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The newly developed ceramic-nucleus pearls employ ceramic materials for cultivation, differentiating 
from the traditional seashell-based nuclei. This innovation yields a product that resembles Akoya pearls 
but exhibits superior luster. In this manuscript, Energy Dispersive X-ray Fluorescence (EDXRF), three-
dimensional (3D) fluorescence spectroscopy, photoluminescence (PL) spectroscopy, UV-visible (UV-vis) 
spectroscopy, Fourier Transform Infrared (FTIR) Spectroscopy, and Scanning Electron Microscopy 
(SEM) were used to thoroughly analyze the mother oyster of these ceramic-nucleus pearls. The test 
results suggest that these ceramic pearls may originate from the same mother oyster species as Akoya 
pearls, making them difficult to distinguish through visual observation. Nonetheless, the presence of 
abnormal characteristic peaks of Zr in EDXRF testing and additional weak emission centers observed at 
excitation/emission (Ex/Em) wavelengths of 292/346 nm in the 3D fluorescence spectra provide crucial 
evidence for differentiating between the two types of pearls. Furthermore, SEM analysis demonstrated 
that the nucleus and aragonite layer of the ceramic pearls are tightly bonded, with the aragonite 
layer that is distributed evenly and regularly. This structural feature may contribute significantly to 
the enhanced luster observed in ceramic pearls. The advent of ceramic-nucleus pearls opens new 
possibilities for improving the luster of cultured pearls, potentially revolutionizing the industry.
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Pearls are organic formations primarily composed of calcium carbonate, along with a small amount of organic 
matter. A lamellar stacking structure was formed by aragonite crystals and organic material1,2. Currently, the 
availability of natural pearls in the market is relatively limited, with the majority being cultured3. Extensive 
researches4–7 which were focusing on various types and optimizing the identification characteristics of processed 
pearls have been conducted on these pearls by utilizing Raman spectroscopy, ultraviolet spectroscopy, and other 
methods. Shi et al.6 investigated the identification features of Tahitian pearls. Fluorescence spectroscopy and 
Raman spectroscopy were employed by Zhou et al.4 to detect Edison pearls that had undergone color treatment or 
fluorescence whitening, summarizing their identification techniques. The changes in fluorescence characteristics 
of akoya pearls following heat and light treatments were explored by Hiramats et al.1. Meanwhile, significant 
progress has been made in the innovations of pearl cultivation technology, particularly regarding to akoya 
pearls. Recent studies8,9 have examined the sedimentation rates of pearl layers in akoya pearls cultivated along 
the eastern coast of Australia and the southwestern coast of India, with comparisons made to those produced 
in Japan. The relationship between the sex of mother oysters and the quality of cultured pearls was investigated 
by Iwai et al.10 to enhance pearl quality. Additionally, Fukushima et al.11 developed a novel method to suppress 
the immune system of akoya pearl oysters, successfully producing different types of pearls from these oysters. 
However, advancements in pearl cultivation technology predominantly focus on the cultivation location, the 
gender of the mother oyster, and the transplanted mantle, while relatively little research has been conducted on 
the nucleus of pearl cultivation.

Ceramic-nucleus pearls represent a new type of pearl that has recently emerged, its growth process is similar 
to that of ordinary pearls and the detailed cultured process of ceramic pearls is outlined in the supplementary 
materials. While they resemble Akoya pearls in appearance, a stronger luster is exhibited (specific proof can be 
found in the supplementary materials). In pearl valuation, luster is one of the most important criteria, which 
may enable ceramic pearls to be a new type of high-quality pearl. However, distinguishing the mother oyster 
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used in the production of ceramic pearls based solely on appearance is challenging, and their similarity to 
ordinary pearls further complicates differentiation. Additionally, the underlying reason for their enhanced luster 
requires investigation, possibly linked to their unique ceramic nuclei and the structure of their pearl layers. This 
study explores a new method for cultivating superior pearls at a lower cost, demonstrating the feasibility and 
advantages of using ceramics as the nuclear material for pearl cultivation.

