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Abstract

Human health is burdened by diverse range diseases, particularly chronic diseases. Free radicals and other oxidants are impli-

cated in development of those diseases as free radicals induced oxidative stress. The antioxidants are salient substances that

involve maintaining a normal long life by scavenging the free radicals in the body. Phycocyanin is free radicals’ scavenger with

ability to find and tackle the side effects of free radicals; the phycocyanin also possesses other physiological and pharmaceutical

properties. This research aimed at evaluating the effectiveness of TiO2 nanoparticles, and reduced graphene oxide titanium

dioxide nanoparticles (herein after referred to rGO-TiO2 nanoparticles) under visible light conditions to boost the accumu-

lation of phycocyanin in Arthrospira (Spirulina) platensis (FACHB-314) cells. The experimental results indicated that the

both nanoparticles exhibited high phycocyanin content accumulation compared to the control group. Under optimized visible

light conditions of 165 μmol/m2/s wavelength and continuous lighting with white lights, the phycocyanin content of 80.3 mg/g

and maximum yield of phycocyanin production were 97.16 mg/L in the rGO-TiO2 nanoparticles culture; 55.7 mg/g and 81.88

mg/L in the TiO2 nanoparticles culture, compared to 75.5 mg/g and 81.86 in the control culture. The maximum dry weight

biomass cells were observed under the control group compared the experimental conditions. These research results indicate

that rGO-TiO2 nanoparticles have potential commercial applications due to the excellent properties, and can be used in A.

platensis and other microalgae cultivation to optimize productivity.
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Human health is burdened by a diverse range of diseases, particularly chronic diseases. Free radicals and
other oxidants are implicated in the development of those diseases as free radicals induced oxidative stress.
Antioxidants are salient substances that involve maintaining a normal long life by scavenging the free radicals
in the body. Phycocyanin is free radicals’ scavenger with the ability to find and tackle the side effects of free
radicals; phycocyanin also possesses other physiological and pharmaceutical properties.

This research aimed at evaluating the effectiveness of TiO2 nanoparticles, and reduced graphene oxide
titanium dioxide nanoparticles (hereinafter referred to rGO-TiO2nanoparticles) under visible light conditions
to boost the accumulation of phycocyanin in Arthrospira (Spirulina) platensis(FACHB-314 ) cells. The
experimental results indicated that both nanoparticles exhibited high phycocyanin content accumulation
compared to the control group. Under optimized visible light conditions of 165 μmol/m2/s wavelength
and continuous lighting with white lights, the phycocyanin content of 80.3 mg/g and maximum yield of
phycocyanin production was 97.16 mg/L in the rGO-TiO2nanoparticles culture; 55.7 mg/g and 81.88 mg/L
in the TiO2 nanoparticles culture, compared to 75.5 mg/g and 81.86 in the control culture. The maximum
dry-weight biomass cells were observed under the control group compared to the experimental conditions.
These research results indicate that rGO-TiO2 nanoparticles have potential commercial applications due
to their excellent properties, and can be used inA. platensis and other microalgae cultivation to optimize
productivity.

Keywords: rGO-TiO2, FACHB-314 , phycocyanin, nanoparticles, algae

1. Introduction

As part of the human diet, FACHB-314 is one of the long-used cyanobacteria, and it is also the first
batch of algae bacteria to be industrialized using modern biotechnology (Almomani, 2020; Ambati et al.,
2019). FACHB-314 belongs to blue-green prokaryotic microalgae with photosynthesis, filamentous, spiral,
and multicellular blue-green microalgae, larger than other types of microalgae (Nematian et al., 2020; Shi
et al., 2020). Due to the lack of cellulose in the cell membrane (Ribeiro et al., 2021; Rosenau et al., 2021)
is easily digested and absorbed by the human body (Karthikeyan et al., 2020). And it has many benefits
to human health, including anti-cancer (Patel et al., 2021), antioxidant (Mustafa et al., 2021), anti-viral
(Lupatini Menegotto et al., 2021; Mona et al., 2021) and anti-inflammatory (Basavarajappa et al., 2020;
Grossmann et al., 2020; Hazeem et al., 2020). Therefore, it can be used to produce health foods (Keller et
al., 2021), cosmetics (Hong et al., 2021b), food additives (Hong et al., 2021a) and medicines (Almomani,
2020). In addition, due to the high content of nutrients in its cells (Guo et al., 2021), it can produce more
substances, such as pigments, fatty acids, vitamins, minerals, etc. (Sathasivam et al., 2019; Wang et al.,
2019; Yucetepe et al., 2019), especially for the production of phycocyanin (Akter et al., 2021), which content
can reach 10-20% (Rosa et al., 2019).

Phycocyanin is composed of apolipoprotein (Fu et al., 2021) and phycocyanin (Liu et al., 2019). Apolipopro-
tein binds to phycocyanin through ether-sulfur bonds (Li et al., 2019). The protein part is composed of the
α subunit and β subunit (Karakas et al., 2019; Kashyap et al., 2019). Due to the presence of open-chain
tetrapyrrole, it is an auxiliary photosynthetic pigment, and its color is dark blue (Alagawany et al., 2021;
He et al., 2019). It is a non-toxic pigment protein with good water solubility (Ferreira-Santos et al., 2021),
antioxidant, anti-inflammatory, neuroprotective, and liver protective effects (Ambati et al., 2019; Buchmann
et al., 2019; Dalu et al., 2019). It’s the research object of many scholars. In the food industry, phycocyanin
is mainly used as a natural dye to replace artificial dyes that are harmful to human health (Ye et al., 2018;
Zhang et al., 2018). In the medical field, the absorption and emission wavelengths are high, the fluorescence
quantum yield and light stability are good, the extinction coefficient is large, and the solubility in water is
high (Thirumdas et al., 2018; Wang & Lan, 2018). Therefore, based on the properties of phycocyanin, can
also be used as a fluorescent label (Sengupta et al., 2018).

