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Abstract: This paper investigated the influence of reaction conditions on particle morphology. X-ray
powder diffraction (XRD), particle size distribution (PSD), and scanning electron microscopy (SEM)
were used to characterize the morphology of barium sulfate. The barium sulfate microspheres
were synthesized with BaCl,, NaySOj, and ethylenediaminetetraacetic acid disodium (EDTA-2Na).
The reflectivity of the synthesized barium sulfate microspheres was greater than 99% in the range of
400-700 nm, which was characterized by a reflectance spectrometer. The morphology of the barium
sulfate particles and their cross-section were observed by SEM. The prepared microspheres were
applied to high-density lipoprotein dry tablets due to their high reflectivity, and the results showed
that the prepared tablets had high sensitivity and good repeatability.

Keywords: barium sulfate; ethylenediaminetetraacetic acid disodium (EDTA); microspheres;
high-density lipoprotein

1. Introduction

With excellent physicochemical characteristics, e.g., non-toxicity, acid and alkali resistance, high
reflectivity, and high whiteness, barium sulfate (BaSO,) has been widely used in pigment filling,
in ceramics, as a catalyst carrier [1], an adsorbent [2], a medical contrast agent [3], an additive in
polymersand [4,5], and in other fields. In addition, barium sulfate particles with complex structures,
such as fiber bundles [6], peanuts [7], and almonds [8], have been synthesized. The morphology
and particle size of barium sulfate determine its application path. The homogeneous particle size
of BaSO4 microspheres has the advantage of high light reflectivity [9], and the accumulated voids
can effectively and uniformly disperse a serum and achieve filtration separation [10,11]. Therefore,
BaSO4 microspheres can be used as a filtration-diffusion-reflection multifunctional layer for medical
dry diagnostic reagents. This subject is presently one of the research hotspots and it is one of the key
technologies being used to prepare the uniform particle size of micron-sized BaSO, in the field of
medical dry diagnostics.

In this study, the industrial synthesis methods of barium sulfate mainly include physical and
chemical methods. The surface of spheroid particles prepared by the physical method is irregular and
widely distributed [12]. The resulting diffusion layer generates diffuse reflection on light, thus making
the coating dull. New chemical production methods of barium sulfate mainly include the following:
(1) Li et al. [13] used sodium polypropionate (PAA) to synthesize barium micron spherical sulfate.
They defined the interaction mechanism between the PAA carboxyl group and inorganic ions and
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the conformational changes of the PAA molecular chain affecting the morphology of barium sulfate.
Sodium polyacrylate is not suitable for mass production because of its high price. (2) Wang et al. [14]
prepared barium sulfate nanoparticles with a diameter of 10-90 nm by the microemulsion method.
A large number of organic solvents and surfactants were used in the experiment, resulting in a
large number of impurities in the product. (3) Liu et al. [15] prepared barium sulfate particles by
complexation. Uchida et al. [16,17] prepared needle-like barium sulfate nanoparticles by complexation.
It has been widely used as an important complexing agent [18-22].

A new type of barium sulfate microsphere was synthesized by using ethylenediaminetetraacetic
acid (EDTA) as the complexing agent to control barium sulfate precipitation. The morphology of
barium sulfate particles was characterized by X-ray powder diffraction (XRD) and scanning electron
microscopy (SEM). The synthesized barium sulfate microsphere was used to prepare high-density
lipoprotein dry tablets with high sensitivity and repeatability.

2. Materials and Methods

2.1. Materials

Barium chloride (A.R., grade, Sinopharm Group, Beijing, China), EDTA.2Na (A.R., grade, Sinopharm
Group, Beijing, China), NaOH (A.R., grade, Beijing Hengye Zhongyun Chemical Industry, Beijing, China),
sodium sulfate (A.R., grade, Sinopharm Group, Beijing, China), hydrochloric acid (36-38%, grade, Beijing
Chemical Plant, Beijing, China), sodium persulfate (A.R., grade, Sinopharm Group, Beijing, China),
deionized water.