As technology continues to advance, a growing focus is placed on using non-destructive and rapid 
methods to detect and analyze pearls. Among these techniques, three-dimensional (3D) fluorescence and 
photoluminescence (PL) spectroscopy have emerged as some of the most commonly employed non-destructive 
testing methods12,13. These approaches allow for the assessment of pearl properties without causing any damage. 
Furthermore, scanning electron microscopy (SEM) is utilized in many studies to examine the intricate structure 
of pearl layers in detail5,14–16. By integrating these innovative techniques, not only is the identification of pearls 
enhanced, but a broader understanding of their structural characteristics is also contributed. From a gemological 
perspective, the first step in analyzing an unknown pearl sample is to determine its growth environment, followed 
by identifying the mother oyster that produced the pearl through various spectroscopic tests. Energy Dispersive 
X-ray Fluorescence (EDXRF) is an effective elemental analysis method for distinguishing whether the pearl 
originated in seawater or freshwater. 3D fluorescence spectroscopy and PL spectroscopy are used to identify the 
type of pearl based on the position of the fluorescence center and the intensity of the fluorescence background. 
Additionally, SEM is employed to investigate the relationship between the strength of pearl luster and the 
arrangement of aragonite layers. Therefore, this article explores the growth environment of ceramic pearls and 
identifies the mother oysters through a series of analyses, including EDXRF, 3D fluorescence spectroscopy, PL 
spectroscopy, and UV-visible (UV-vis) spectroscopy. The unique spectral features that help distinguish ceramic 
pearls from ordinary pearls are summarized. To verify the nuclear components of ceramic pearls and investigate 
the reasons for their stronger luster, some samples were cut and analyzed using Fourier Transform Infrared 
(FTIR) Spectroscopy to study their nuclear components. Furthermore, the pearl layer structure of ceramic pearls 
with that of ordinary pearls was also compared to explore the reasons behind their superior luster (Fig. 1).

Results
EDXRF analysis for the layers of novel ceramic-nucleus cultured pearls and reference samples
Through EDXRF testing conducted on nine samples in this study, it can be effectively determined whether 
samples P1 to P5 are seawater or freshwater pearls. The test results are presented in Fig. 2; Table 1. The Sr/Ca 
ratio for these samples was obtained by integrating the areas of the Ca and Sr peaks in the plotted curves. The Sr/
Ca values for all samples P1 to P5 exceed 0.3 (Table 1) and based on previous research17,18it can be inferred that 
these samples are seawater pearls.

Notably, with the exception of P3, the ceramic pearl samples (P1 to P5) exhibited stronger Zr peaks compared 
to the ordinary pearl samples (E1, A1, T1, G1), with their intensity even surpassing that of the Sr peaks (Fig. 2a) 
and this phenomenon was not observed in the ordinary pearls (Fig. 2b). This observation may be attributed to 
the fact that the nuclei of P1, P2, P4, and P5 consist of a silicate ceramic doped with Zr elements. The thin pearl 
layer allowed for X-ray penetration, which enabled the testing of the internal ceramic composition of nuclear, 
resulting in a pronounced Zr peak. This hypothesis requires further investigation. In contrast, the XRF data for 
P3 does not differentiate it from ordinary pearls, indicating a need for additional testing to confirm whether its 
nuclear is ceramic. In addition, the presence of Rh and Ru elements in the spectrum is attributed to the influence 
of the Rh target in the XRF light tube.

Fluorescence characteristics of novel ceramic-nucleus cultured pearls and reference samples
Under long wavelength ultraviolet light, notable blue-white fluorescence was observed in both the ceramic 
pearl samples P1-P5 and A1. In contrast, the E1 exhibited slightly weaker fluorescence, while the T1 and G1 
were virtually inert, demonstrating no fluorescence. The fluorescence photo of the samples under long wave 
ultraviolet light can be found in the supplementary materials (Fig. S1).

