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Abstract: Phycocyanin (PC) is a blue-colored, pigment-protein complex with unique fluorescence
characteristics. However, heat leads to PC fading and fluorescence decay, hampering its widespread
application. To improve the thermal stability of PC, we induced the in situ mineralization of calcium
phosphate (CaP) on the PC surface to prepare PC@Mg-CaP. The nanoparticles were characterized
using transmission electron microscopy, energy dispersive spectrometry, fourier transform infrared
spectroscopy, and X-ray diffraction. The results showed that PC@Mg-CaP was spherical, and the
nanoparticle size was less than 200 nm. The shell of PC@Mg-CaP was composed of amorphous
calcium phosphate (ACP). The study suggested that CaP mineralization significantly improved the
thermal stability of PC. After heating at 70 ◦C for 30 min, the relative concentration of PC@Mg-CaP
with a Ca/P ratio = 2 was 5.31 times higher than that of PC. Furthermore, the Ca/P ratio was a
critical factor for the thermal stability of PC@Mg-CaP. With decreasing Ca/P, the particle size and
thermal stability of PC@Mg-CaP significantly increased. This work could provide a feasible approach
for the application of PC and other thermal-sensitive biomolecules in functional foods requiring
heat treatment.

Keywords: phycocyanin; calcium phosphate; in situ mineralization; Ca/P ratio; thermal stability

1. Introduction

Phycocyanin (PC) is a bright blue-colored, water-soluble, pigment-protein complex
that is used as a natural pigment and fluorescent marker owing to its unique physical
and chemical properties. In recent years, studies have shown that PC also has a variety
of biological functions, including antioxidant [1,2], anti-inflammatory [3], antitumor [4],
and liver protective activities [5]. These findings indicate that PC may have great potential
applications in functional food, biological detection, and medicine fields. However, PC is
highly sensitive to the environment, and its stability is significantly affected by tempera-
ture, pH, and ultraviolet radiation [2]. Processing-related heat generation is a universal
phenomenon. Consequently, heat-lability becomes the primary factor hindering industrial
applications of PC. Even at neutral pH, a temperature higher than 45 ◦C will cause PC
denaturation, leading to the blue color fading [6]. Therefore, finding ways to enhance the
thermal stability of PC has become an urgent issue.

In recent years, nanotechnology has been explored to enhance the stability of PC [7].
Microencapsulation could slow down the degradation of PC at high temperatures and
increase the shelf life of the colorant. PC microencapsulated in sodium alginate (2.5%)
was heated at 50 ◦C for 30 min, and the relative concentration (CR) of PC was found
to be 94.74% [8]. In vitro studies showed that liposomes prepared with soybean phos-
phatidylcholine and cholesterol that contained 2% PC increased the accumulation of PC
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in the cuticle and throughout human skin by nearly 50% as compared with untreated
PC [9]. However, the preparations of most reported PC carriers are complex and expen-
sive. These require large-scale precision instruments, such as homogenizers and spray
dryers, to achieve nuanced control of production [10,11]. Some nanocarriers also have
associated potential stability problems such as lipid oxidation and drug leakage [12]. These
also present great challenges for large-scale production. In addition, chloroform [9,13],
ammonium molybdate [14], and other toxic reagents have been used in the preparation
processes, which also raises issues concerning the biological safety of the nanocarriers.
Hence, finding a safe, stable, and inexpensive approach to improve stability is the key to
solving limitations associated with the development and applications of PC.