2.2. Methods

Under the conditions of constant temperature and stirring, the EDTA and BaCl, were mixed
evenly and then the pH was adjusted with a sodium hydroxide solution. When the pH of the solution
was stable, NapSO4 or NayS,Og was added. When the reaction was complete, the product was washed
several times with deionized water and ethanol.

3. Results
3.1. Preparation of Barium Sulfate Microspheres

3.1.1. Influence of EDTA

In processes involving barium sulfate particles, EDTA plays an important role that affects not only
the free Ba?* content in the solution, but also directly affects the morphology of BaSOy particles [23].
Barium sulfate particles synthesized with BaCl, and Na;SO, are shown in Figure 1A. The product
was composed of amorphous flat particles, similar to the morphology reported in the literature [24].
BaSOy particles obtained with EDTA were transformed from amorphous to microspheres, as shown
in Figure 1B. The reason for this phenomenon was that the EDTA complexing agent controlled the
over-saturation of Ba?* in the solution to achieve homogeneous nucleation, so as to synthesize barium
sulfate with a uniform particle size. The image of barium sulfate synthesized with BaCl, and NayS,0g
shows irregular square lamella particles, as shown in Figure 1C. Although NaS,Og can control the
release of SO, in solution, it cannot slowly react to form microspheres. This phenomenon further
proves that EDTA not only controls the concentration of Ba?* in solution, but also plays an important
role in the formation of barium sulfate microspheres. Figure 2 shows the XRD patterns of barium
sulfate particles at different conditions, respectively. All diffracted lines in Figure 2 could correspond
to orthogonal crystal barium sulfate (Joint Committee on Powder Diffraction Standards, JCPDS No.
24-1035). As we can see from Figure 2a, the diffraction line is very sharp and strong, indicating that
the resulting sample has a high crystallinity. The BaSO4 synthesized with the EDTA in Figure 2b shows
a diffraction line with a Scherrer broadening, and the crystal is considered to be smaller compared
to Figure 2a. The peak height of XRD indicates that barium sulfate particles have different sizes of
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structural units. The reduction of the barium sulfate structural units prepared by BaCl,, Nay;SOy,
and EDTA complexants is due to the adsorption of EDTA on the surface of the BaSO4 nucleus, which
hinders the growth of the BaSO, nucleus and is conducive to the formation of nanoparticles.

Figure 1. Scanning electron microscopy (SEM) images of barium sulphate (BaSO4): (A) in the presence
of BaCly and NaySOy, (B) in the presence of BaCl,, NaySO4 and ethylenediaminetetraacetic acid
(EDTA), and (C) in the presence of BaCl, and Na,S,0s.

(021)
(121

Intensity(%)

I | “"

1 I in
....J‘LJ»U«‘ W L.JJL_A_AV’ W dc AcanAhas o

JCPDS 24-1035
L 1 L 1 1 1

20 30 40 50 60 70
2-Theta

Figure 2. X-ray powder diffraction (XRD) pattern of BaSOy: (a) in the presence of BaCl, and NaySOy,
(b) in the presence of BaCl,, NaySOy, and EDTA, and (c) in the presence of BaCl, and NaySOy.

3.1.2. Influence of Stirring Rate

The stirring rate has a large effect on the particle size of barium sulfate microspheres. Figure 3
gives the SEM image of barium sulfate prepared at a stirring rate of 0, 250, 500, and 750 r/min,
respectively. At different stirring rates, the particle size of the barium sulfate microspheres was
significantly different. The reason for this phenomenon was that there was a uniform distribution of
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the solute in the solution at a high agitation rate, which caused the crystal nucleus to form more easily,
the amount of crystal particles to increase, and the particle size to become smaller. However, when the
stirring rate was too low, the size of the barium sulfate microspheres was different due to the uneven
concentration of the solution after the addition of sodium sulfate. Therefore, the stirring rate can affect
the size of the barium sulfate microspheres. In this experiment, the optimal experimental condition
was a stirring rate of 250 r/min.