Although similar blue-white fluorescence can be observed between samples P1-P5 and A1 under long-
wavelength ultraviolet light, the fluorescence characteristics at other excitation wavelengths were found to be 
less intuitively apparent, indicating that more advanced fluorescence spectroscopy techniques are necessary for 
further analysis12. Therefore, in this study, 3D fluorescence spectroscopy was employed as an effective and rapid 
method for distinguishing between distinct types of pearls, and testing was conducted on the nine pearl samples 
to analyze their fluorescence characteristics. Significant differences in luminescent centers were identified 
between samples P1-P5 and A1 when compared to the other three pearl samples (Fig. 3). Notably, the Edison 
pearl E1 displayed the strongest fluorescence intensity, with its fluorescence center located within the excitation 
and emission wavelength range of 284/340 nm, accompanied by a shoulder peak in the spectrum at an emission 
wavelength of 340 nm (Fig. 3g). In contrast, T1 and G1 exhibited relatively weak fluorescence intensity, with 
their fluorescence centers situated in the excitation and emission range of 284/335 nm (Fig. 3h, i). Research has 
shown that the fluorescence centers of T1, E1, and G1 originate from tryptophan and protein-related substances 
commonly found in pearls. This organic component emits a fluorescence peak at approximately 340 nm when 
excited with a wavelength of 284 nm, indicating that the organic components in the layers of T1, E1, and G1 are 
indeed tryptophan and protein related substances4.

Samples P1-P5, along with A1, were characterized by the presence of two fluorescence centers located at 
approximately 374/446 nm and 374/462 nm within the Ex/Em range (Fig. 3a–f), which were distinctly different 
from those of the other three samples. The appearance of dual fluorescence peaks at 446 nm and 462 nm upon 
excitation at 374  nm is characteristic of humic acid luminescence19. This indicates that the primary organic 
components of samples P1-P5 and A1 include humic acid, distinguishing them from other samples. The presence 
of humic acid may lead to the fluorescence quenching of amino acids, such as tryptophan. The greater the 

Scientific Reports |        (2025) 15:22451 2| https://doi.org/10.1038/s41598-025-05370-w

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


Fig. 2. EDXRF spectra of (a) novel ceramic-nucleus cultured pearl samples P1-P5 and (b) reference samples 
G1, T1, E1, A1.

 

Fig. 1. Flowchart of novel ceramic pearl analysis and testing.
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Fig. 3. 3D fluorescence spectra of (a–e) novel ceramic-nucleus cultured pearl samples P1-P5 and (f–i) 
reference samplesA1, E1, T1, G1.

 

Sample Integral area of Sr/Ca

P1 0.357

P2 0.330

P3 0.303

P4 0.371

P5 0.302

E1 0.174

T1 0.549

A1 0.411

G1 0.547

Table 1. The sr/ca ratio of novel ceramic-nucleus cultured Pearl samples P1-P5 and reference samples E1, T1, 
A1, G1.
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concentration of humic acid, the more pronounced the fluorescence quenching phenomenon becomes20which 
leading to the weaker tryptophan luminescence of P1-5 and A1. Therefore, it can be concluded that the pearl 
oysters producing P1-P5 are consistent with those that produce Akoya pearls.

While P1-P5 and A1 share similarities in their fluorescence centers, certain differences were also observed; 
specifically, P1-P5 exhibited a fluorescence peak at approximately 346 nm when excited at 292 nm (Fig. 3a–e), 
whereas A1 displayed a very weak fluorescence peak at this wavelength that was nearly undetectable (Fig. 3f). 
This indicates that P1-P5 contains less humic acid than A1. Meanwhile, the fluorescence intensity of samples 
P1-P5 was generally weaker than that of A1. All of these differences may serve as key evidence supporting the 
presence of a ceramic nucleus in samples P1-P5.

