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Abstract

Food-grade titanium dioxide (TiO2) is a common and widespread food additive in many
processed foods, personal care products, and other industrial categories as it boosts the
brightness and whiteness of colors. Although it is generally recognized as safe for humans,
there is a growing interest in the health risks associated with its oral intake. This study
quantified and identified TiO, nanoparticles present in confectionery foods, which are
children’s favorite foods, with inductively coupled plasma optical emission spectrometry
(ICP-OES) and transmission electron microscopy (TEM). A reliable digestion method using
hot sulfuric acid and a digestion catalyst (K,SO4:CuSO, = 9:1) was suggested for titanium
analysis. Validations of the experimental method were quite acceptable in terms of linearity,
recoveries, detection limits, and quantification limits. Of all the 88 analyzed foods, TiO, was
detected in 19 products, and all of them except for three declared TiO, in their labeling. The
mean TiO, content of candies, chewing gums, and chocolates were 0.36 mg g™*, 0.04 mg g,
and 0.81 mg g, respectively. Whitish particles isolated from the confectionery foods were
confirmed as TiO; nanoparticles via TEM and energy dispersive X-ray spectroscopy (EDX),

in which nanosized particles (< 100 nm) were identified.

Keywords: titanium dioxide, confectionery foods, nanoparticles, ICP-OES, TEM
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Introduction

Food-grade TiO, is widely applied as a food additive for brightening and whitening the color
of confectionery foods, such as chocolates, candies, and chewing gums (Mutsuga et al. 2011).
In addition, TiO,is commonly used as a white pigment in paints and personal care products
including toothpastes and sunscreens (Weir et al. 2012). The industrial application of TiO; in
various foods, particularly in nonwhite foods, such as dried vegetables, soups, cheeses,
sauces, and dietary supplements, is reported to enhance the whiteness and opacity of these
commaodities, and it also helps them resist discoloration (Lim et al. 2015; Peters et al. 2014).
The current annual production of TiO; is estimated at approximately 5.1 Mt throughout the
world, and it is anticipated to continue increasing the use of TiO,, which has primarily been
produced as nanosized particles for many years (Landsiedel et al. 2010). It is generally
known that the diameter of TiO, particles is 50-300 nm, and the majority of commercial
products that use TiO, as a pigment additive are consisted with this particle size (Johnson et
al. 1997). For special purpose applications such as photocatalysis, ultrafine TiO, particles of
size of 1-150 nm are commonly utilized in cosmetics and sunscreens (Braun 1997).
Meanwhile, a recent study demonstrated that the proportion of food-grade nanoscale TiO;
(E171) particles that were < 100 nm in diameter corresponds to 36% as the application of
coloring agents (Weir et al. 2012). The development of nanotechnology has led to the
exploitation of various nanomaterials that are suitable for use in the food industry to improve
the taste and texture of foods, and those applications in the food sector are promising. It is
generally known that nano-engineered particles have unique physicochemical and biological
properties compared to their original materials. These transformed properties (e.g., increased
surface area and chemical reactivity) mean that the nanoscale materials may provoke

unexpected toxicological effects on human health and the environment (Dekkers et al. 2011).
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To date, numerous studies have reported that exposure to nanoscale materials through
adsorption or inhalation can induce potential health risks in human cells and the environment,
resulting in decreased apoptosis, increased oxidative stress, interrupted immune function and
DNA damage, as nanoparticles can easily penetrate targeted human tissues and cells
(Athinarayanan et al. 2015; Chang et al. 2015; Chen et al. 2014; Smolkova et al. 2015;
Warheit et al. 2015).

TiO, is generally approved as a safe food additive for coloring agents by many food
organizations including the US FDA, EFSA and the Korean FDA. The US FDA permits
manufacturers to use up to 1% food-grade TiO, without declaring it on ingredient labels
(PHYS ORG. 2015). According to the report of Weir et al. (2012), the oral exposure of US
children under 10 years old to TiO, was 1-2 mg Ti/kg body weight per day. The carcinogenic
properties of TiO, classify it as a Group 2B carcinogen by the International Agency for
Research on Cancer (IARC), which means that TiO, could possibly act as a carcinogen in
humans (IARC. 2010).