Biomineralization is a ubiquitous phenomenon in nature [15,16]. The mineralized shell
provides eggs, algae, and bacteria with special properties, such as heat resistance and me-
chanical protection, so that fragile organisms can tenaciously adapt and survive in adverse
environments such as high temperatures [17,18]. Biomimetic mineralization can artificially
provide mineral shells for organisms and materials with insufficient or nonexistent mineral-
ization ability [19]. Compared with traditional nanotechnology, biomimetic mineralization
only requires a biosafety mineral solution, and the production process is simple with a
low cost [18]. Biomimetic mineralized hybrids also have high biocompatibility [20,21].
At present, biomimetic mineralization has been applied to vaccine improvement [22], cell
protection [23], tissue repair [24], and drug delivery [25]. Notably, the mineralized shell
could increase the thermal stability of inclusions by reducing the hydrogen bond exchange
rate between the internal protein and water molecules in the environment. When heated at
65 ◦C for 30 min, the relative activity of mineralized catalase using calcium phosphate (CaP)
was found to be nearly seven times higher than that of the untreated group [26]. The silici-
fied EV71 virus vaccine could still maintain 90% efficacy after 35 days at room temperature,
overcoming the restriction of vaccines needing to be stored at low temperatures [27]. In-
spired by biomineralization, we expected to improve the thermal stability of PC with
in situ mineralized CaP. CaP exhibits high biocompatibility and good biodegradability
because it is the main inorganic constituent of bone and teeth. It can participate in normal
metabolism in the living body by being dissolved into nontoxic ions [28]. Furthermore, CaP
is easily and inexpensively produced, which makes it a highly attractive biomineralization
nanocarrier [24].

The aim of this work was to characterize the structure of mineralized PC nanoparticles
and to evaluate the effect of biomineralization on the thermal stability of PC. The under-
lying protective mechanism is also discussed considering the physical properties of the
mineralized protein. This study provides a method for the application of PC in functional
foods that require heat treatment such as pasteurization. In addition, this approach does
not involve toxic reagents. The simple controllable production process and low cost make
it suitable for industrial production. Based on these advantages, this strategy might have
great potential for improving the heat-lability of biomolecules under thermal stress.

2. Materials and Methods
2.1. Materials and Chemicals

PC with purity (A620 nm/A280 nm) > 2.0, was purchased from Zhejiang Binmei Biotech-
nology Co., Ltd. (Zhejiang, China). Anhydrous calcium chloride (CaCl2), magnesium
chloride hexahydrate (MgCl2·6H2O), and hydrochloric acid (HCl) were of analytical grade
and purchased from Sinopharm Chemical Reagent Shanghai Co., Ltd. (Shanghai, China).
Disodium hydrogen phosphate (Na2HPO4) and tris(hydroxymethyl) aminomethane (Tris)
were of analytical grade and purchased from McLean Biochemical Technology Co., Ltd.
(Shanghai, China). In-house-prepared, ultra-pure water was used for the experiments.

2.2. Preparation of PC@Mg-CaP

PC in Tris-HCl buffer (pH = 7.4) was co-incubated with 10 mM CaCl2 and 10 mM
MgCl2 for 30 min. Then, 10 mM Na2HPO4 was slowly added to the solution according
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to the Ca/P ratio. Since the Ca/P ratio can affect the formation and stability of CaP, we
selected values of 2, 3, and 5 for the preparation of PC@Mg-CaP. Tris-HCl buffer (pH = 7.4)
was added to make up the volume. The mixture was stirred at 25 ◦C for 4 h to mineralize
PC. The mineralized dispersion was centrifuged at 12,000 rpm at 4 ◦C for 10 min, and the
supernatant was discarded. Subsequently, the precipitate was washed with ultra-pure
water three times to obtain PC@Mg-CaP.

2.3. Characterization of PC@Mg-CaP
2.3.1. Electron Microscopy Analysis

PC solution and PC@Mg-CaP dispersion were added to the copper net with a car-
bon film. After drying at room temperature, the samples were negatively stained with
phosphotungstic acid and dried under a tungsten lamp. Subsequently, transmission elec-
tron microscopy (TEM) analysis was carried out using a JEM-1200EX instrument (JEOL,
Japan). The size of nanoparticles was obtained by statistical analysis of TEM images using
Image-Pro Plus 6.0.

The PC@Mg-CaP with a Ca/P ratio = 5 and CaP were analyzed for surface elements
using energy dispersive spectrometry (EDS). The samples did not require any staining for
this analysis. EDS analyses were performed using an S-4800 instrument (Hitachi, Japan).

