7 ± 2.1 −19.1 ± 0.8 −17.2 ± 0.7 823.9 ± 13.8 840.5 ± 111.3 846.1 ± 126.2

Sugar mixture (5%) −27.8 ± 1.6 −26.5 ± 0.4 −27.0 ± 0.6 272.7 ± 10.5 271.8 ± 0.4 273.0 ± 18.8

Skim milk (1 mg/ml) −25.5 ± 1.8 −25.6 ± 1.3 −25.3 ± 1.3 259.6 ± 6.8 261.7 ± 1.6 268.0 ± 0.5

Casein (0.35 mg/ml) −34.8 ± 0.6 −33.7 ± 0.7 −35.1 ± 1.8 299.9 ± 7.0 290.3 ± 8.2 290.4 ± 8.8

PBS −36.4 ± 0.4 −36.7 ± 1.0 −35.5 ± 0.9 251.0 ± 4.2 249.6 ± 4.3 251.7 ± 1.7

No significant differences between different temperatures were found (p> 0.05). Sugar mixtures consist of equivalent amounts of fructose, glucose, sucrose, and maltose. Concentration

of casein solution was adjusted to have an equivalent amount of protein content in 1 mg/ml of skim milk solution.

TABLE 3 | Zeta potentials and hydrodynamic diameters of SiO2 NPs in sugar mixtures at 25◦C.

Zeta potential (mV) Hydrodynamic size (nm)

DW Time Concentration (%) DW Time Concentration (%)

1% 2% 5% 1% 2% 5%

−28.2 ± 1.0A,a 1 min −28.6 ± 0.1A,a −27.8 ± 0.7A,ab −26.2 ± 0.2A,b 287.6 ± 1.7A,a 1 min 270.4 ± 3.7BC,b 285.2 ± 8.7A,a 288.7 ± 6.4A,a

1 h −27.8 ± 1.2A,a −27.6 ± 0.6A,a −26.7 ± 0.6A,a 1 h 275.6 ± 3.9B,b 285.6 ± 5.2A,a 289.7 ± 2.1A,a

24 h −27.1 ± 0.5A,a −27.3 ± 0.5A,ab −26.5 ± 0.4A,b 24 h 264.0 ± 4.3C,b 284.6 ± 7.4AB,a 271.8 ± 0.4B,b

48 h −28.6 ± 1.0A,a −27.9 ± 1.1A,a −26.6 ± 2.0A,a 48 h 263.9 ± 3.3C,b 270.4 ± 1.8AB,b 270.7 ± 5.9B,b

7 d −28.1 ± 0.8A,a −27.9 ± 0.7A,a −26.2 ± 0.4A,b 7 d 262.3 ± 2.0C,b 252.0 ± 18.6B,b 257.8 ± 8.6B,b

Different letters (A–C) in the same column indicate significant differences between incubation times (p < 0.05). Different letters (a,b) in the same row indicate significant differences

between sugar mixture concentrations (p < 0.05). Sugar mixtures consist of equivalent amounts of fructose, glucose, sucrose, and maltose. Zeta potential and hydrodynamic radius of

NPs in DW were measured in the absence of sugar mixtures as a control.

saccharide interacted with NPs in a similar manner. Significant
differences in the interactions between saccharide types were
not remarkably found (p > 0.05). Overall, <4.6 and 3.1% of
saccharides in honey and sugar mixtures, respectively, were
determined to interact with SiO2 NPs. It should be noted that
quantitative analysis was performed after ultracentrifugation
of reacted NPs with saccharides, collecting precipitated NPs,
and detaching adsorbed saccharides on NPs with HPLC eluent.
Whereas, no adsorbed saccharide was detected after washing the
centrifuged and precipitated NPs with DDW.