However, as a phycocyanin extracted from biological algae, its application has certain limitations, such as
low yield and difficulty in large-scale production (Rizwan et al., 2018; Rodrigues et al., 2018). Therefore, the
main method to overcome such limitations is to increase biomass (because of its higher value) and increase
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the content of valuable products produced by cell metabolism (Ozkaleli & Erdem, 2018; Raji et al., 2018). In
recent years, the importance of nanomaterials has greatly increased (Wang et al., 2017). Based on previous
studies, titanium dioxide (TiO2) nanoparticles (NPs) are currently one of the most widely used nanomaterials
(Nguyen et al., 2018; Ozkaleli & Erdem, 2018). However, in such studies, we found that TiO2 has a certain
inhibitory and toxic effect on the growth of algae cells due to its relatively poor biocompatibility and strong
cytotoxicity (Zhou et al., 2021; Zhu et al., 2021). For this, we creatively upgrade materials, Synthesized
rGO-TiO2composite nanomaterials for the co-cultivation of Spirulina.

This work fabricated highly biocompatible rGO-TiO2nanoparticles to be used in the cultivation process of
FACHB-314 . Aims to improve the absorption and utilization of light by algae, and promote the growth
of algae cells and the accumulation of photosynthesis, thereby increasing the production of phycocyanin. In
the process of microalgae cultivation, increasing the production of own cells can also increase the output
of phycocyanin. Developing a technology that can effectively synthesize phycocyanin inFACHB-314 and
explore the feasibility of the corresponding technology.

2. Materials and Methods

2.1. Culture conditions and Materials of FACHB-314

Spirulina FACHB-314 was purchased from Wuhan Institute of Aquatic Plants, Chinese Academy of Sciences.
Zarrouk medium (Lebron et al., 2018; Liang et al., 2018) is used as a medium for FACHB-314 experiments,
composition (g/L: NaHCO3 16.8, NaNO3 2.5, K2SO4 1.00, NaCl 1.00, MgSO4·7H2O 0.20, FeSO4·7H2O
0.01, K2HPO4 0.50, CaCl2·2H2O 0.04, EDTA 0.08, 1mL of trace elements. Among them, trace element
composition (g/L): H3BO3 2.86, MnCl2·4H2O 1.81, ZnSO4·4H2O 0.22, NaMoO40.018, CuSO4·5H2O 0.08.

Inoculate FACHB-314 into the reactor and put it in the smart light incubator (Khanra et al., 2018). The
structure of the reactor is shown in Scheme 1. The photobioreactor is a 1 L conical flask with a bottom radius
of 9 cm and a height of 20 cm. Place the photobioreactor in a smart light incubator, keep the temperature
at 25°C, and continuously supply air at a ventilation rate of 0.7 vvm (Karthikeyan et al., 2018a). In an
Erlenmeyer flask containing TiO2 and rGO-TiO2, 50 mg of nanomaterials were added for co-cultivation.

2.2. Synthesis of Nanocomposites

Figure 1 shows the specific process, rGO-TiO2nanomaterial was prepared by the reaction of graphene oxide
and tetrabutyl titanate through a hot solvent (Karthikeyan & Prabhakaran, 2018; Karthikeyan et al., 2018b).
The graphene oxide was poured into isopropanol and sonicated. Then add tetrabutyl titanate, stir well, and
then add 1 mL of ultrapure water to the mixed solution. After stirring for 30 minutes, it was transferred to
a polytetrafluoroethylene lining and reacted at 180 °C in a blast drying oven. After 8 hours of reaction, the
precipitate was centrifuged and washed several times with absolute ethanol. After drying for several hours,
a small amount of black product was obtained, which is the target product of this experiment.

2.3. Determination of FACHB-314 Cell Growth

Accurately weigh the 50 ml centrifuge tube and mark it as M0. Transfer 20 ml of algae solution and centrifuge
for 10 minutes (Caporgno & Mathys, 2018). Leave the sediment and wash it several times, and finally dry
it to a constant weight, weigh it as M1, and then calculate the dry battery weight DCW (g/L) according to
Eqs (1) Measure the absorbance value at 680nm using an ultraviolet-visible spectrophotometer.

The absorbance value multiplied by the dilution factor is the OD680 of FACHB-314 . The relationship
between battery dry weight DCW (g / L) and OD680 is Eqs (2):

DCW (g/L) : M = 1000 × (M1 −M0) ÷ 20 (1)

DCW (g/L) = 0.5192OD680 ± 0.01002(R2 = 0.99779) (2)

2.4. Determination of Phycocyanin and Allophycocyanin

3
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Protein extraction and determination: PB buffer is used to extract phycocyanin and allophycocyanin after
repeated freezing and thawing (Hu et al., 2018). A spectrophotometer was used to determine the concen-
tration of phycocyanin and allophycocyanin (Bhalamurugan et al., 2018). The relationship between protein
concentration and absorbance is Eqs (3) (4):

PC(mg/mL) = (A620 − 0.474A652) ÷ 5.34 (3)

APC(mg/mL) = (A652 − 0.208A620) ÷ 5.09 (4)

The determination of phycocyanin content comes from the formula (5):

PC content(mg/g) = PCV/M (5)

where V represents the volume of the PB solution of the extracted protein, and M represents the dry weight
of FACHB-314 at this concentration.