PL spectroscopy analysis of novel ceramic-nucleus cultured pearls and reference samples
An analysis of the PL spectra of samples P1-P5 to further investigate their pearl types and distinguish them from 
ordinary pearls is also incorporated in this paper (Fig. 4). To ensure the accuracy of the analysis, the research 
method employed by previous researchers was imitated in order to identify pearls with similar appearances. 
Researchers have calculated the F/A ratio to evaluate the fluorescence background intensity and serve it as 
evidence for identification13. The F/A ratio is the total fluorescence (F) divided by the intensity of aragonite main 
peak at 565 nm (A) (Table 2).

The fluorescence background intensity of samples P1-P5 was found to be stronger than that of E1, yet 
significantly weaker than that observed in T1 (Fig.  4a-b), leading to the conclusion that P1-P5 cannot be 
classified as either Tahitian pearls or Edison pearls. The spectral shape of P1-P5 was determined to be similar 
to that of A1 and G1, which exhibits a strong aragonite peak at 564 nm, accompanied by an additional peak at 
553 nm. The spectral shape of P1-P5 was determined to be similar to that of A1 and G1, which exhibits a strong 
aragonite peak at 564 nm, accompanied by an additional peak at 553 nm. This corresponds to the symmetric 
stretching vibration of CO3

2− at 1086 cm−1 and the in-plane bending vibration of CO3
2− at 701, 705 cm−1 in 

Raman peaks of the aragonite crystal9. And there are two very weak peaks at 536.4 and 537.9 nm, which are 

Fig. 4. PL spectrum of (a) novel ceramic-nucleus cultured pearl samples P1-P5, reference sample A1 and (b) 
other reference samples E1, G1, T1; UV-Vis reflectance spectra of (c) novel ceramic-nucleus cultured pearl 
samples P1-P5, reference sample A1 and (d) other reference samples E1, T1, G1.
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speculated to correspond to weak aragonite lattice modes located at 155 and 208 cm−1 in the Raman spectrum15. 
Further analysis revealed that the F/A values for P1-P5 range from 1 to 2, whereas the F/A values for A1 and 
G1 are 4.74 and 3.16. However, the spectral shape of P1-P5 was more closely resembles that of A1. Moreover, 
peaks at 692.7 nm and 694 nm were observed in samples P1, P2, and P4, consistent with the luminescence 
double peaks produced by the2E → 4A2 transition of Cr³⁺ in weak crystal fields21,22. Thus, it is speculated that 
trace amounts of Cr³⁺ may be present in P1, P2, and P4. Based on prior analyses of the 3D fluorescence spectra, a 
conclusion can be drawn that samples P1-P5 do not belong to the category of golden pearls from the South Sea. 
In summary, the PL spectrum provides further confirmation that P1-P5 can be classified as Akoya pearls, which 
possess unconventional nuclei.

UV-Vis Reflectance spectra of novel ceramic-nucleus cultured pearls and reference samples
The UV-vis reflection spectra of all ceramic pearl samples demonstrated relatively consistent spectral peaks and 
samples P1-P5 exhibited absorption peaks at 273 nm, which were found to be similar to those of A1 (Fig. 4c). 
In contrast, T1, G1 and E1 exhibited absorption peaks at 280 nm (Fig. 4d). Previous study23 have indicated that 
absorption peaks around 280 nm are commonly associated with organic compounds present in pearls which can 
induces biogenic aragonite mineralization, and most of them are a mixture of proteins and polysaccharides24. 
The absorption peaks of P1-5 and A1 at 273 nm are also attributed to organic compounds and the composition 
of these organic compounds differs from that of E1, T1, and G1 which may lead to a blue shift in the 280 nm 
absorption peaks. This finding is similar with the analysis derived from the 3D fluorescence spectra.