Interaction between NPs and Proteins
Skim milk and its main protein component, casein were used
to determine the interactions between SiO2 NPs and proteins.
Skim milk solution at 1 mg/ml (in DW) was applied for protein
fluorescence measurement, because this concentration exhibited
the highest fluorescence intensity without precipitation (data not
shown). Based on casein content in skim milk, 0.35 mg/ml of
casein solution was used for comparative study. Zeta potential
values of SiO2 NPs significantly changed to less negative direction
in skim milk solution, whereas more negative zeta potentials
were found in casein solution (Table 4). Effect of temperature on
the interactions was not found (Table 2; p > 0.05). Aggregation
was observed after incubation for 7 d at 25 and 40◦C in both
skim milk and casein solutions treated with NPs (Supplementary
Figure 1). Meanwhile, hydrodynamic radii of NPs were not

remarkably influenced by incubation time, temperature, and the
presence of skim milk or casein (Tables 2, 4).

Interactions between SiO2 NPs and protein were further
estimated by measuring protein fluorescence quenching ratio in
the presence of NPs. Figure 4 shows that fluorescence quenching
ratio immediately increased just after adding NPs in skim milk
solution at all temperatures tested in a NP concentration-
dependent manner. Remarkably high fluorescence quenching
ratio (more than 60% fluorescence quenching) was induced at
25◦C after incubation for 7 d (Figure 4B), where aggregation was
observed (Supplementary Figure 1). Meanwhile, fluorescence
quenching ratio significantly increased at 25 and 40◦C compared
to 4◦C. However, overall fluorescence quenching ratios were
<40% and blue or red shift was not observed.

When the interactions between SiO2 NPs and casein, a major
protein in skimmilk, was assessed, similar tendency was obtained
(Figure 5). NP concentration-dependent increase in fluorescence
quenching ratio was found, and 60–70% quenching was induced
by NPs at 25◦C after 7 d of incubation. Interactions between NPs
and casein at 25◦C were comparable to those at 40◦C, except
at 7 d post-incubation, while significantly reduced fluorescence
quenching was observed at 4◦C. Blue shift was only observed at
40◦C after 48 h of incubation (Supplementary Figure 2). On the
other hand, fluorescence quenching ratios of NPs in 0.35 mg/ml
of casein solution (Figure 5) were similar to those in 1 mg/ml of
skim milk solution (Figure 4).
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FIGURE 2 | HPLC analysis of the interactions between SiO2 NPs and

saccharides in acacia honey with respect to (A) honey concentrations after

incubation for 1 h at 25◦C, (B) incubation times at 10% honey at 25◦C, and

(C) temperatures after 1 h at 10% honey. Different letters in majuscule (A–C)

indicate significant differences (A) between honey concentrations, (B) between

incubation times, and (C) between temperatures, respectively (p < 0.05).

Different letters in minuscule (a–c) indicate significant differences between

saccharide types (p < 0.05).

Interaction between NPs and Lipids
Zeta potentials and hydrodynamic radii of SiO2 NPs in the
presence of olive oil could not be detected because of intense
yellow color and high viscosity of olive oil. GC-MS analysis
reveals that olive oil used in the presence study contains
∼59.3% oleic acid, ∼11.4% palmitic acid, and ∼5.7% linoleic

FIGURE 3 | HPLC analysis of the interactions between SiO2 NPs and

saccharides in sugar mixtures with respect to (A) sugar concentrations after

incubation for 1 h at 25◦C, (B) incubation times at 5% sugar mixture at 25◦C,

and (C) temperatures after 1 h at 5% sugar mixture. Sugar mixtures contain

equivalent amounts of fructose, glucose, sucrose, and maltose. Different

letters in majuscule (A–C) indicate significant differences (A) between sugar

mixture concentrations and (C) between temperatures, respectively (p < 0.05).

Different letters in minuscule (a–c) indicate significant differences between

saccharide types (p < 0.05). No statistical differences (B) between incubation

times and (C) between saccharide types were found (p > 0.05).

acid. Because SiO2 NPs have hydrophilic surface characteristics
(Jesionowski and Krysztafkiewicz, 2002) and slightly bound fatty
acids on the surface of NPs are likely to be easily detached during
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TABLE 4 | Zeta potentials and hydrodynamic diameters SiO2 NPs in skim milk and casein solutions at 25◦C.