According to Eqs (6), the phycocyanin and allophycocyanin in the algae can be obtained in sequence:

PC content = (C1 × V 1)(C2 × V 2) (6)

Among them, PC content represents the content of phycocyanin per unit cell dry weight (mg/g); C1 represents
the concentration of two proteins (mg/ml), V1 represents the volume of phosphate buffer (ml), and C2
represents FACHB-314 Corresponding dry cell weight (g/L); V2 represents the weighed volume of algal
liquid (mL).

According to Eqs (7), the purity of phycocyanin can be obtained:

PC production = PC content×DCW (7)

Among them, PC content represents the content of phycocyanin per unit cell dry weight (mg/g); DCW
represents the dry cell weight (g/L) of the phycocyanin content.

2.5. Morphology and Submicroscopic structure of FACHB-314

SEM and TEM were used to observe the morphology and submicroscopic structure of FACHB-314 and
nanomaterials (Benedetti et al., 2018). Micrographs were used to analyze the effects of rGO-TiO2 and TiO2

nanoparticles on the morphology of FACHB-314 cells (Bajpai et al., 2018; Wils et al., 2021).

3. Results

3.1. Characterization of rGO-TiO2Composite Materials

Figure 2 shows that GO has a strong diffraction peak at 11°, which is a characteristic peak (Zhan et al.,
2017). With the reaction of GO and tetrabutyl titanate, the composite material rGO-TiO2 is formed. There
are characteristic peaks of TiO2, 2 theta is 25.3°, 37.8°, 48.0°, 53.9°, 55.1° and 62.7°. These angles correspond
to the 6 crystal planes (101), (004), (200), (105), (211), and (204) of anatase TiO2 (Wang et al., 2017), of
which the peak corresponding to the (101) crystal plane is the most. The sharpness and maximum strength
indicate that the TiO2 in the composite material is mainly anatase crystal type (Sorrenti et al., 2021; Wang
et al., 2021). In this structure, the diffraction peak of graphene is also not observed. This is because the
characteristic peak of graphene is at 24.5°, which is easily covered by the strong diffraction peak at 25.3° of
the anatase (101) crystal plane.

From Figure 3 (a), (b), and (c), it can be shown that TiO2 nanoparticles have been supported on a thin
layer of graphene oxide. The high-resolution lattice phase analysis of the region with nanoparticles is shown
in Figure 3(d). It can be observed that the interval of the lattice fringes is 0.352 nm, which corresponds to
the anatase TiO2 (101) crystal plane (Wu et al., 2017; Yung et al., 2017). The above results can indicate
that the TiO2 nanoparticles were successfully supported on the graphene oxide substrate.

Figure 4(a) shows the XPS full spectrum of GO and nanoparticles rGO-TiO2. The full spectrum of rGO-
TiO2nanoparticles contains three elements, of which the characteristic peak of C 1s is at 284.41 eV (Shirazi
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et al., 2017), the characteristic peak of Ti 2p is at 459.72 eV (Minetto et al., 2017), and the characteristic
peak of O 1s is at 530.98 eV (Sendra et al., 2017). Correspondingly, the XPS full spectrum of GO contains
only two elements, such as C and O. The characteristic peak of C 1s is at 286.76 eV, and the characteristic
peak of O 1s is at 532.50 eV (Madeira et al., 2017). XPS high-resolution analysis was performed on the
C 1s of GO and the composite nano-catalyst rGO-TiO2. As shown in Figure 4(b), it is the high-resolution
XPS spectrum of GO C 1s. In addition to the symmetrical sp2 hybridized C-C bond at 284.82 eV, it is
also observed at 288.30 eV and 289.14 eV. Peaks, these two peaks respectively correspond to epoxy C-O-C,
carboxyl HO-C=O, and other oxygen-containing active groups. In the composite structure prepared with
GO as the raw material, as shown in Figure 4(b), is the high-resolution XPS spectrum of the composite
nano-catalyst rGO-TiO2 with C 1s. The peak is observed at 286.08 eV in the figure, which corresponds to
the C-C bond may be due to the solvothermal reaction, other oxygen-containing active groups are gradually
reduced. This indicates that GO has been reduced to rGO during the synthesis process of the composite
material.

3.2. Biocompatibility of composite materials and FACHB-314

We studied the effects of nanoparticles of rGO-TiO2 on the biomass and nitrate consumption of FACHB-314
and its cell structure or subcellular structure to determine the biocompatibility of the material with FACHB-
314 . rGO-TiO2 composite nanoparticles were added to the FACHB-314 culture medium to determine the
change in dry cell weight and the residual nitrate content in the culture medium. FACHB-314 cultured
without nanoparticles was used as a control group. It can be observed from Figure 5 that the dry cell
weight of FACHB-314 added with composite photocatalytic nanomaterials changes relative to the blank
group and the remaining nitrate content in the culture medium. Among them, Figure 5(a) shows the growth
trend of the two groups of FACHB-314 and gradually increases. On day 9, the weight of FACHB-314 stem
cells cultured on the composite photocatalytic nanomaterials reached 1.24g/L, and the blank group reached
1.36g/L. Compared with the blank group, the experimental group only changed by 8.8%. Then, the residual
nitrate content in the two sets of culture media was determined. The result is shown in Figure 5(b). The
residual nitrate content also tends to be consistent. Based on this, we concluded that, compared with the
blank group, nanoparticle rGO-TiO2 will not adversely affect the two indicators of FACHB-314 biomass and
remaining nitrate content.