2.3.2. Laser Confocal Measurements

PC@Mg-CaP with Ca/P = 5 was placed in a special confocal dish for laser confocal
microscopic measurements. Images were acquired using bright field and fluorescence
channels. The excitation wavelength of the fluorescence channel was 561 nm and the
magnification of the objective lens was 20×. Measurements were conducted using an A1R
HD25 laser confocal microscope (Nikon, Japan).

2.3.3. X-ray Diffraction Analysis

Freeze-dried PC@Mg-CaP with a Ca/P ratio = 5 was subjected to X-ray diffraction
(XRD) analysis. The analytical parameters were as follows: scanning range: 2θ = 10–80◦,
scanning rate: 10◦/min, voltage: 40 kV, and electric current: 10 mA.

2.3.4. Fourier Transform Infrared (FTIR) Spectroscopy

PC@Mg-CaP with different Ca/P ratios were frozen overnight in a freezer at −80 ◦C
and was then vacuum freeze-dried for 24 h. PC@Mg-CaP and dry KBr were mixed and
grounded. The spectra were recorded from a wavelength of 400 cm−1 to 4000 cm−1 for
64 runs. The spectra were recorded at a resolution of 4 cm−1.

2.3.5. Determination of Encapsulation Efficiency and Drug Loading

Encapsulation efficiency (EE) and loading capacity (LC) are important parameters of
nanocarrier systems. EE was calculated based on the PC content in the solution before and
after mineralization, using Equation (1) [14] as follows:

EE (%) =
minitial − msurplus

minitial
× 100% (1)

where minitial is the initial PC content input and msurplus is the PC content that is not
mineralized in the supernatant after centrifugation. LC was calculated according to Equa-
tion (2) [29] as follows:

LC (%) =
mencapsulation

mmineralized microsphere
× 100% (2)

where mencapsulation is the PC mass in PC@Mg-CaP and the mmineralized microsphere is the
mass of PC@Mg-CaP after washing with ultra-pure water followed by centrifugation and
drying.
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2.3.6. UV-Vis Spectroscopy

The PC concentration was determined by analyzing the UV-Vis spectra of the solution.
The UV-Vis spectra were measured using a UV-2550 spectrophotometer (Shimadzu Instru-
ment Co., Ltd., Suzhou, China). Since PC@Mg-CaP was dispersed in Tris-HCl (pH = 7.4)
buffer, Tris-HCl buffer was used as the blank. The UV-Vis absorption spectra were mea-
sured at 450–750 nm. The PC concentration was calculated as shown in Equation (3) [2,14]
as follows:

C (mg/mL) =
A620 − 0.475 × A652

5.34
(3)

where A620 and A652 are absorbance values of the solution at 620 nm and 652 nm, respec-
tively.

2.4. Thermal Stability Tests
2.4.1. Heat Treatment

To investigate the effect of temperature on the thermal stability of PC@Mg-CaP, the
dispersions of PC@Mg-CaP with different Ca/P ratios were placed in a water bath at
a constant temperature of 50 ◦C, 60 ◦C, or 70 ◦C. After heating for 30 min, they were
immediately taken out and put in crushed ice to cool. After the samples were cooled to
room temperature, the PC concentration of the sample was determined.

Furthermore, to explore the change in thermal stability of PC@Mg-CaP with the
heating time, dispersions of PC@Mg-CaP with different Ca/P ratios were placed in a water
bath at 60 ◦C. The heating time was 0–90 min, and samples were taken every 10 min. The
samples were immediately placed on ice after taking them out of the water bath. When
the sample temperature dropped to room temperature, the PC concentration of the sample
was determined.

2.4.2. Assessment of the Relative Concentration

The concentration calculations for PC were based on the excitation wavelength at
590 nm and the maximum emission wavelength between 600–750 nm. The slit width was
fixed to 10 nm. Fluorescence spectra of PC@Mg-CaP before and after the heat treatment
were acquired with a F-4600 Fluorescence spectrometer (Hitachi, Tokyo, Japan). The relative
concentration (CR) was calculated, and the specific calculation method was shown in
Equation (4) [30] as follows:

CR (%) =
Cremaining

Cinitial
× 100% (4)

where Cremaining and Cinitial are the concentrations of PC before and after the heat treatment,
respectively. To evaluate the significance of thermal stability of samples with different
treatments, all measurements were repeated three times, and the data were analyzed using
the analysis of variance (ANOVA).