Zeta potential (mV) Hydrodynamic size (nm)

DW Time Skim milk (1 mg/ml) Casein (0.35 mg/ml) DW Time Skim milk (1 mg/ml) Casein (0.35 mg/ml)

−28.2 ± 1.0A,a 1 min −27.3 ± 0.8AB,a −43.9 ± 3.6C,b 287.6 ± 1.7A,a 1 min 284.5 ± 4.7A,a 317.87 ± 1.42B,b

1 h −27.1 ± 0.8AB,a −36.0 ± 1.4B,b 1 h 322.0 ± 11.6C,b 344.3 ± 18.5C,b

24 h −25.6 ± 1.3AB,a −33.7 ± 0.7B,b 24 h 268.0 ± 9.2B,b 292.0 ± 4.3A,a

48 h −25.4 ± 1.2B,b −32.8 ± 2.4AB,c 48 h 270.6 ± 4.8B,b 274.2 ± 1.8A,b

7 d −24.0 ± 1.9C,b −32.4 ± 1.6A,c 7 d 296.6 ± 0.7A,b 287.9 ± 1.6A,a

Different letters (A–C) in the same column indicate significant differences between incubation times (p < 0.05). Different letters (a–c) in the same row indicate significant differences

between skim milk and casein solutions (p < 0.05). Concentration of casein solution was adjusted to have an equivalent amount of protein content in 1 mg/ml of skim milk solution. Zeta

potential and hydrodynamic radius of NPs in DW were measured in the absence of skim milk and casein solutions as a control.

washing with organic solvents, the interactions between SiO2 NPs
and lipids were estimated by measuring fatty acid composition in
the supernatant after reaction with NPs, followed by subtraction
of reduced fatty acids from those in olive oil control. The results
show that <1.8% oleic acid and 0.4% palmitic and linoleic acids
interacted with SiO2 NPs, and the effects of incubation time
and temperature on the interactions were not found (Figure 6;
p > 0.05). However, interactions at 4◦C after 48 h and at all
temperatures tested after 7 d could not be detected, resulted from
gelation of SiO2 NPs in olive oil (Supplementary Figure 1).

Interaction between NPs and Minerals
PBS buffer was used to investigate the interaction effects of
minerals on the surface of SiO2 NPs. Zeta potentials of NPs
significantly and rapidly changed to more negative charge in
PBS without effects of incubation time, NP concentration, and
temperature (Tables 2, 5). DLS data reveal that significantly
reduced size distribution of NPs was found just after adding NPs
in PBS and their reduced hydrodynamic radii were maintained
for 7 d. Remarkable aggregation was not observed even after
incubation for 7 d (Supplementary Figure 1).

Quantitative analysis was also performed by measuring the
amount of bound Na+ to NPs, the most abundant mineral
in PBS, by ICP-AES. As shown in Figure 7A, the interactions
between SiO2 NPs and Na+ increased as NP concentration and
incubation time increased. However, no effect of temperature on
the interactions was found (Figure 7B; p > 0.05). Overall, <1.7%
of Na+ was determine to interact with SiO2 NPs (Figure 7B).

DISCUSSION

In the present study, acacia honey, skim milk, olive oil, and
PBS buffer were used as representative foods to investigate
the interactions between food additive SiO2 NPs and food
matrices, and then, NP interactions with main components in
each representative food were further explored quantitatively.
Physicochemical characterization results demonstrate that the
primary particle size (24.1 ± 3.5 nm) of SiO2 NPs increased
in DW, as evidenced by increased hydrodynamic radius (287.6
± 1.7 nm; Figure 1), indicating their high agglomeration or
aggregation tendency. Solubility of SiO2 NPs was not detected
under all experimental conditions including DW and food

matrices, suggesting their particulate fate in food matrices. This
result is highly consistent with our previous report (Kim et al.,
2016).