A detailed analysis of the UV-vis spectra for each sample indicated that G1 displays strong absorption peaks 
at 365  nm and 425  nm, while T1 demonstrates significant absorption at 400  nm and 510  nm, although its 
overall absorption intensity is notably weaker than that of the other samples. The strong absorption of the G1 
sample at 365 nm in the purple region is attributed to a natural pigment, which contributes to its yellow color. 
And the absorption peak at 425 nm is likely due to organic compounds on the pearl’s surface5. The absorption 
characteristics observed at 405 and 510  nm in T1 are distinctive features of natural Tahitian pearls. Studies 
have shown that the 405  nm feature is attributed to uroporphyrin pigmentation, while the 510  nm feature 
may be associated with a porphyrin24. Aside from the characteristic organic absorption peak at 280 nm, the 
overall absorption curve for E1 appeared relatively flat, lacking additional distinctive absorption peaks. When 
comparing P1-P5 with A1, it became evident that they exhibit a broad, gradual absorption band centered around 
560 nm, extending from approximately 460 nm to 700 nm, with high degrees of similarity observed in their 
overall curves. The position of the absorption band varies slightly with different accompanying colors, which 
is believed to be due to the presence of a small amount of various chromogenic porphyrins in P1-P5 and A1 12.

FTIR and EDXRF spectra of the nucleus of pearl A1, P3 and P1
To further confirm the composition of the pearl nucleus in samples P1-P5, EDXRF tests (Fig. 5a–c) and FTIR 
spectroscopy (Fig. 5d) and were conducted on the nuclei of sample A1, P3 and P1, which was cut open. To 
better analyze the elemental composition of the ceramic nuclei and confirm the source of Zr, two different 
testing conditions were employed for EDXRF (Fig. 5a–c). The nuclear of a regular pearl typically consists of 
a seashell, the EDXRF analysis reveals Ca as the primary element in the nuclear of A1 (Fig.  5a). The FTIR 
spectrum of the nuclear of A1 exhibits a strong aragonite peak at 1485, 1080, 860 and 709 cm−1 which represent 
asymmetric extension, symmetric extension, out of plane bending, and in-plane bending vibration modes of 
C-O respectively25 (Fig. 5d).The spectrum of A1’s nuclear shows the common feature of the CO3

2− detected in 
seashells26suggesting that the nuclear of A1 is seashell.

A significant amount of Si and Al was detected in the EDXRF test for the nuclei of P3 and P1, alongside 
small amounts of K and Ca (Fig. 5b). This elemental composition closely resembles that of silicate ceramics, 
which typically consist of clay minerals, feldspar, and quartz. The primary elements found in these materials 
are aluminum, silicon, potassium, and calcium27. However, in addition to elements such as Si, Al, and K, there 
is a significant presence of Zr in the nuclear of P1, which suggests that the nuclear of P1 is a Zr-doped silicate 
ceramic (Fig.  5c). The FTIR spectrum results of the nuclear of P1 closely resemble those of P3. The FTIR 
spectrum of the nuclei of P3 and P1 reveals clear absorption peaks at around 1090 cm−1 and 1180 cm−1. The 
peak at around 1090 cm−1 corresponds to the stretching vibration of Si = O, while the peak at around 1180 cm−1 
represents the asymmetric stretching vibration of Si-O-Si. And the peak located at 462 cm−1 is often attributed 

Samples F/A

P1 1.65

P2 1.77

P3 1.50

P4 1.70

P5 1.46

A1 4.74

G1 3.16

T1 37.43

E1 0.52

Table 2. The F/A of novel ceramic-nucleus cultured Pearl samples P1-5 and reference sample A1, G1, T1, E1.
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to the bending vibration of Si-O (Fig. 5d)28,29. These predominant peaks indicate that the nuclei are composed of 
silicate minerals. Furthermore, another evidence for the presence of Zr in the ceramic nuclear of P1 is that the 
peaks at 418 cm−1 in its infrared spectrum are attributed to the stretching vibrations of Zr-O29. In summary, it 
can be concluded that the nuclei of samples P3 and P1 are ceramic. The presence of a significant amount of Zr in 
the nuclear of sample P1 supports the notion that the Zr detected in the EDXRF tests of the intact pearl samples 
P1, P2, P4, and P5 originates from the nucleus. Therefore, it can be inferred that the pearl samples P1 to P5 all 
have ceramic as their nuclei, and the reason the nuclear component was detected by EDXRF may be due to the 
thin layers that allow X-rays to penetrate more easily.