Many studies have reported the measurement of TiO, in different matrices using a
UV/VIS spectrometer, ICP-OES, ICP-MS, and single particle ICP-MS (Boguhn et al. 2009;
Bussel et al. 2010; Khosravi et al. 2012; Krystek et al. 2014; Laborda et al. 2013; Lomer et al.
2000; Myers et al. 2004; Sharif et al. 2015; Vidmar et al. 2017; Weir et al. 2012). Prior to this
instrumental analysis, all methods must be processed with a wet-ash digestion step using
various mineral acids such as nitric acid (HNO3), hydrochloric acid (HCI), hydrofluoric acid
(HF), and sulfuric acid (H,SO,). Generally, the combination of HNO3z and HF has been used
for the dissolution of the TiO, contained in samples in various experiments (Krystek et al.
2014; Peters et al. 2014; Weir et al. 2012). Although HF has a superior ability to dissolve

glass and inorganic oxides, it is unsuitable if considering the health of researchers because its
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chemical properties are very toxic, corrosive, and hard to handle. In addition, when using HF
as a digestion reagent, special apparatus is required to analyze TiO,, which means that HF is
incompatible with general instruments equipped with glass components of ICP-OES and ICP-
MS.

In this study we adopted a previous method (Lomer et al. 2000) to measure TiO using
ICP-OES with hot sulfuric acid as a digestion reagent and made the method more efficient at
dissolving TiO, with a digestion catalyst, which is a combination of potassium sulfate and

copper (II') sulfate. Therefore, the aims of this study were to develop a reliable and efficient

method for the determination of TiO, with ICP-OES in confectionery foods that are largely
consumed by children and to characterize its morphological properties using TEM. The
technique of electron microscopy is currently understood as a common method for
characterizing and measuring engineered nanoparticles in food and consumer products

(Calzolai et al. 2012; Dudkiewicz et al. 2015).

Materials and Methods

Samples

All confectionery foods were obtained from retail markets located in Seoul, Korea. The
samples could be categorized into four groups, which were candies (n = 43), chewing gums
(n = 16), chocolates (n = 20), and snacks (n = 9). Attempts were made to collect at least ten
samples for each product group. Certain products that had a label bearing TiO, as an
ingredient were preferentially selected for the experimental samples, but some collected

samples did not have TiO; listed as an ingredient. All samples were ground homogeneously

using a laboratory blender (Robot-Coupe, Vincennes, France) and kept refrigerated at -20°C

until use.
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Chemicals and materials

Titanium (Ti) standard for ICP-OES analysis and the anatase crystalline form of TiO,
reference material (99.8%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). The
rutile crystalline form of synthetic TiO, reference material (99.0%) and hydrogen peroxide
(H20,) (30.0%) were obtained from Junsei Chemical Co., Ltd. (Tokyo, Japan). All chemicals
and reagents used were analytical grade. Sulfuric acid (H,SO,4) (96.0-98.0%) and nitric acid
(HNO3) (60.0-62.0%) were supplied from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Potassium sulfate (K,SQO,4) (98.0%) and Copper (11 sulfate (CuSQO,4) (98.0%) were
purchased from Kanto Chemical Co., Inc. (Tokyo, Japan). Ethanol for TEM pretreatment was
supplied from Fisher Scientific Korea Ltd. (Seoul, Korea) and distilled water was purified

using the Milli-Q integral 5 system (Millipore Co., Billerica, MA, USA).

Sample digestion

Each sample of 0.5 g was accurately weighed in a borosilicate glass tube (Kjeldahl tube).
After that, 10 mL of concentrated sulfuric acid and 1 g of digestion catalyst, which was
composed of potassium sulfate and copper (I1) sulfate (9:1), were added to the tube. The
tube containing the sample was digested at 400 °C for two hours using a Kjeldahl digest unit
(Digest Automat K-438 connected with Scrubber B-414) from Buchi Labortechnik AG
(Flawil, Switzerland). After cooling at ambient temperature, the digested solution, which
appeared as transparent and yellowish blue because of the added digestion catalyst, was
transferred into a 100 ml volumetric flask that was then filled up with distilled water. Finally,

the diluted solution with about 10% sulfuric acid was used as a test solution.