SiO2 NPs in honey had less negative surface charges and
increased hydrodynamic radii as honey concentration increased
compared to NPs in DW (Table 1), suggesting NP interactions
with honey. Positively charged minor components in honey,
such as amino acids and minerals (Cotte et al., 2003, 2004;
Conti et al., 2007), seem to play a role in zeta potential
changes. When the interactions were further quantified by HPLC
analysis, fructose and glucose were found to be adsorbed on
the surface of NPs in a honey concentration- and temperature-
dependent manner (Figure 2), while no disaccharide, such
as sucrose and maltose, did interact with NPs. This result
seems to be closely related to the composition of saccharide
in acacia honey (fructose: ∼42%, glucose: ∼30%, sucrose: ∼
0.2%, maltose: ∼0.1%). Hence, elevated levels of fructose and
glucose in honey contribute to their active interaction with
NPs. Indeed, acacia honey contains high sugar concentration
composed of various saccharides as well as small amount of
amino acids and minerals (Cotte et al., 2004; Conti et al., 2007),
and thus, the interactions between SiO2 NPs and saccharides
are surely influenced by trace nutrients. This hypothesis was
assumed by investigating the interactions between NPs and
sugar mixtures containing equivalent amounts (1, 2, and
5%) of fructose, glucose, sucrose, and maltose, respectively.
Interestingly, zeta potential values of NPs did not statistically
change in sugar mixtures as incubation time increased, but
slightly decreased values were found at 5% compared to those
at 1 or 2% (Table 3). Meanwhile, their hydrodynamic radii
decreased as incubation time increased (Table 3), contrary to
the results obtained in honey (Table 1). This result supports
the role of trace nutrients in the interactions between NPs
and saccharides in honey. Moreover, reduced hydrodynamic
radii of SiO2 NPs in sugar mixtures imply that saccharides can
be used as dispersing agents, as reported by other researches
(Montero et al., 2012; Maldiney et al., 2014; Strobl et al.,
2014).

On the other hand, saccharide concentration- and
temperature-dependent interactions between NPs and each
saccharide in sugar mixtures were found, regardless of
incubation time (Figure 3). However, statistical differences
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FIGURE 4 | Fluorescence quenching ratios of skim milk solution (1 mg/ml) in

the presence of SiO2 NPs with respect to NP concentrations at (A) 4◦C, (B)

25◦C, and (C) 40◦C. Different letters in majuscule (A,B) and in minuscule (a–c)

indicate significant differences between incubation times and between NP

concentrations, respectively (p < 0.05). (C) No statistical differences between

incubation times were found (p > 0.05).

in the interactions between saccharide types were not remarkably
observed, suggesting that all saccharide types can be adsorbed
on SiO2 NPs in a similar manner. Overall interaction amounts
of saccharides in honey and sugar mixtures were <4.6 and 3.1%,

FIGURE 5 | Fluorescence quenching ratios of casein solution (0.35 mg/ml) in

the presence of SiO2 NPs with respect to NP concentrations at (A) 4◦C, (B)

25◦C, and (C) 40◦C. Different letters in majuscule (A–C) and in minuscule (a–c)

indicate significant differences between incubation times and between NP

concentrations, respectively (p < 0.05).

respectively, suggesting that a small portion of saccharides can
interact with SiO2 NPs. It is worth noting that the maximum
concentration of honey solution tested was 10%, which
contains about 4.2% fructose, 3.0% glucose, 0.02% sucrose,
and 0.01% maltose. Whereas, the highest sugar mixture was
composed of 5% of each saccharide. It is, therefore, clear
that NP interactions with saccharides are facilitated in the
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FIGURE 6 | GC-MS analysis of the interactions between SiO2 NPs and fatty

acids in olive oil with respect to incubation times at (A) 4◦C, (B) 25◦C, and (C)

40◦C. *Denotes significant difference from olive oil control (p < 0.05). No

statistical differences were found between different incubation times (p >

0.05). Interactions at 4◦C after 48 h could not be detected due to NP gelation

in olive oil (See Supplementary Figure 1).

presence of small amount of trace nutrients, as indicated by
high NP interactions in honey solution (Figure 2) compared
to sugar mixtures (Figure 3). In both honey and sugar mixture
solutions, incubation time was not a critical factor affecting
interactions.