Figure 6 shows a photomicrograph of the effect of rGO-TiO2 and TiO2 nanoparticles on the morphology
of FACHB-314 cells. Figure 6(a), (c), (e) shows the morphology of the three types of microalgae on the
first day, (a) is a control group of FACHB-314 under an optical microscope, (c) isFACHB-314 with TiO2

nanoparticles added under an optical microscope, and (e) is a control group of FACHB-314 under an optical
microscope. FACHB-314 and rGO-TiO2nanoparticles. The morphology of these three kinds of FACHB-
314 is normal, showing unidirectional growth and left-handed spiral arrangement. Unlike the control group,
the FACHB-314 filaments of the two experimental groups are all attached with nanoparticles, but they have
no effect on the morphology and structure of FACHB-314 . On the sixth day, the subcellular structures of the
three microalgae are as follows: Figure 6 (b) is the control group FACHB-314 under the transmission electron
microscope (d) is the FACHB-314 doped with nanoparticle TiO2 under the transmission electron microscope,
and (f) is the transmission electron microscope.FACHB-314 doped with nanoparticles of rGO-TiO2under the
electron microscope. By observing the microstructure of the three groups of FACHB-314 , it is found that the
vegetative cells undergo two divisions during unidirectional growth, and there are obvious transfers on the
transverse wall. The trichomes are wrapped in a thin sheath, and there are obvious structures at the crossing
walls (Li et al., 2017; Lupatini et al., 2017). In the trichomes of the experimental group, especially under the
treatment of titanium dioxide nanoparticles, the transverse wall structure of the trichomes became difficult to
distinguish, the morphological abnormalities ofFACHB-314 were clearly visible, and the cell membrane and
transverse wall were twisted. The horizontal wall structure in the middle disappeared. The cell shape of the
control group showed a flat surface, and the cell membrane was not damaged. The mixing ofFACHB-314 and
composite photocatalytic nanoparticles rGO-TiO2 has a certain effect on the cell morphology ofFACHB-314
. For example, the horizontal wall is opaque, the cell wall is wrinkled, etc., but it still maintains the basic
morphological characteristics and will not cause obvious damage to the sexual structure. The above results
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indicate that rGO-TiO2nanoparticles have good biocompatibility for the growth ofFACHB-314 .

3.3. Effects of Different wavelengths on the Growth of FACHB-314

The effect of rGO-TiO2 nanoparticles on the growth ofFACHB-314 under different wavelengths of light was
experimentally studied. Analyzed the growth data of each group of FACHB-314 . On day 9 of the culture,
the dry cell weight and biomass yield results of the three groups of FACHB-314 are shown in Figure 7. In
the medium without adding nanoparticles, the dry cell weight ofFACHB-314 under red light is only 0.58
g/L, and the dry cell weight under white light increased to 1.73 g/L. Compared with red light, the weight
of stem cells has increased by nearly three times. The increment of stem cells under red right indicates that
FACHB-314 is very sensitive to light of different wavelengths, and white light is more conducive to the growth
of FACHB-314 due to the capture and absorption of light energy through the first step of photosynthesis.
For the full use of the energy in sunlight, photosynthetic organisms have formed an effective light-absorbing
device, which is composed of photosynthetic pigments that absorb different wavelengths during the evolution
process. The device can effectively capture the energy of visible light and near-infrared light. Therefore, the
decrease in the dry cell weight of FACHB-314 can be attributed to the reduction of the wavelength range,
which reduces the absorption of light energy by photosynthetic pigments and reduces the accumulation of
photosynthesis in FACHB-314 , which indicates that the growth of FACHB-314 is slow.

The results in Table 1 show that the dry cell weight of the control group under white light is 1.73 g/L, and
the stem cell yield is 0.186 g/L/d. In the medium supplemented with TiO2nanoparticles, the dry cell weight
of FACHB-314 reached its maximum on the 9th day, which was 1.47 g/L, and the dry cell weight yield
was 0.154 g/L/d. Compared with the blank control group, the dry weight of FACHB-314 cells decreased
by 15.0%, and biomass productivity decreased by 18%. The results show that TiO2 nanoparticles have a
certain inhibitory effect on the growth of FACHB-314 . However, in the medium supplemented with rGO-
TiO2 nanoparticles, the dry cell weight ofFACHB-314 reached its maximum on the ninth day at 1.66 g/L,
and the dry cell weight yield was 0.178 g/L/d. Compared with the control group, there is no significant
difference between the dry cell weight ofFACHB-314 and its stem cell yield, which indicates that rGO-TiO2

nanoparticles have no significant effect on the growth of FACHB-314 .