Figure 3. SEM of BaSOy at different stirring rates: (A) 0 r/min, (B) 250 r/min, (C) 500 r/min, (D) 750 r/min.

3.1.3. Influence of Temperature Reflex

The synthesis of barium sulfate microspheres is a crystallization reaction, so temperature has
a certain influence on its formation and nucleation. The effect of different reaction temperature
conditions on the crystallization of barium sulfate is shown in Figure 4. At 15 °C, the synthesized
barium sulfate microspheres (Figure 5A) had a small particle size and were distributed unevenly.
As the temperature increased, the barium sulfate sizes gradually increased. When the temperature
was raised to 95 °C (Figure 4C), the barium sulfate particle size reached 3 um. There are two main
reasons for this phenomenon: (1) The complex will precipitate under low temperature conditions,
which affects the complexing force of the complex on Ba?*. (2) In the low temperature region, it
is advantageous to generate a large number of crystal nuclei to refine the barium sulfate particles.
According to Equation (1), the growth rate of crystal has a strong relationship with temperature:

Uy = nAvexp( - AGs/RT)[1 — exp(— & Gv/RT)] 1)

where Uy is the nucleation rate, A is the interatomic spacing, v is the transition frequency, n is the
additional factor, T is the absolute temperature, — A Gy, s is the activity energy, and R is the Boltzmann
constant (J/K~1) [22].
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Figure 5. SEM of BaSOy at different Ostwald ripening times ((A) 0, (B) 1 h, (C) 1 day, (D) 7 days).

3.1.4. Influence of Ripening Time

Figure 5 shows barium sulfate particles at different ripening times. As the ripening time was
prolonged, the surface of the barium sulfate microspheres became smoother and the particle size
continued to increase, a result which was not obvious. After the ripening was further extended to
seven days, the morphology and size of the barium sulfate product remained basically unchanged.
According to the ripening mechanism, the solubility of smaller particles in solution was greater than
that of the large particles. The crystal formation and dissolution were in a state of dynamic equilibrium
under the supersaturation condition. This caused the small particles of barium sulfate to dissolve,
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and the large particles gradually became larger. Thus, the new crystal nucleus was easy to deposit on
the surface of the large particles to fill the surface defects. Therefore, as the ripening time increased,
the surface of the microspheres tended to be smooth, as shown in Figure 5. However, the solubility of
barium sulfate in water is small, so the ripening time does not significantly increase the particle size.
After the ripening time reached one day, even if the Ostwald ripening time was increased, the particle
size of the barium sulfate microspheres did not change substantially, and the particle surface of the

barium sulfate microspheres remained unchanged (see Figure 6). Therefore, the best Ostwald ripening
time is one day.

Differential distribution(%)

Size(um)
Figure 6. PSD of BaSO; at different Ostwald ripening.

3.2. Application

The next step was the application of the barium sulfate microspheres prepared under the above
optimal conditions to the diffusion layer in the dry diagnosis of high-density lipoprotein. This step
was divided into two parts: the preparation of the multifunctional layer and the application of the
prepared multifunctional layer to the high-density lipoprotein dry film.

3.2.1. BaSO4 Multifunctional Layer

The multifunctional layers of high-density lipoprotein (HDL) dry tablets made with amorphous
BaSO, powder and microspheres are shown in Figure 7.

Figure 7. SEM micrographs of the BaSO; multifunctional layer with different BaSO, particles
((A) BaSO4 microspheres, (B) amorphous BaSOy).
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The diffuse reflectance measurement of coating samples of barium sulfate microspheres and
commercially available barium sulfate was conducted using a UV-2600 (Shimadzu Corporation, Tokyo,
Japan), as shown in Figure 8. It can be clearly seen that the barium sulfate microsphere produced in
this paper has a higher diffuse reflection effect than that of the commercially available barium sulfate
in the range of 400-780 nm of visible light wavelength, reaching more than 99%. Therefore, it can be
applied to the diffusion layer of medical diagnostic dry films.
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Figure 8. Reflectance spectrum: (a) homemade barium sulfate microspheres; (b) commercially available
barium sulfate.