SEM analysis of akoya pearl A1 and ceramic Pearl P3, P1
Based on the preceding analysis, it may be concluded that ceramic pearls can be classified as Akoya pearls that 
possess unconventional nuclei and stronger luster. The strength of pearl surface luster is demonstrated by the 
reflectivity of visible light. The argument for the luster strength of A1 and ceramic pearls can be found in the 
supplementary materials. As incident light propagates through pearl layers, the denser the aragonite crystal 
structure of a pearl layer, the weaker its refractive ability. As a result, more light is reflected from the surface of 
the pearl, leading to higher reflectivity30. Previous studies have mentioned that research on pearl luster focuses 
on two aspects: surface steps and aragonite layers within the cross-section of pearls31. Therefore, to explore the 
reasons behind the strong luster of ceramic pearls, it is essential to examine the structure of aragonite crystals 
within the pearl layers.

Samples A1, P3 and P1 were selected for further examination using SEM techniques. Upon cutting samples 
A1, P3 and P1, it was observed that the nuclei of P3 and P1 consists of hollow ceramic material, whereas the 
nucleus of A1 is composed of ordinary seashell material. Furthermore, optical photographs were taken of the 
surfaces of A1, P1 and P1 following cutting, as well as fresh cross-sectional images post-crushing (Fig. S2). SEM 
measurements were performed on both the cross-sectional and surface areas in order to examine the differences 
in pearl layer thickness, the structure of the surface aragonite layer, and the arrangement of aragonite within the 

Fig. 5. (a–c) EDXRF spectra for the nucleus of A1, P3 and P1; (d) FTIR spectra of the cross-section area of the 
nucleus of A1, P3 and P1.
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cross-section of ceramic pearls as compared to ordinary Akoya pearls. Additionally, Energy Dispersive X-ray 
Spectroscopy (EDS) analysis was performed on both the pearl layer and the nuclear of P1, further demonstrating 
that Zr originates from the bead core rather than the bead layer. For detailed analysis, please refer to the 
supplementary materials.

The first set of tests focused on determining the thickness of the pearl layers, calculated by averaging 
measurements taken at three distinct positions on A1, P3 and P1. The results indicated that the layer thickness 
for A1 was approximately 0.65  mm (Fig.  6a), while P3 measured around 0.43  mm (Fig.  6b). And the layer 
thickness of P1 is only 0.32 mm (Fig. 6c). This finding suggests that A1 has a thicker pearl layer compared to 
that of P3 and P1, with P3’s thickness being comparable to that of most typical Akoya pearls, but the layer of P1 
is thinner. Furthermore, the pearl layer of A1 was found to be not tightly bound to the nucleus following the 
sample cutting, in contrast to P3 and P1, which displayed a tight adhesion that made separation difficult.

This difference can be attributed to the large particle structure and rough surface of the ceramic nuclear. 
Common silicate ceramics typically have a heterogeneous structure with numerous pores32. The nuclei of P1 and 
P3 contain pores which may create mechanical interlocking with these pores, resulting in a strong bond between 
the pearl layers and the nuclei33. Additionally, the surface roughness of the heterogeneous ceramic structure is 
relatively high, which can be seen from the unevenness of the boundary between the pearl layers and nuclei. 
According to the formula:

 f = µ × Fn

where f, µ, Fn represent friction force, sliding friction coefficient, and positive pressure respectively. A higher 
friction coefficient means that it is more difficult for relative motion to occur when an external force is applied. 
This explains why P1 and P3 did not exhibit layer-nuclear separation during the cutting process, in contrast to 
A1, which was able to easily separate the nuclear from the layer. In conclusion, it is clear that the nuclear and 

Fig. 6. SEM images of the pearl layer thickness of A1, P3 and P1 (a–c), SEM images of the surface structure of 
A1, P3 and P1 pearl layers (d–f), SEM images of the cross-section of A1, P3 and P1’s pearl layer (g–i).
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layer of ceramic pearls are more tightly bound than those of ordinary Akoya pearls, which could facilitate better 
bonding of the pearl layer and contribute to the enhanced luster observed in ceramic pearls.