Under the condition of red-light irradiation, the cell growth ofFACHB-314 was significantly inhibited, and
the cell growth trend of the two experimental groups added with nanomaterials was significantly higher
than that of the control group, and the biomass of the rGO-TiO2 composite nanoparticles was the highest.
Under the red-light condition, the dry cell weight of the control group was 0.58 g/L, and the dry cell weight
yield was 0.053 g/L/d. Compared with the white light culture condition, the biomass of FACHB-314 was
significantly reduced by 198%. This indicated that the red wavelength light significantly inhibited the growth
of FACHB-314 cells. The dry cell weight of FACHB-314 reached its maximum value on the ninth day of the
medium supplemented with TiO2nanoparticles, and it was 1.29 g/L, and its dry cell weight yield was 0.141
g/L/d. Compared with the control group, its dry cell weight increased by 0.71 g/L, an increase of 122.4%,
and its dry cell weight yield increased by 166%. On the medium with rGO-TiO2composite nanoparticles, the
dry cell weight of FACHB-314 reached the maximum value of 1.39 g/L on the ninth day, and the dry cell
weight yield was 0.154 g/L/d. Compared with the control group, the dry cell weight increased by 0.81 g/L,
an increase of 139.7%, and the dry cell weight yield increased by 191%. The above results show that under
monochromatic red-light irradiation, the experimental group adding rGO-TiO2 composite nanoparticles can
significantly increase the utilization of red light in the photosynthetic system ofFACHB-314 , and thus can
greatly increase the growth ofFACHB-314 cells. Compared with FACHB-314 with TiO2 nanoparticles added
with rGO-TiO2nanoparticles, under white light, the dry cell weight ofFACHB-314 increased by 0.19 g/L,
an increase of 12.9%, and its dry cell weight yield increased by 0.024. g/L/d; under red light, its dry cell
weight increased by 0.10 g/L, an increase of 7.8%, and its dry cell weight yield increased by 0.013 g/L/d.
In summary, the biomass ofFACHB-314 added with rGO-TiO2 nanoparticles was higher than that of the
experimental group with TiO2nanoparticles under two different wavelengths of light conditions.

3.4. The effect of light in different wavelength ranges on the synthesis of phycocyanin

6
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Figure 8 shows the effects of adding nanoparticles on the intracellular accumulation of phycocyanin in
FACHB-314 under different wavelength conditions. The addition of rGO-TiO2composite nanoparticles has a
significant increase compared to other white light conditions. Table 1 shows the changes of rGO-TiO2 com-
posite nanoparticles on phycocyanin-related indicators of FACHB-314 under white light. The growth curve
ofFACHB-314 shows that the control group without nanoparticle culture has the highest phycocyanin content
of 75.1 mg/g and the phycocyanin production of 81.86 mg/L on the sixth day of culture. In theFACHB-314
experimental group cultured with TiO2nanoparticles, the maximum phycocyanin content was 55.7 mg/g.
Compared with the control group, the phycocyanin content decreased by 25.8%, and the intracellular phy-
cocyanin production under this condition is 81.88 mg/L. FACHB-314 cultured with rGO-TiO2nanoparticles
had a maximum phycocyanin content of 80.3 mg/g on the seventh day of culture. Compared with the control
group, the phycocyanin content increased by 6.9%. The intracellular phycocyanin production of algae was
97.16 mg/L. Compared with the control group, the production of phycocyanin also increased by 18.7%.
Compared with the FACHB-314 cultured with TiO2 nanoparticles, the phycocyanin content increased by
24.6 mg/g compared with the experimental group with TiO2 nanoparticles, and the content increased by
44.2%. The production of phycocyanin also increased by 15.28 mg/g, an increase of 18.7%.

For FACHB-314 cultured without nanoparticles, the intracellular phycocyanin content of FACHB-314 was
lower than the initial value (39.0 mg/g) under this condition, and it was gradually consumed. The maximum
phycocyanin content of FACHB-314 cultured under red light was 39.0 mg/g, and the maximum phycocyanin
yield was 6.24 mg/L. Compared with white light, the phycocyanin content is reduced by 48.1%.FACHB-314
with nanoparticles maintains a higher phycocyanin content and phycocyanin production. Among them, the
rGO-TiO2 nanoparticle FACHB-314 has the highest phycocyanin content.

3.5. Effects of Different Light Intensities on the Growth and Phycocyanin Content of FACHB-314

The effect of rGO-TiO2 nanoparticles on the growth ofFACHB-314 under different light intensities. The
effects of high light intensity, medium light intensity, and low light intensity on the growth of FACHB-314
by rGO-TiO2 nanoparticles. Figure 9(a) shows that under the culture conditions of three light intensities,
the largest dry cell weight is the control group cultured at 275 μmol/m2/s without adding nanoparticles, and
the smallest dry cell weight is 55 μmol/m2FACHB-314 cultured with TiO2 nanoparticles and the control
group cultured under TiO2 nanoparticles (high light intensity is 275 μmol/m2/s, medium light intensity
is 165 μmol/m2/s, low light intensity is 55 μmol/m2/s). Figure 9(b) and Table 2 show that the content
of phycocyanin in FACHB-314 decreased slightly with light intensity. This decrement indicates that A.
platensis is more inclined to accumulate phycocyanin under low light intensity. A. platensis cultivated in
culture medium with TiO2nanoparticles or A. platensis doped with rGO-TiO2nanoparticles, the phycocyanin
content under low light intensity is higher than the accumulation under high light intensity.

The phycocyanin content was 77.5 mg/g, 75.1 mg/g, and 88.4 mg/g under high light intensity, medium
light intensity, and low light intensity, respectively. Compared with the phycocyanin content under high
light intensity, the phycocyanin content of FACHB-314 cultured with nanoparticles under low light intensity
increased by 10.9 mg/g, an increase of 6.4%. Therefore, without adding nanoparticles,FACHB-314 under a
low light intensity culture environment is more conducive to the accumulation of intracellular phycocyanin.
Under the condition of light intensity of 55 μmol/m2/s, the highest phycocyanin content is FACHB-314
cultured with rGO-TiO2 nanoparticles, and the content value is 89.6 mg/g. Then, the FACHB-314 cultured
in the control group had a phycocyanin content of 88.4 mg/g; the FACHB-314 cultured with TiO2 nanopar-
ticles had a phycocyanin content of 69.7 mg/g. FACHB-314 cultured with rGO-TiO2nanoparticles increased
by 1.4% compared to the FACHB-314 cultured in the control group and increased by 28.6% compared to
theFACHB-314 cultured with TiO2 nanoparticles. In terms of phycocyanin production, the largest yield was
theFACHB-314 co-cultured with rGO-TiO2nanoparticles. Compared with the control group, the yield of
phycocyanin increased by 10.6%, and compared with the FACHB-314 co-cultured with TiO2 nanoparticles,
it increased by 34.2 %.