2.5. Evaluation of Comprehensive Thermal Analysis

The lyophilized sample (10–12 mg) was taken in a crucible. Differential calorimetric
scanning (DSC) analysis was carried out in the temperature range of 20–250 ◦C, and the
temperature was increased at 10 ◦C/min. The data were obtained using a DSC 200 PC
(Netzsch Instruments, Selb, Germany). Thermogravimetric analysis (TGA) was used to
measure the weight change in the sample at a heating rate of 10 ◦C/min until the sample
reached a constant weight. TGA was conducted on a Q600 synchronous thermal analyzer
(TA, New Castle, DE, USA).

2.6. Statistical Analysis

All experiments were performed based on more than three parallel replicates. Data
were depicted using Origin 2021 (OriginLab Inc., Northampton, MA, USA). Statistical
analyses of the experimental data were conducted using IBM SPSS Statistics 26 (IBM Inc.,
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New York, NY, USA). Differences were analyzed with a two-way ANOVA and Tukey’s
multiple comparison post-hoc test, using a significance test level of 5% (p < 0.05).

3. Results
3.1. PC@Mg-CaP Construction via the In Situ Mineralization of CaP

Biological macromolecules with excessive negative charges are ideal templates for
external mineralization [31]. Positively charged mineral ions can spontaneously be ad-
sorbed onto the surface of the organisms through electrostatic interactions. Thus, nano
mineral shells can be formed in situ on the surface of biomolecules [22,32,33]. PC is an
acidic pigment-protein complex. Under physiological pH, PC carries abundant negative
charges, which provides favorable conditions for the nucleation and crystallization of CaP.
Moreover, the presence of glutamic acid, aspartic acid, and phosphorylated serine in PC
might also be beneficial for CaP nucleation [34]. In this study, PC was used to induce the in
situ mineralization of CaP on its surface to form a dense mineral shell (Figure 1).

Foods 2022, 11, x FOR PEER REVIEW  5  of  13 
 

 

2.6. Statistical Analysis 

All experiments were performed based on more than three parallel replicates. Data 

were depicted using Origin 2021  (OriginLab  Inc., Northampton, MA, USA). Statistical 

analyses of the experimental data were conducted using IBM SPSS Statistics 26 (IBM Inc., 

New York, NY, USA). Differences were analyzed with a two‐way ANOVA and Tukey’s 

multiple comparison post‐hoc test, using a significance test level of 5% (p < 0.05).   

3. Results   

3.1. PC@Mg‐CaP Construction via the In Situ Mineralization of CaP 

Biological macromolecules with excessive negative charges are  ideal  templates  for 

external mineralization  [31]. Positively charged mineral  ions can spontaneously be ad‐

sorbed onto  the surface of  the organisms  through electrostatic  interactions. Thus, nano 

mineral shells can be formed  in situ on the surface of biomolecules [22,32,33]. PC is an 

acidic pigment‐protein complex. Under physiological pH, PC carries abundant negative 

charges, which provides  favorable  conditions  for  the nucleation  and  crystallization of 

CaP. Moreover, the presence of glutamic acid, aspartic acid, and phosphorylated serine in 

PC might also be beneficial for CaP nucleation [34]. In this study, PC was used to induce 

the in situ mineralization of CaP on its surface to form a dense mineral shell (Figure 1). 

 

Figure 1. Schematic diagram of the method to construct PC@Mg‐CaP by in situ mineralization of 

CaP. 