ICP-OES measurement
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The Ti content in the test solutions was measured using a PerkinElmer Optima 8300 ICP-
OES (Waltham, MA, USA) equipped with an autosampler (Elemental Scientific, Inc., Omaha,
NE, USA) and a Peek Mira Mist nebulizer. The ICP-OES operating conditions were as
follows: 1.5 ml min™t sample flow rate, 45 psi nebulizer pressure, 200 ml min™ auxiliary gas
flow rate, 12000 ml min plasma gas flow rate, 550 ml min™ carrier gas flow rate, and 1500

W RF power. Ti was determined at the wavelength of 336.12 nm.

Transmission Electron microscopy

Samples for TEM imaging were prepared by dropping 5-10 ul of the solution containing
TiO, particles dispersed in ethanol on to 200-mesh carbon-coated copper grids obtained from
Agar Scientific (Stansted, UK), and the pretreated samples were disposed at room
temperature until they reached solid dryness. The morphology and size of isolated particles
were investigated using a TECNAI G2 Sprit TEM (FEI, Czech Republic) with a 120 kV
accelerating voltage. The analysis of the elemental composition of the nanosized TiO,
structures was observed via energy dispersive X-ray spectroscopy (EDX) (EDX-720,

Shimadzu, Kyoto, Japan).

Isolation of TiO, nanoparticles

Intact TiO, nanoparticles were isolated from the food commodities to observe TEM images
by placing approximately 100 mg of ground samples in a 15 ml conical glass tube. A 3 ml
digestion solution made by mixing 10 ml of hydrogen peroxide with 0.5 ml of nitric acid was
poured into the tube, which was then heated in a dry block bath (MG-2200, Tokyo Rikakikai
Co., Ltd., Japan) at 120 °C for 2-3 hours until the final volume nearly reached 2 ml. After

cooling at room temperature, the remaining sample was transferred into a 2 ml centrifuge
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tube and ultrasonicated for 1 min. The samples were centrifuged at 10,000g for 20 min using
a microcentrifuge (A32010(1), Gyrozen co. Ltd. Korea) to obtain whitish particles. The
precipitated particles were collected and resuspended in 2 ml ethanol. This purification

process was repeated twice to acquire pure particles that were used for the TEM experiment.

Calibration curve and recovery study

The Ti standard for ICP analysis was diluted with 10% sulfuric acid to make a stock solution
at 100 mg kg™ concentration. A calibration curve was prepared with 0.1, 0.2, 0.5, 1, 2, 5 and
10 mg kg " concentrations, obtained by serially diluting the stock solution. Samples of size
500 mg for three products including a candy, a chewing gum, and a chocolate that had been
confirmed not to contain TiO, were fortified with approximately 10 mg and 50 mg TiO,
reference material in rutile crystalline form to perform a recovery study. The spiked samples
were then digested via the previously described method. After digestion, the recovery
samples were treated using identical procedures for ICP analysis, and recovery experiments

were performed in triplicate .

Results and discussion

Preliminary method validation

Linearity, limit of detection (LOD), limit of quantification (LOQ), and recoveries were
measured to validate the described method analyzing TiO, additives contained in the
confectionery food including candies, chewing gums, and chocolates using ICP-OES. Figure
1 shows a calibration curve for titanium (*°Ti) diluted in 10% sulfuric acid having linearity
within the range of 0.1-10 mg kg™ (r*=0.999). It was reported that the concentration of Ti in

the samples digested in 32.5% sulfuric acid was linear below 5 mg kg™ due to the effect of
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acid suppression on emission intensity (Lomer et al. 2000). A recent study also proposed that
the use of sulfuric acid as a digestion reagent was not suitable for the measurement of trace Ti
concentration with ICP-MS owing to the interference mechanism between sulfur oxide
species (S-0O) and the primary Ti isotope, which all have the same m/z =48 (Weir et al. 2012).
The final concentration of sulfuric acid was approximately adjusted to 10% to overcome
these drawbacks, this meant that 10 ml of 96-98% sulfuric acid was diluted with 90 ml of
distilled water in a 100 ml volumetric flask, and it was confirmed that the linearity of the
calibration curve was acquired with up to 10 mg kgl using ICP-OES. In addition,
experimental safety was secured in our present study because hydrofluoric acid, which can be
both extremely harmful to humans and can damage analytical instruments, was not used as
digestion reagent.