The examination of the pearl layer structures on the surfaces of A1 and P3 revealed distinct contour-like 
growth patterns on both surfaces. The edge of the aragonite layer on the A1 surface exhibited significant 
cracking, characterized by the presence of numerous irregular hexagonal aragonite formations, with some 
areas displaying indistinct hexagonal features (Fig. 6d). In contrast, the hexagonal aragonite on the P3 and P1 
surface demonstrated a clear and relatively flat morphology, characterized by regular shapes and fewer fractures 
(Fig. 6e–f). From the perspective of surface bead layer structure, it is evident that the structures of P3 and P1 are 
superior to that of A1.

Additionally, the unpolished cross-sections of the two pearl samples were analyzed, revealing similarities in 
the distribution of aragonite flakes, characterized by a dense structure, orderly distribution, and relatively flat 
fracture surfaces. However, it was noted that the A1 pearl layer exhibited a more uniform thickness, with an 
average measurement of 0.43 μm (Fig. 6g). In contrast, the thickness of the P3 and P1 varied between 0.35 μm 
and 0.55 μm (Fig. 6h–i).

Overall, the characteristics of the pearl layer indicate that the structures of P3 and P1 are superior to that 
of A1, resulting in a brighter luster for the ceramic pearls. This section analyzes the mechanism of the strong 
bonding between the pearl layer and the ceramic nuclear from the perspectives of ceramic structure and surface 
roughness, demonstrating the reasons behind the enhanced luster of ceramic pearls from the perspective of 
gemology. This analysis reveals that, compared to pearls produced with ordinary seashells, those made with 
ceramic nuclei exhibit a significantly stronger luster. And the thickness of the pearl layer correlates with the 
cultivation time of pearls, suggesting that using ceramics as the nuclei can produce pearls with greater luster in 
a shorter growth cycle.

Discussion
The novel ceramic-nucleus pearls, developed through emerging technologies, closely resemble traditional Akoya 
pearls in appearance but exhibit superior luster, which can be identified via advanced characterization techniques 
such as EDXRF, 3D fluorescence spectroscopy, PL spectroscopy, UV-vis spectroscopy, FTIR spectroscopy, and 
SEM. These tests have confirmed that the mother oysters used for cultivating ceramic pearls are the same as 
those used for akoya pearls (Pinctada martensii oyster). And the key characteristics for differentiating ceramic 
pearls from traditional akoya pearls can be found in the following results. EDXRF testing revealed unusually 
strong characteristic peaks of Zr in the ceramic pearls. Additionally, the 3D fluorescence spectra indicated that 
the fluorescence of ceramic pearls is generally weaker than that of akoya pearls, with a weak fluorescence center 
identified in the Ex/Em range of 292/346 nm. To further investigate the reasons for the stronger luster of ceramic 
pearls, SEM analysis was conducted on the thickness, surface, and cross-section of the pearl layer. From the 
perspectives of ceramic structure and surface roughness, the strong bonding mechanism between the pearl 
layer and the ceramic nuclear is analyzed, proving that the strong luster of ceramic pearls originates from the 
use of ceramic nuclei, which facilitates the tight bonding of layer and nuclei as well as the uniform growth 
and distribution of nacre layers. Additionally, the thinner pearl layer of ceramic pearls reflects their advantages 
of shorter cultivation time and lower cost. In summary, cultivating pearls with a ceramic nucleus may be an 
effective method for enhancing pearl luster, potentially revolutionizing the cultured pearl industry.