3.2. Morphological Characterization of PC@Mg‐CaP 

To verify our hypothesis that it is feasible to prepare PC@Mg‐CaP by in situ mineral‐

ization, we observed the morphology of mineralized PC by TEM. The Ca/P ratio could 

affect the quantity and formation of CaP crystals, thus influencing the size and shape of 

the nanoparticles [35]. Therefore, we selected Ca/P ratios of 2, 3, and 5 for experimental 

investigation with fixed Ca2+ content. PC was found to be ellipsoidal with a diameter of 

45.8 ± 3.6 nm (Figure 2a), whereas CaP was unstable and existed as various shapes and 

sizes (Figure 2b). Notably, when PC was present, CaP spontaneously grew on the surface 

of the PC and formed a dense mineral coating. PC@Mg‐CaP was spherical and prone to 

aggregation (Figure 2c–e). With a decrease in the Ca/P ratio, the diameter of mineralized 

PC increased continuously (Figure 2c–e). When the Ca/P was 5, 3, and 2, the diameters of 

PC@Mg‐CaP were 107.9 ± 7.1 nm, 140.7 ± 12.6 nm, and 156.7 ± 15.5 nm, respectively. These 

results were related to the content of phosphate. As the phosphate content increased, the 

produced minerals accreted, leading to an increase in the thickness of the mineral shell 

[36]. In addition, during the formation of CaP, it will experience a variety of metastable 

phases. When the pH of the solution is around neutral, the initial phase state of CaP is 

amorphous calcium phosphate (ACP), and then it will change to more stable phases of 

CaP, such as octacalcium phosphate (OCP) and hydroxyapatite (HAP). Previous studies 

Figure 1. Schematic diagram of the method to construct PC@Mg-CaP by in situ mineralization of CaP.

3.2. Morphological Characterization of PC@Mg-CaP

To verify our hypothesis that it is feasible to prepare PC@Mg-CaP by in situ mineral-
ization, we observed the morphology of mineralized PC by TEM. The Ca/P ratio could
affect the quantity and formation of CaP crystals, thus influencing the size and shape of
the nanoparticles [35]. Therefore, we selected Ca/P ratios of 2, 3, and 5 for experimental
investigation with fixed Ca2+ content. PC was found to be ellipsoidal with a diameter
of 45.8 ± 3.6 nm (Figure 2a), whereas CaP was unstable and existed as various shapes
and sizes (Figure 2b). Notably, when PC was present, CaP spontaneously grew on the
surface of the PC and formed a dense mineral coating. PC@Mg-CaP was spherical and
prone to aggregation (Figure 2c–e). With a decrease in the Ca/P ratio, the diameter of
mineralized PC increased continuously (Figure 2c–e). When the Ca/P was 5, 3, and 2, the
diameters of PC@Mg-CaP were 107.9 ± 7.1 nm, 140.7 ± 12.6 nm, and 156.7 ± 15.5 nm,
respectively. These results were related to the content of phosphate. As the phosphate
content increased, the produced minerals accreted, leading to an increase in the thickness of
the mineral shell [36]. In addition, during the formation of CaP, it will experience a variety
of metastable phases. When the pH of the solution is around neutral, the initial phase state
of CaP is amorphous calcium phosphate (ACP), and then it will change to more stable
phases of CaP, such as octacalcium phosphate (OCP) and hydroxyapatite (HAP). Previous
studies showed that ACP can better maintain the thermal stability of protein [26]. During
the formation of ACP, Mg2+ can either adsorb onto, or incorporate into, the ACP precursor
particles and significantly inhibit the transformation of ACP to other phases [37,38]. There-
fore, the addition of Mg2+ could help to enhance the thermal stability of mineralized PC.
These results of TEM confirmed the feasibility of preparing mineralized PC nanoparticles
by in situ mineralization of CaP. The change in the size of the mineralized particles also
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indicated that the thickness of the CaP mineral shell could be regulated by changing the
content of the phosphate.
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Figure 2. Electron microscopy characterization of PC@Mg-CaP. (a,b) TEM images of PC and CaP,
respectively; (c–e) TEM images of PC@Mg-CaP with different Ca/P ratios, which were 5, 3, and 2,
respectively.