LOD and LOQ were measured by the signal-to-noise method, which utilizes the standard

deviation (o) of responses based on the slope (s) of the calibration curve. LOD and LOQ
were calculated using 3.3 X ofs and 10 X ofs, respectively. The LOD and LOQ values for

Ti were respectively determined as 2.7 and 8.1 pg kg™, and the value means that our
instrumental conditions had a lower detection limit for Ti analysis in comparison with the
previous report, which showed 5.5 pg kg™ in 32.5% sulfuric acid (Lomer et al. 2000).
Another study (Peters et al. 2014) also reported that the quantification limit of digestion and
detection method was observed in 0.01 mg Ti per g of product with ICP-MS. Actually, the
value seemed to be considerably high, but no data in our experiment was below the value,
which demonstrates that TiO; is added in the process of food manufacturing; therefore, it is
expected that the minimum dose of addition is greater than 0.01 mg Ti per g of product.

The mean recoveries of TiO, from the control samples, which were confirmed as having no

TiO, in preliminary tests, are as shown in Table 1. The recovery test was performed with
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three different matrices (a candy, a chewing gum, and a chocolate) in two different
concentrations of added TiO,. The calculated concentrations of Ti were acquired by

multiplying the amount of added TiO, with the ratio of the molecular weight between Ti and

TiO, (47.9/79.9 = 0.59). When the average amount of added TiO, was in the range of 5.16 —

5.22 mg, the recoveries of TiO, were measured as the range of 91.58 + 2.56-92.56 + 0.35%,
so it was confirmed that there was no significant difference among the matrices. A chocolate
product that was fortified with 13.0 mg of TiO, showed the highest recovery rate of 98.65 *
2.22%. In the case of a spiked chewing gum with 11.93 mg TiO,, the recovery rate of TiO,
was comparatively low at 93.90 + 0.86%. These results are similar to those of a previous
study (Lomer et al. 2000) that demonstrated that the mean recovery of TiO, suspended in
gelatin was 95 + 9.2% using ICP-OES. Another study (Peters et al. 2014) reported an average

recovery of 96 + 6% with ICP-MS.

TiO, content in confectionery foods

All 88 confectionery foods were collected from retail markets and were tested to measure the
TiO, contents. Some foods listed TiO, as an ingredient, but some others did not include it on
the label. In the case of foods that did not include TiO,, tested samples that contained a hard
coating shell or white color were primarily selected. Of all 88 products, TiO, was identified
in 19. The analyzed results of the confectionery foods containing TiO, that were measured in
triplicate are as shown in Table 2. The highest Ti concentrations of candies, chewing gums,
and chocolates were 739.6 + 15.3 mg kg™, 45.5 + 6.6 mg kg™, and 1265.0 + 18.4 mg kg™,
respectively. Meanwhile, all snack foods were confirmed as having no TiO,. Earlier studies
(Peters et al. 2014; Weir et al. 2012) reported that chewing gum products had the highest

concentration of Ti out of all surveyed products. In contrast, our results showed that the

10
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chewing gum products had lower Ti concentrations compared to other product categories.
The reason is attributed to the difference among surveyed chewing gum products. In our
study, the chewing gum products were primarily selected as children’s favorite products that
were usually sold in the nearby school zone, and its major appearance characteristics were
various mixed colors and soft coating shells.

As shown in Table 2, the range of TiO, content per serving size was 0.06-105.5 mg g™,
and the values greatly differed among different food items. Generally, as chocolate products
have a comparatively larger mean serving size of approximately 36.5 g, the TiO, content per
serving size also appeared to be larger than that of other products. According to the report of
Churg (1996), when the added TiO, concentrations of various foods were calculated
according to the intake dose, it was addressed that the daily intake of TiO, for an individual
may exceed 200 mg. This proposal is fairly conceivable, considering our measured TiO;
contents were limited to confectionery foods. Actually, in our daily lives, it is more likely that
we will consume more various foods that contain TiO,. In particular, children have a
tendency to be commonly exposed to confectionery foods that contain TiO,, and these are
mostly consumed by children. In the report of Weir et al. (2012), which detailed human
exposure to TiO, among the US population, children under 10 years old showed a 2—10 times
higher exposure to TiO, per kg than other consumer age groups.