Figure 10 shows that under the condition of light intensity of 55 μmol/m2/s, the maximum dry cell weight of
the control group is 1.14 g/L, and the dry cell weight yield is 0.113 g/L/d.FACHB-314 cultured with rGO-
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TiO2 nanoparticle has a maximum dry cell weight of 1.19 g/L and a dry cell weight yield of 0.119 g/L/d.
Compared with the control group with the same light intensity, its dry cell weight and dry cell weight yield
increased by 4.4% and 5.3%, respectively. Under the light intensity of 165 μmol/m2/s, the maximum dry
cell weight of the control group was 1.73 g/L, and the dry cell weight yield was 0.186 g/L/d.FACHB-314
cultured with TiO2 nanoparticles has a maximum dry cell weight of 1.47 g/L and a dry cell weight yield
of 0.154 g/L/d. The maximum dry cell weight of FACHB-314 cultured with rGO-TiO2 nanoparticles was
1.66 g/L, and the dry cell weight yield was 0.178 g/L/d. Compared with the experimental group added
with TiO2 nanoparticles under the condition of light intensity of 165 μmol/m2/s, the dry cell weight and
dry cell weight yield of FACHB-314 cultured with rGO-TiO2 nanoparticles increased by 12.9% and 15.6%,
respectively. Under high light intensity, the maximum dry cell weight of the control group was 2.76 g/L, and
the dry cell weight yield was 0.320 g/L/d. FACHB-314 cultured with TiO2 nanoparticles has a maximum
dry cell weight of 2.26 g/L and a dry cell weight yield of 0.258 g/L/d. FACHB-314 cultured with rGO-
TiO2nanoparticles has a maximum dry cell weight of 2.58 g/L and a dry cell weight yield of 0.298 g/L/d. In
the experimental group added with TiO2 nanoparticles and spirulina cultured with rGO-TiO2 nanoparticles,
the dry cell weight and dry cell weight yield increased by 14.2% and 16.0%, respectively.

The dry cell weight increased by 2.17 times as the light intensity increased from low to high value. It shows
that high light intensity is more conducive to the growth of A. Platensis FACH-314. High light intensity is
compared with low light intensity, Spirulina’s photosynthesis receives more photoelectrons per unit of time,
which improves photosynthetic efficiency, so it accumulates more organic matter and promotes the growth
of A. platensis FACH-314.

The results indicate that FACHB-314 co-cultured with rGO-TiO2 nanoparticles has higher phycocyanin
content than the other two groups. It shows that in the existing culture experiments with different light
intensities, the addition of rGO-TiO2 nanoparticles will promote the accumulation of phycocyanin in FACHB-
314 , and the promotion effect is higher than that of the culture with TiO2 nanoparticles.

3.6. Effects of Different Light and Dark Cycles on the Growth and Phycocyanin Content of FACHB-314

The light-dark control group chooses full light (lighting time: dark time = 24h: 00h) and half-light time
(lighting time: dark time = 12h: 12h) for comparison (Lamminen et al., 2017). During these two periods of
light and darkness, adding nanoparticles to FACHB-314 alters growth. The growth curve in Figure 11(a)
shows that different nanoparticles have a certain effect on the growth of FACHB-314 in a different light and
dark periods.

Analyze the growth data of each group of FACHB-314 . On day 9 of the culture, the dry cell weight and
biomass yield results of the three groups of FACHB-314 are shown in Figure 11(b). In the control group, the
dry cell weight of FACHB-314 under half-light was only 1.00 g/L, while the dry cell weight under full light
increased to 1.73 g/L, which was nearly doubled compared to half-light. This indicates that the growth of
the spiral depends on the light time, and a longer light time is more beneficial to the growth of FACHB-314
. This is due to the increased photoreaction time of photosynthesis ofFACHB-314 , which accumulates more
organic matter, which promotes its growth.

The effect of rGO-TiO2 nanoparticles on the growth of three groups of FACHB-314 under half-light. The
growth trend of the experimental group with TiO2 nanoparticles was like that of the control group, and the
biomass of FACHB-314 with rGO-TiO2 nanoparticles was higher than that of the control group. The dry
cell weight of the control group with nanoparticles added under half-light was 1.00 g/L, and the dry cell
weight yield was 0.098 g/L/d. In the medium supplemented with TiO2 nanoparticles, the dry cell weight
ofFACHB-314 reached its maximum value on the ninth day and was 0.90 g/L, and its dry cell weight yield
was 0.085 g/L/d. The dry cell weight of FACHB-314 reached its maximum value on the ninth day of the
medium supplemented with rGO-TiO2 nanoparticles, and it was 1.17 g/L, which was an increase of 17.0%
compared with the control group; its dry cell weight yield It was 0.119 g/L/d, which was an increase of
21.4% compared with the control group. Compared withFACHB-314 with TiO2 nanoparticles added with
rGO-TiO2 nanoparticles, the dry cell weight increased by 20.0% and the dry cell weight yield increased by
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40.0% under half-light. The above results show that under the two different light and dark cycle conditions,
the biomass of the experimental group with rGO-TiO2 nanoparticles is higher than that of the experimental
group with TiO2 nanoparticles, and the growth of FACHB-314 under half-light is obvious enhancement.