3.3. Compositional Analysis of PC@Mg-CaP

The mineral shell of PC@Mg-CaP with a Ca/P ratio = 5 was thin and easy to analyze
surface elements. To further confirm the composition of mineralized PC, the sample with
a Ca/P ratio = 5 was selected to conduct surface element analysis and laser confocal
microscopic measurements. We mainly analyzed five elements, including O, P, Mg, Ca,
and N, during surface element analysis (Figure 3a, Table S1). Among them, N was the
representative element of protein, whereas P, Ca, and Mg were the main elements in the
CaP mineral. The results showed that all five elements were uniformly distributed on the
surface of the nanoparticles. The high contents of Ca, Mg, and P confirmed the presence
of CaP minerals on the surface of mineralized PC in abundant quantities. Notably, the
presence of N was not observed in CaP particles (Figure S1, Table S2). However, N was
detected in the mineralized PC. This proved that the mineralized nanoparticles were hybrid
particles of protein and inorganic minerals. Because PC was wrapped in a thick and dense
CaP shell, the content of N was low among the elements analyzed. Moreover, PC had
fluorescent properties, which could be used to locate PC. The unique fluorescence emitted
by the mineralized PC also verified our experimental synthesis of PC@Mg-CaP (Figure 3b).
Moreover, the even distribution of Mg also demonstrated that Mg2+ participated in the
formation of the mineral shell. The ratio of Ca/Mg was found to be approximately 2.47
(Table S1). The Ca/Mg ratio also affected the morphology, crystallinity, and thermal stability
of minerals. With an increase in the Ca/Mg ratio, carbonate minerals tended to grow in a
spherical shape, and both crystallinity and thermal stability increased [37]. Mg2+ was able
to get adsorbed in or bind to ACP particles [38]. Furthermore, the carboxyl group of amino
acids promoted the dehydration of Mg2+, thereby promoting the participation of Mg2+ in
the formation of minerals.
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3.4. Structural Analysis of PC@Mg-CaP

To gain deeper insights into the structure of PC@Mg-CaP, FTIR and XRD analyses were
performed (Figure 4). The characteristic peak for N-H bending vibration was observed
at 1548 cm−1 [30]. The characteristic peak at 1452 cm−1 was attributed to C-N stretching
vibration [39]. These were the characteristic peaks of PC. Moreover, the absorption peaks of
CaP at 1051 cm−1 and 571 cm−1 were caused by PO4

3− stretching and bending vibrations,
respectively [36,40]. The peak at 879 cm−1 was assigned to H-O(P) stretching in HPO4

2−

ions [37,41]. As expected, PC@Mg-CaP showed FTIR characteristics of both PC and CaP
(Figure 4a). With a decreasing Ca/P ratio, the characteristic peaks of PC in the mineralized
protein became weaker. This might have stemmed from the thickening of the CaP shell on
the surface of the mineralized PC. Further, the broadband at 2600–3600 cm−1 was ascribed
to O-H stretching in water molecules [37]. Interestingly, compared with that of PC, PC@Mg-
CaP had a broader band at 2600–3600 cm−1, which suggested that PC@Mg-CaP might
contain more water. This might be due to the high amount of water molecules trapped
when CaP shells were formed [24]. Considering the existence of CaP polycrystalline phase,
we analyzed the crystal structure of the PC@Mg-CaP by XRD (Figure 4b). The peaks at
2θ = 26◦ and 32◦ in XRD spectrum of PC@CaP with Ca/P = 5 indicated that the formed
CaP shell of the mineralized PC without Mg2+ was HAP. However, when the mineralized
solution contained Mg2+, the samples of the mineralized PC with different Ca/P ratios
had a common wide peak at 2θ = 30◦ indicating that the CaP shell of the mineralized PC
existed as ACP (CaxHy(PO4)z · nH2O). The difference between the samples was closely
related to the phase transition of CaP. When the pH of the solution was approximately
neutral, excessive Ca2+ and PO4

3− would form minerals with ACP as the initial phase [35].
Importantly, Mg2+ could inhibit the phase transition of CaP, acting as a stabilizer [38].
In summary, these results indicated the shell of PC@Mg-CaP was ACP, and the existence of
Mg2+ was crucial to maintain ACP.
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and 2, respectively.