It is interesting to note that incubation of SiO2 NPs with more
than 2% of honey for 7 d induced strong aggregation, which
was less evident in sugar mixtures (Supplementary Figure 1).

This is also evidenced by increased hydrodynamic sizes in
honey solution (Table 1), contrary to decreased DLS values in
sugar mixtures (Table 3). This result also indicates that trace
nutrients in honey play a role in the interactions between
SiO2 NPs or between SiO2 NPs and saccharides. Reduced NP
interaction with fructose in honey at 7 d post-incubation may
be resulted from NP aggregation (Figure 2B, Supplementary
Figure 1). On the other hand, no adsorbed saccharides on
NPs were detected after washing with DDW, suggesting week
interaction force between two materials. It is also probable that
high solubility of saccharides in DW also facilitates to detach
adsorbed saccharides from NPs during washing process (Alves
et al., 2007).

Interactions between SiO2 NPs and skim milk or casein were
evidenced by changes in zeta potential in a time-dependent
manner (Table 4). Interestingly, zeta potentials of NPs in skim
milk solution changed to less negative direction, contrary to
more negative charges found in casein solution. Skim milk
powder is composed of ∼34–37% protein (80% casein and
20% whey protein), 50–52% lactose, 8% minerals, and small
amount of lipids as well as amino acids (Lagrange, 2005).
The difference in composition between skim milk and casein
is strongly likely to differently affect zeta potential change.
Moreover, the isoelectric point of casein is 4.6, inducing
negative charge under physiological condition. This can also
induce zeta potential changes of NPs to more negative
direction in casein solution. Interestingly, hydrodynamic size
of SiO2 NPs in both skim milk and casein solutions did
not remarkably increase, in particular, as incubation time
increased (Table 4). It is known that proteins can play a role
as dispersants for NPs (Bihari et al., 2008; Ji et al., 2010;
Jo et al., 2016; Vranic et al., 2017), which may explain this
result.

Fluorescence quenching ratios of NPs in 1 mg/ml of skim
milk solution (Figure 4) were similar to those in 0.35 mg/ml of
casein solution (Figure 5), implying that other nutrients in skim
milk did not affect NP interaction with proteins. It is notable
that aggregation was observed at 25◦C after incubation for 7 d
(Supplementary Figure 1), probably leading to high fluorescence
quenching ratio (Figures 4B, 5B). Less fluorescence quenching
at 40◦C (Figures 4C, 5C) than 25◦C (Figures 4B, 5B) after 7
d might be attributed to protein denaturation, as observed by
remarkably high protein precipitation (Supplementary Figure
1). Meanwhile, blue shift indicating protein denaturation or
deformation was only observed in casein solution at 5 mg/ml
NP concentration at 40◦C after 48 h. Moreover, overall
fluorescence quenching ratios were <40%, except incubation
for 7 d at 25◦C. These results suggest that the interactions
between SiO2 NPs and proteins are not strong compared
to other NP interactions which induce more than 80%
quenching (Iosin et al., 2009; Chatterjee et al., 2010; Lee et al.,
2015).

On the other hand, small amounts of lipids and minerals
were found to interact with SiO2 NPs, as evaluated with olive
oil and PBS. Oleic acid, palmitic acid, and linoleic acid, main
components of olive oil, interacted with NPs without incubation
time and temperature effects (Figure 6). However, total adsorbed

Frontiers in Microbiology | www.frontiersin.org 9 June 2017 | Volume 8 | Article 1013

http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive


Go et al. Silica Interaction with Food Matrices

TABLE 5 | Zeta potentials and hydrodynamic diameters SiO2 NPs in PBS buffer at 25◦C.