The results in Figure 11(c) and Table 3 show that during the semi-light culture, the phycocyanin content
of FACHB-314 and nanoparticles is always lower than the cumulative amount under the full-light culture.
It can be found that FACHB-314 cultivated with nanoparticles is not conducive to the accumulation of
algal protein in the half-light. (c) shows that the maximum intracellular phycocyanin content ofFACHB-314
cultured in the absence of light is 38.7 mg/g, and the yield is 38.70 mg/L. Compared with full light, the
content and yield of phycocyanin were reduced by 48.5% and 52.7%, respectively. Similarly, in the two
experimental groups where nanoparticles were added, the decrease in phycocyanin content and the decrease
in phycocyanin production also had different degrees.

4. Analysis of gene expression related to phycocyanin synthesis by rGO-TiO2

The regulation of the metabolic synthesis of phycocyanin inFACHB-314 can be assessed by gene expression
level analysis. In this study, we choose three key synthetase enzymes that can regulate the synthesis of phyco-
cyanin: The gene encodes urinary hyaluronan III synthase (CobA-hemG), which can promote the production
of urobilin III, which is an important tetrapyrrole intermediate, including the synthesis of chlorophyll, vita-
min B12, heme and bilinin (Doan et al., 2021; Faieta et al., 2021). HemG gene encodes protoporphyrinogen
IX oxidase, which can catalyze oxidized protoporphyrinogen IX to produce protoporphyrin IX (Li et al.,
2017; Lupatini et al., 2017). The gene encodes heme oxygenase (Ho), which catalyzes the opening of the
heme ring structure to form chlorophyll IX, an intermediate in the biosynthesis of bilinin (Liu et al., 2019;
Rosa et al., 2019). Under the same conditions, compare the control group and the nanoparticle addition
experimental group, and evaluate the regulation and influence mechanism of the material on the synthesis
of phycocyanin from the gene expression level as shown in Figure 12 (a).

Figure 12 (b) shows the effect of the phycocyanin synthesis and metabolism pathway in FACHB-314 cells
on the gene expression levels of CobA-hemG, HemG and Ho three enzyme proteins after the experimental
group and the control group were cultured for 72 hours.

Compared with the control group, the transcript expression levels of CobA-hemG, HemG and ho genes in
the FACHB-314 group containing rGO-TiO2 composite nanoparticles were significantly higher than those
in the control group, which were 7.57, 5.65 and 3.33 times. The significant differences in the transcriptional
expression levels of the three key genes in the phycocyanin synthesis pathway can be explained as follows:
the mechanism of rGO-TiO2photocatalytic nanoparticles to promote phycocyanin synthesis inFACHB-314
cells is by stimulating the overexpression of genes encoding key enzymes in the biosynthetic pathway of
phycocyanin, thereby promoting a lot of synthesis of CobA-hemG, HemG, and Ho enzyme proteins during
the synthesis and metabolism of phycocyanin. Furthermore, theFACHB-314 of the experimental group was
induced to increase the accumulation of phycocyanin. The results of the difference in phycocyanin gene ex-
pression between the experimental group and the control group are consistent with the above results, that is,
rGO-TiO2 photocatalytic nanoparticles can significantly increase the content of phycocyanin in FACHB-314
under red light conditions. The above results clarify from the level of gene transcription and expression that
rGO-TiO2photocatalytic nanoparticles sequentially promote the synthesis of uroporphyrinogen III, proto-
porphyrin IX and biliverdin IX intermediates through enzymatic reactions, thereby increasing the synthesis
of phycocyanin.

5. Discussion

This topic focuses on the promotion of the addition of rGO-TiO2 nanoparticles on the growth of FACHB-
314 platensis and the accumulation of intracellular phycocyanin. Through a series of experimental optimiza-
tion and exploration, the following conclusions are drawn:

In this experiment, we designed and prepared reduced graphene oxide titanium dioxide nanoparticles (rGO-
TiO2) with good biocompatibility, which were used in the cultivation of FACHB-314 platensis to enhance the
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absorption and utilization of light, compared with conventional TiO2 Nanoparticles, rGO-TiO2 nanoparticles
have high biocompatibility, have no significant inhibitory effect on the growth of FACHB-314 , and have no
obvious damage to the morphology and structure. To study the effects of rGO-TiO2 nanoparticles on the
growth ofA. platensis and the accumulation of phycocyanin under different irradiation light colors, light-dark
cycles, and light intensity conditions.

Under the same conditions, compared with the TiO2nanoparticles and the control group, the addition of
rGO-TiO2 showed a greater promotion advantage. By the seventh day of culture, the maximum phycocyanin
content was 80.3 mg/g, and the intracellular phycocyanin production at 97.16 mg/L, the production of
phycocyanin increased by 18.7%. Compared with theFACHB-314 cultured with TiO2 nanoparticles, the
phycocyanin content increased by 24.6 mg/g compared with the experimental group with TiO2 nanoparticles,
and the content increased by 44.2%. On the ninth day of culture, the cell dry weight reached the maximum
value of 1.66 g/L, and TiO2was 0.65 g/L.