3.5. Evaluation of the Efficacy of Mineralization

To evaluate the ability and efficacy of PC to induce the in situ mineralization of CaP,
the EE and LC of the mineralized PC were determined. Table 1 shows the EE and LC
of PC@Mg-CaP with different Ca/P ratios. With a decrease in the Ca/P ratio, the EE of
PC@Mg-CaP increased, but LC decreased. When the Ca/P ratio was 5, the EE and LC of
PC@Mg-CaP were 59.19% and 11.86%, respectively, whereas for the Ca/P ratio of 2, the EE
increased by 13.39% and LC decreased by 5.09%. With an increase in phosphate radicals,
the amount of insoluble phosphate that precipitated increased. Subsequently, more PC was
encapsulated, resulting in an increase in the EE. In addition, the CaP shell on the protein
surface was thickened; this led to a reduction in the LC of PC@Mg-CaP. Moreover, when
the Ca/P ratio was less than 3, the EE was greater than 70%, indicating that PC induced
CaP in situ mineralization is a highly efficient coating method.

Table 1. EE and LC of PC@Mg-CaP with different Ca/P ratios.

Index Ca/P = 5 Ca/P = 3 Ca/P = 2

EE (%) 59.19 ± 0.55 72.25 ± 0.31 72.58 ± 0.07
LC (%) 11.86 ± 2.00 8.51 ± 1.20 6.77 ± 0.35

3.6. Enhancement of the Thermal Stability of PC by the Mineralization of CaP

Inadequate thermal stability has been a considerable barrier in the expansion of PC
applications. To analyze the effect of mineralization on the thermal stability of PC, we
measured the changes in CR of PC and PC@Mg-CaP under different heating conditions
(Figure 5). Figure 5a showed the effect of heating temperature on the thermal stability of
mineralized PC. With an increase in the heating temperature, the CR of PC and PC@Mg-
CaP decreased. Importantly, the CR of PC@Mg-CaP was consistently significantly higher
than that of PC (p < 0.05), and the thermal stability of PC@Mg-CaP was better at a lower
Ca/P ratio. When heating at 70 ◦C for 30 min, the CR of PC was only 6.76%. However,
CaP mineralization was able to preserve the PC activity. The CR of PC@Mg-CaP with a
Ca/P ratio of 5, 3, and 2 was 1.88, 3.28, and 5.31 times that of PC, respectively (Figure 5a).
In addition, we also studied the CR changes of mineralized PC overtime at 60 ◦C. Figure 5b
showed that with the increase of heating time, CR of PC and PC@Mg-CaP all decreased,
but the CR descent rate of PC was faster than that of PC@Mg-CaP. The CR of PC was only
45.61% after heating at 60 ◦C for 15 min. However, when heated at 60 ◦C for 90 min, the CR
of PC@Mg-CaP with a Ca/P ratio of 2 was still 62.49% (Figure 5b). These results suggested
that mineralization could greatly improve the thermal stability of PC, and that the Ca/P
ratio was the key to regulating the thermal stability of mineralized PC. These experimental
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results proved that CaP in situ mineralization was an effective approach to enhance the
thermal stability of PC.
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3.7. Enhancement of the Fluorescence Stability of PC by the Mineralization of CaP

Heat can lead to a reduction in PC fluorescence, which decreases the efficiency of
PC as a fluorescent probe. We investigated the effect of mineralization on the stability of
PC with heating (Figure 6). PC showed low fluorescence stability when the temperature
reached 50 ◦C. With an increase in the temperature, the fluorescence characteristics were
gradually lost during heating. The fluorescence stability of the mineralized PC was higher
at 50 ◦C, with that of PC@Mg-CaP with a Ca/P ratio = 2 being the highest. When heated
at 50 ◦C for 90 min, the fluorescence intensity of PC decreased by 26.66%, but that of
PC@Mg-CaP with a Ca/P ratio = 2 only decreased by 6.22%. When the temperature was
higher than 50 ◦C, the fluorescence stability of PC@Mg-CaP declined rapidly. When the
heating temperature was 60 ◦C, the fluorescence intensity of PC was reduced by 54.69%,
and that of PC@Mg-CaP with a Ca/P ratio = 2 was reduced by 9.45% upon heating for
15 min. These results proved that the in situ mineralization of CaP could enhance the
fluorescence stability of PC. Notably, we observed that the fluorescence characteristic peak
of PC was red-shifted after mineralization. This indicated that the hydrophobicity of the
PC increased after mineralization. Moreover, the CD spectra of PC@Mg-CaP with different
Ca/P ratios showed similar trends compared with that of PC. However, PC@Mg-CaP
samples underwent a loss of α-helix structure as indicated by the reduced peak intensity at
208 nm and 222 nm after mineralization (Figure S2). These might have been because the
hydrophobic part of the protein was more conducive to CaP adsorption [42]. Mineralization
promoted the extension and exposure of hydrophobic groups of PC, made them easy to
interact with an aqueous medium, and led to conformational changes of proteins [43].
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3.8. Analysis of the Thermal Properties of PC@Mg-CaP