Materials and methods
Samples
Five novel ceramic-nucleus cultured pearls (P1-P5), along with reference samples including Tahitian pearl, 
Edison pearl, Akoya pearl, and golden pearl from the South Sea, were selected for investigation. Sample photos 
and appearance descriptions are available in the supplementary materials (Figs. S3–S5).

Characterization techniques
EDXRF Spectroscopy. Using a Thermo ARL Quant’x EDXRF Analyzer. The test condition for the pearl layers of 
intact pearls is using thick Pd as the filter, with a maximum voltage set at 28 kV under vacuum conditions, and 
each test was conducted for a duration of 60 s. Due to the inconsistent optimal detection conditions for Al and 
Zr, two different testing conditions were employed to better investigate the composition of the A1, P1 and P3 
nuclei that have been cut open. Each test is conducted under vacuum conditions, lasting 60 s, one at a maximum 
voltage of 6 kV without using a filter, and the other at a maximum voltage of 40 kV, also for 60 s, with a thin Cu 
filter applied.

3D fluorescence spectroscopy. 3D fluorescence spectroscopy of intact pearl samples (P1-5, A1, T1, E1, G1) was 
conducted using a Jasco FP-8500 spectrofluorometer equipped with a xenon lamp. The parameters included an 
excitation bandwidth of 5 nm and an emission bandwidth of 2.5 nm, with an excitation range of 220–500 nm 
(with a 2 nm interval) and an emission range of 240–600 nm (with a 1 nm interval). A test voltage of 300 V and 
a scanning velocity of 1,000 nm/min were employed.

PL Spectroscopy. Measurements of intact pearl samples (P1-5, A1, T1, E1, G1) were carried out using a JASCO 
NRS7500 Raman spectrometer. Spectra were recorded using a 532 nm laser, about 4.7 mW laser power on the 
sample, a MPLFLN 20x objective lenses and a L600/B500nm diffraction grating. The slit area was 100 × 1000 μm 
resulting in a spectral resolution of 9.61 cm−1. Spectra were acquired between 535 and 700 nm, with integration 
time of 5 s and the integration performed twice.

UV-vis Spectroscopy. UV-Vis spectra were obtained using the reflection method, due to the low transmittance 
of pearls. Measurements of intact pearl samples were conducted with a UV-vis spectrophotometer (Gem UV-
100, Tianrui, China) over a scanning range of 220–1000 nm, with an integration time of 100 ms. The instrument 
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was calibrated to 100% reflectance using a reference white board. The light sources used are tungsten lamps and 
deuterium lamps, while the detector employed is an FFT-CCD detector.

FTIR Spectroscopy. Place the half-cut pearl samples (A1, P3, and P1) with their nuclei facing down on an 
iron plate featuring small holes with a radius of approximately 0.5 cm, allowing infrared light to pass through 
the holes and test the pearl nuclei. The main components of pearl nuclei were analyzed using a Bruker Vertex 80 
Fourier transform infrared spectrometer and a detector operating in the light source in the mid-infrared to near-
infrared range (7000 –400 cm−1). The objective lens of the instrument can achieve a magnification of up to 160×. 
FTIR spectra were acquired in the range of 400–1600 cm−1 with a resolution of 4 cm−1 and by accumulating 64 
scans.

SEM. Cut samples A1, P3 and P1 to small pieces, and a portion of A1, P3, P1 cross-sections was polished to 
test the thickness of the pearl layer, while the remaining portion was left unpolished to observe the arrangement 
of aragonite. Prior to testing, carbon spraying was applied to all samples. SEM analysis was conducted using a 
high-resolution field emission scanning electron microscope (Thermofisher Apreo 2 S). An acceleration voltage 
of 10 kV was used to examine the surface and thickness of the pearl layer, while an acceleration voltage of 2 kV 
was employed to analyze the unpolished cross-section. The working distance was maintained at approximately 
10 mm.

Data availability
Data will be made available on request. If someone wants to request the data from this study, please contact 
professor Yan Li at yanli@cug.edu.cn.
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