We found that in the choice of different wavelengths, the cell growth ofA. platensis FACHB-314 and the
accumulation of phycocyanin are more biased towards the white light. Under different light-dark cycles,
full light has a more obvious promotion effect on the cell growth of A. platensis and the accumulation of
phycocyanin. Under different light intensities, we found that high light intensity is more beneficial to the
growth of FACHB-314 , while the accumulation of phycocyanin prefers low light intensity. Compared with the
control group cultured without nanoparticles, A. platensis FACHB-314 doped with rGO-TiO2 nanoparticles
can promote the accumulation of phycocyanin.
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Figure legends:

Scheme 1. Schematic diagram of FACHB-314 cultivation device.

Figure 1. rGO-TiO2 preparation process

Figure 2. XRD spectra of GO, TiO2, and composite nanomaterial rGO-TiO2.

Figure 3. SEM and TEM images of rGO-TiO2composite nanomaterials

Figure 4. XPS full spectrum and C 1s high-resolution image of GO and rGO-TiO2

Figure 5. Effects of rGO-TiO2 nanoparticles on the growth and nitrate consumption of FACHB-314

Figure 6. The effect of TiO2 and rGO-TiO2 on the morphology and structure ofFACHB-314 , electron
microscope image

Figure 7. (a) The influence of different wavelengths on the growth of FACHB-314 , (b) Effects of rGO-TiO2

at different wavelengths on dry cell weight and biomass productivity of FACHB-314

Figure 8. The effect of different wavelengths on the content of phycocyanin

Figure 9. (a) The effect of different light intensities on the cells growth of A. platensis, (b) The effect of
different light intensities on the content of phycocyanin

Figure 10. The effect of different light intensities on the dry cell weight and biomass productivity of A.
platensis FACHB-314.

Figure 11. (a) The influence of different light and dark periods on the growth of FACHB-314 , (b) The
Effects of Different Light and Dark Cycles on the Dry Cell Weight and Biomass Productivity of FACHB-314
, (c) The effect of different light and dark periods on the content of phycocyanin

scheme 1
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Figure 1

Figure 2
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Figure 3

Figure 4

Figure 5
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Figure 6

Figure 7
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Figure 8

Figure 9
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Figure 10
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Figure 11

Figure 12
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List of tables

Table 1. Cell Biomass, Phycocyanin Content, Phycocyanin Yield of each group at Different wavelengths

Light Materials
Addition

Dry Cell
Weight g/L

Biomass
Productivity
g/L/d

Phycocyanin
Content
mg/g

Phycocyanin
Yield
mg/g/d

Phycocyanin
Production
mg/L

Red Blank 0.58 0.053 39.0 - 6.24
TiO2 1.29 0.141 44.2 0.65 57.02
rGO-TiO2 1.39 0.154 52.3 1.66 72.70

White Blank 1.73 0.186 75.1 4.84 81.86
TiO2 1.47 0.154 55.7 2.41 81.88
rGO-TiO2 1.66 0.178 80.3 5.49 97.16

Note:

1. The dry cell weight represents the dry cell weight on day 9.
2. The initial values of red light and white light cell dry weight are 0.16 and 0.24, respectively.
3. The initial values of phycocyanin production (mg/g) of each group under red light and white light were

39 and 36.4, respectively.

Table 2. Cell Mass, Phycocyanin Content, and Phycocyanin Yield of each group under Different Light
Intensity

Light
Intensity

Materials
Addition

Dry Cell
Weight g/L

Biomass
Productivity
g/L/d

Phycocyanin
Content
mg/g

Phycocyanin
Yield
mg/g/d

Phycocyanin
Production
mg/L

55

μμολ/μ
2
/ς

Blank 1.14 0.113 88.4 13.20 96.36

TiO2 1.14 0.113 69.7 8.53 79.46
rGO-TiO2 1.19 0.119 89.6 13.5 106.62

165

μμολ/μ
2
/ς

Blank 1.73 0.186 75.1 4.84 81.86

TiO2 1.47 0.154 55.7 2.41 81.88

22



P
os

te
d

on
31

O
ct

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

gh
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
66

72
05

30
.0

51
67

55
9/

v
1

—
T

h
is

a
p
re

p
ri

n
t

an
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

.

rGO-TiO2 1.66 0.178 80.3 5.49 97.16
275

μμολ/μ
2
/ς

Blank 2.76 0.320 77.5 2.23 213.9

TiO2 2.26 0.258 57.2 - 129.27
rGO-TiO2 2.58 0.298 79.7 2.78 205.63

Note:

The dry cell weight represents the dry cell weight on day 9.

The initial values of dry cell weight for low light intensity, medium light intensity, and high light intensity
are 0.24, 0.24, and 0.20, respectively.

Table 3. Cell Mass, Phycocyanin Content, Phycocyanin Yield and Phycocyanin Yield of each group under
different light periods

Photoperiod Materials
Addition

Dry Cell
Weight g/L

Biomass
Productivity
g/L/d

Phycocyanin
Content
mg/g

Phycocyanin
Yield
mg/g/d

Phycocyanin
Production
mg/L

Semi-
illuminated

Blank 1.00 0.098 38.7 3.40 38.7

TiO2 0.90 0.085 33.9 2.20 30.51
rGO-TiO2 1.17 0.119 33.7 2.20 39.43

Full light Blank 1.73 0.186 75.1 4.84 81.86
TiO2 1.47 0.154 55.7 2.41 81.88
rGO-TiO2 1.66 0.178 80.3 5.49 97.16

Note:

The dry cell weight represents the dry cell weight on day 9;

The initial values of cell dry weight in half-light and full-light are 0.22 and 0.24, respectively.
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