To clarify the mechanism underlying CaP mineralization-mediated improvements
in PC thermal stability, we explored the thermal properties of PC@Mg-CaP by TGA and
DSC. The denaturation temperature of PC was 111 ◦C. After CaP mineralization, the
denaturation temperature increased by 7–20 ◦C (Figure 7a). The results showed that
mineralization could effectively improve the thermal stability of PC. With an increasing
temperature, the weight of PC and PC@Mg-CaP quickly decreased (Figure 7b). When the
temperature reached 110 ◦C, the weight loss of PC was approximately 7.2%, and that of
PC@Mg-CaP was about 10%. When the temperature continued to rise, the weight loss of PC
slowed down; however, the weight of PC@Mg-CaP continued to decrease rapidly, until the
temperature reached approximately 180 ◦C. At this point, the weight loss of PC@Mg-CaP
with different Ca/P ratios was between 18.5–19.3%; the descending rate slowed down
subsequently. It is worth noting that these results indicate that the water molecules were
more abundant in PC@Mg-CaP and were more difficult to remove. This could be attributed
to the ACP shell of PC@Mg-CaP containing more water. Some of the water existed in
the gaps between CaP clusters, and the remaining water molecules were adsorbed on the
surface of CaP [44]. These restricted water molecules were more stable than free water
molecules in the environment. Compared with PC, PC@Mg-CaP showed more significant
endothermic peaks during heating, which suggested that the water molecules needed to
absorb extensive heat to be liberated (Figure 7a). Previous reports have also indicated that
reductive polysaccharides such as trehalose could improve the thermal stability of proteins
and other biological macromolecules by confining the fluidity of water molecules [45].
Consequently, the relatively stable microenvironment provided by the CaP shell was the
main reason underlying the in situ mineralization-mediated enhancement in PC thermal
stability.
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Figure 7. Thermal characterization of PC and PC@Mg-CaP. DSC (a) and TGA (b) data of PC and
PC@Mg-CaP. The ratios of Ca/P were 5, 3, and 2, respectively. The temperature was raised at
10 ◦C/min.

4. Conclusions

In this study, we successfully prepared Mg-doped CaP-coated PC nanoparticles by the
in situ mineralization. We also characterized the structure of mineralized PC and evaluated
the effects of mineralization on the structure and thermal stability of PC. The study indi-
cated that the PC@Mg-CaP nanoparticles had a core-shell structure. The dense shell was
composed of ACP and was regulated by Mg2+ during the formation. The mineralization of
CaP caused a loss of α-helix structure and an increase in hydrophobicity of PC. Mineraliza-
tion could significantly improve the thermal stability of PC. Notably, the Ca/P ratio was
critical to regulate the thermal stability of PC@Mg-CaP. The thermal stability of PC@Mg-
CaP with varied Ca/P ratios in the following sequence was: Ca/P = 2 > Ca/P = 3 > Ca/P
= 5. Furthermore, the results showed that the dense CaP shell, which contained abundant
bound water, also provided a relatively closed microenvironment for PC. It could reduce
the damage of external heat to the structure of PC. That may be the underlying mechanism
for the enhancement of the thermal stability of mineralized PC. This study proved that the
in situ mineralization of CaP is a safe, facile, and effective method to improve the thermal
stability of PC. It also provides a feasible mineralization-based strategy to improve the
thermal stability of thermosensitive material.
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