3.2.2. High-Density Lipoprotein Tablets

The BaSO,4 multifunctional layer was applied to the dry chemical reagent layer of high-density
lipoprotein, and the structure of high-density lipoprotein in vitro diagnostic reagent is shown in
Figure 9. Repeatability and sensitivity are criteria for evaluating the dry films.

l Adding Sample

Base Material

Cross-Sectional View Top View

Figure 9. Structure of dry chemical diagnostic reagent in vitro.

(a) Reproducibility

Under the condition of 37 °C constant temperature, the serum was added to the high-density
lipoprotein dry surface to test. The reaction time was five minutes, and the experiment was repeated five
times. The results of five groups of experiments are shown in Figure 10. The reflectance densitometer
detected the reflectance signal values of five groups of dry films, as shown in Table 1.
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2000

Figure 10. Image of dry chemical diagnostic reagents in vitro.

Table 1. Light reflection signal values of dry chemical diagnostic reagents in vitro.

Number Value (V) Average Value Deviation (%)

1 0.3228 —0.0017
2 0.3297 0.0052
3 0.3255 0.3245 0.0010
4 0.3204 —0.0041
5 0.3239 —0.0004

As can be seen from Figure 10, the serum sample was filtered and diffused to the reagent layer
by the BaSO,4 multifunctional layer that caused color after reaction. The reaction color was uniform,
indicating that the serum sample could be uniformly diffused to the reagent layer in the BaSO4
multifunctional layer. In addition, Table 2 illustrates that homemade BaSO4 multi-function not only
in the multifunctional layer uniform diameter distribution, the surface of the gap and the internal
space is distributed evenly because of the small error (£0.01%). Thus, for serum spreading, the BaSO4
multifunctional layer can be further applied to in vitro diagnostic dry chemistry due to its repeatability.

Table 2. Light reflection signal values of dry chemical diagnostic reagents in different concentrations.

Concentration (mg/dL) Value
110 0.3240

55 0.3773

27.5 0.4248

13.75 0.5037

6.875 0.5968

(b) Sensitivity

The results of the high-density lipoprotein samples with different concentrations are shown in the
Figure 11. The depth of color was mainly related to the concentration of high-density lipoprotein in
serum samples. The depth of dry film color with different concentrations could be detected by optical
reflectance density meter. The darker the color of the dry film, the smaller the value of detection.
The signal value of the dry film detected by the optical reflectance density meter is shown in Table 2.
It shows an obvious change in the color gradient of high-density lipoprotein serum samples with
different concentrations from left to right after the multifunctional layer diffusion and the color
rendering reaction of the reagent layer. The color has deepened from left to right. At a 670 nm
wavelength, there was a stronger capacity to absorb the light of the darker color. Therefore, the weaker
the light was reflected to the detector, the smaller was the signal value, and vice versa. The optical
reflectance signal values of the different high-density lipoprotein detected by the optical reflectometer
are shown in Table 2. It can be seen that high-density lipoprotein dry tablets are highly sensitive to
high-density lipoprotein serum samples of different concentrations, so the BaSO4 multifunctional layer
can be successfully applied to high-density lipoprotein dry tablets.
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Figure 11. Image of different concentrations of HDL ((a) 6.875 mg/dL, (b) 13.75mg/dL, (¢) 27.5 mg/dL,
(d) 55 mg/dL, (e) 110 mg/dL).

4. Conclusions

This paper demonstrated that barium sulfate microspheres synthesized by the EDTA.2Na complex
had a higher reflectivity compared with that of commercial barium sulfate, which can reduce the error
caused by diffuse reflection during measurement. The authors further proved the important role of
EDTA in the formation of barium sulfate particles using NayS,0g. The morphology of barium sulfate
particles was characterized by XRD, PSD, and SEM. The barium sulfate microsphere produced in
this study has a higher reflectivity than that of commercial barium sulfate, so it can be applied to the
diffusion layer of biomedical dry films.
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