Zeta potential (mV) Hydrodynamic size (nm)

DW Time SiO2 concentration DW Time SiO2 concentration

5 mg/ml 10 mg/ml 5 mg/ml 10 mg/ml

−28.2 ± 1.0A,a 1 min −36.3 ± 1.0B,b −35.8 ± 0.4B,b 287.6 ± 1.7A,a 1 min 269.4 ± 5.5B,b 269.7 ± 4.7B,b

1 h −37.3 ± 1.2B,b −36.5 ± 1.0B,b 1 h 250.4 ± 2.1C,b 250.0 ± 4.7C,b

24 h −36.4 ± 1.8B,b −36.7 ± 1.0B,b 24 h 247.9 ± 1.7C,b 249.6 ± 4.3C,b

48 h −36.2 ± 1.1B,b −36.3 ± 0.5B,b 48 h 247.4 ± 2.3C,b 246.7 ± 1.4C,b

7 d −37.1 ± 1.1B,b −37.0 ± 1.5B,b 7 d 270.4 ± 3.3B,b 269.6 ± 1.6B,b

Different letters (A–C) in the same column indicate significant differences between incubation times (p < 0.05). Different letters (a,b) in the same row indicate significant differences

between NP concentrations (p < 0.05). Zeta potential and hydrodynamic radius of NPs in DW were measured in the absence of PBS as a control.

FIGURE 7 | ICP-AES analysis of the interactions between SiO2 NPs and Na+

in PBS buffer with respect to (A) incubation times at 25◦C and (B) different

temperatures at 10 mg/ml NPs after 24 h. (A) Different letters in majuscule

(A,B) and in minuscule (a,b) indicate significant differences between NP

concentrations and between incubation times, respectively (p < 0.05). (B) No

significant differences between different temperatures were found (p > 0.05).

amounts of oleic acid and palmitic/linoleic acids on NPs were
<1.8 and 0.4%, respectively, indicating that a small portion
of fatty acids is adsorbed on NPs. High NP interaction with
oleic acid was quantitatively determined because oleic acid
is the most abundant fatty acid (∼59%) in olive oil. This

result is not surprising because SiO2 NPs have hydrophilic
surface characteristics (Jesionowski and Krysztafkiewicz, 2002),
and thus, repulsion force between SiO2 NP surfaces and fatty
acids is surely predominant. Considering the fact that adsorbed
fatty acids on NPs were quantified after subtracting reduced
amounts in the supernatant from those in olive oil control,
actual adsorbed fatty acids on NP surface seem to be less
than the present result obtained. However, the interactions
between NPs and lipids could strongly occur for polymer-based
NPs or NPs with more hydrophobic surface, such as carbon-
based materials. Meanwhile, PBS buffer was used to investigate
NP interactions with minerals because mineral composition
of PBS is well-known. When the interactions between SiO2

NPs and minerals were evaluated by measuring the most
abundant mineral component, Na+ in PBS, the interactions were
dependent on NP concentration and incubation time, but total
adsorbed amount was <1.7% (Figure 7). It should be noted
that the interactions were quantified after washing three times
with DDW. Hence, it is clear that minerals could be strongly
adsorbed on SiO2 NPs, although the interaction amount was not
that much. This interaction was also supported by significant
changes in zeta potential values of NPs to more negative
direction and decreased hydrodynamic size in PBS (Table 5).
It is strongly likely that small amount of minerals can also act
as dispersing agents, by reducing repulsion force between NPs
(Dishon et al., 2009).

CONCLUSION

In conclusion, food additive SiO2 NPs were found to interact
with saccharides, proteins, fatty acids, and minerals. Maximum
4.6% of saccharides, 1.7% of fatty acids, and 1.6% of minerals
were found to be adsorbed on NPs. The interaction between
SiO2 NPs and proteins was determined to be rather weak,
which did not induce high fluorescence quenching ratio and
protein deformation. Trace nutrients were found to play
a role in the interactions, as observed by the increased
interactions in honey compared to simple sugar mixtures.
On the other hand, the degree of NP interaction with skim
milk was not much different from that with casein solutions.
Saccharides, proteins, and minerals are likely to act as NP
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dispersants as well. Taken together, SiO2 NPs interact with a
small portion of food matrices and the interactions are not
strong. Further study is required to assume the effects of
interactions between NPs and food components on the potential
toxicity of NPs as well as the absorption of nutrients and
NPs.
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