Most TiO, detected products well obeyed the regulation of labeling TiO, as an ingredient,
but some products (1 chewing gum and 2 chocolates) did not meet this labeling regulation.
Although it is not possible for consumers to realize the exact quantities of TiO, contained in
the foods they eat through studying their food’s label information, they should be able to
easily identify whether purchased foods contain TiO, by just browsing the foods label.

Therefore, it is necessary that all food manufactures provide more accurate labeling

11
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information for the TiO, ingredient, and it can be helpful if consumers select foods that do
not contain TiO,. With the perspective of countries that manufacture products in which TiO;
is detected, it was confirmed that TiO, is widely used all around world.

The distribution of TiO, content for food products can be compared using the normalized
box plot for TiO, content shown in Figure 2. The average TiO, content of chocolate products
was measured as 0.814 mg g product, followed by candy products with 0.355 mg g*
product, and chewing gum products with 0.042 mg g™ product. In chocolate products, the
difference between maximum and minimum values for TiO, content was very large.
Meanwhile, in the case of chewing gum products, the difference among products was
relatively small. In candy products, one product was observed as a statistical outlier because
the TiO, content of it was significantly different from the other eight products. For three
products (CH-2, CG-2, and CA-6) that had a hard outer coating shell, Ti concentrations were
compared between the outer shell and inner portion of the products. As shown in Figure 3, it
was confirmed that nearly 90% of Ti existed in the products’ outer shell. These results were
comparable to the Ti contents of gum products that had an outer shell as reported by Weir et
al. (2012). Generally, chocolate products with a hard outer coating shell (CH-1, CH-2, CH-3,
and CH-5), that was mainly made from tar colors, sugars, and TiO,, showed the highest Ti
concentration for all chocolate products. This means that the role of TiO, in foods is to
provide color brightness and texture stabilization. Meanwhile, there were relatively few
candy products with an outer shell (CA-5 and CA-6) out of all nine detected products. Soft
candy products that did not have an hard outer shell such as jellies (CA-7 and CA-9) also had

higher TiO; concentrations. In this case, TiO; is used to increase the transparency of products.

Identification of TiO, nanoparticles with TEM

12
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Microscopic images of TiO, particles isolated from the confectionery foods were acquired via
TEM to identify the particles’ morphologies and sizes. As shown in Figure 4, it was
confirmed that the morphological properties of TEM images were almost similar between
two different TiO, reference materials (rutile and anatase) and the TiO, particles isolated from
samples. All TEM images showed that the shape of particles were irregular and rounded with
agglomerate properties, simultaneously coexisting with various particle sizes of 50-300 nm.,
It has been generally reported that approximately 10% of the TiO, particles contained in food
products were < 100 nm, which was reconfirmed in our study. Despite the aggregation
properties of TiO, particles in preparation for TEM analysis, the shape and size of particles
possibly could be identified. In Figure 5, the analysis of EDX showed the presence of the Ti
element, which has the largest peak in all analyzed peaks. The Cu peaks were considered to
have originated from the copper grids utilized for TEM analysis. With the results of TEM and
EDX, it was confirmed that the particles isolated from three products (CA-7, CG-2, and CH-2)

were certainly TiO, nanoparticles.

Conclusion

The contents and morphological properties of TiO, nanoparticles present in confectionery
foods were investigated using ICP-OES and TEM. The order of TiO, concentrations per
serving of food products was chocolates, candies, and then chewing gums. In the case of
foods that had an outer coating shell, more than 90% of TiO; existed in that outer shell. It
could be confirmed that chocolate products with an outer shell are the largest contributors to
TiO, intake among confectionery foods. The majority of products that included TiO; on the
label as a food additive contained TiO, nanoparticles. In light of the recent situation in which

many studies have reported potential health risks associated with the oral consumption of
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TiOy, it is required that children restrict their intake of confectionery foods that contain TiO,

to lessen their risks of chronic exposure.
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