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Multimodal bioimaging using
nanodiamond and gold hybrid
nanoparticles
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Hybrid core—shell nanodiamond-gold nanoparticles were synthesized and characterized as a

novel multifunctional material with tunable and tailored properties for multifunctional biomedical
applications. The combination of nanostructured gold and nanodiamond properties afford new
options for optical labeling, imaging, sensing, and drug delivery, as well as targeted treatment. ND@
Au core—shell nanoparticles composed of nanodiamond (ND) core doped with Si vacancies (SiV)

and Au shell were synthesized and characterized in terms of their biomedical applications. Several
bioimaging modalities based on the combination of optical and spectroscopic properties of the hybrid
nano-systems are demonstrated in cellular and developing zebrafish larvae models. The ND@Au
nanoparticles exhibit isolated ND’s Raman signal of sp? bonded carbon, one-photon fluorescence of
SiV with strong zero-phonon line at 740 nm, two-photon excited fluorescence of nanogold with short
fluorescence lifetime and strong absorption of X-ray irradiation render them possible imaging agent
for Raman mapping, Fluorescence imaging, two-photon Fluorescence Lifetime Imaging (TP-FLIM) and
high-resolution hard-X-ray microscopy in biosystems. Potential combination of the imaging facilities
with other theranostic functionalities is discussed.

Multifunctionality is one of the advantages of hybrid nanoparticle (NP) used in biomedical studies. Nanoparticles
with multimodal imaging and sensing capacity can combine drug delivery capabilities to other medical treat-
ments for theranostic applications. The possibility to integrate several functionalities for one nanoparticle-based
complex provides promising potential in a wide range of applications. One approach is to design the NP with
pre-established necessary properties, such as a hybrid structure for a combination of complementary facilities of
the involved components and obtaining synergistic properties. Among such complex nano-systems, rapid and
diverse evolution takes place in the development of hybrid NP with Au component!. Combining Au with porous
silica?, silicon?, iron oxides?, polymers’ or other organic macromolecules, e.g. transition metals complexes®, dif-
ferent kinds of carbon nanomaterials’-1° etc., have been described previously.

Among other currently used NP, hybrid gold-nanodiamond are novel multifunctional materials with tunable
and tailored properties that have been considered for various biomedical applications. By combining nano-gold
and nanodiamond, the synergetic properties of both materials can provide new options to combine optical
labeling, imaging, sensing, and drug delivery as well as targeted treatment'®. Both nanoscale gold and diamond
materials have been demonstrated to be promising materials for use in biomedical researches and already in some
medical applications. Additionally, both of them are considered in general biocompatible, and their in-vitro and
in-vivo toxicity were thoroughly studied recently''~*>.

Gold nanoparticles (AuNP) for biomedical applications are designed in a very wide range of sizes, shapes, and
properties'®~'8. The AuNP surface can be conjugated with drugs and other molecules for treatment, targeted deliv-
ery and specific interaction''”. Due to the plasmonic properties, AuNP can be designed as imaging agents with
different methods of detection such as photoacoustic, enhanced scattering, two-photon excited luminescence,

IDepartment of Physics, National Dong Hwa University, Hualien, Taiwan. 2Institute of Physics, Academia Sinica,
Taipei, Taiwan. 3P. N. Lebedev Physics Institute, Russian Academy of Sciences, Moscow, Russia. “Department
of Molecular Biology and Human Genetics, Tzu-Chi University, Hualien, Taiwan. °Bruno Kessler Institute (FBK),
Trento, ltaly. *Department of Materials Engineering and Industrial Technologies, University of Trento, Trento,
Italy. “Institute for Photonics and Nanotechnologies of National Research Council (CNR-IFN), CSMFO Lab, Trento,
Italy. SIMMAGINA BioTechnology S.R.L, Via Sommarive 18, Povo, Trento, Italy. °Diamond and Carbon Applications
GmbH (DiaCarA), Freiburg, Germany. “email: clcheng@gms.ndhu.edu.tw

Scientific Reports |

(2022)12:5331 | https://doi.org/10.1038/s41598-022-09317-3 nature portfolio


http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-022-09317-3&domain=pdf

www.nature.com/scientificreports/

17-20 16,17

improving the contrast in transmission electron microscopy (TEM) images'’~*°, and for biosensing etc.
Colorimetric sensing, Foster Resonance Energy Transfer (FRET)-based detection, electrical and electrochemical
sensing'” also have been demonstrated for different Au nanoparticles. The applications for photothermal and
photodynamic therapy have also been attempted'®*!.

Nanodiamond (ND) also has been studied and considered potentially a very promising material for biomedi-
cal applications due to their physical and chemical properties and variability in their size and structure!»!222,
The surface properties of NDs allow the functionalization of the particles and conjugation with molecules of
interests for drug delivery and to interact with biotargets*>?*. The optical and spectroscopic properties of NDs
allow them to be used as imaging agent for different methods of bioimaging, based on NDs’ fluorescence!'*?? and
other properties, for example Raman scattering'?. With applicability of ND for multimodal imaging and delivery
monitoring, it has been used for sensing®, based on the electronic spin state in (NV)~ center that can be optically
detected and used for sensitive nanoscale magnetometry. The main origin of ND fluorescence is color centers
in the diamond core or the surface of ND'"**?*%5_ The most studied and used for bioimaging and biosensing are
nitrogen vacancy centers*>? of both negatively charged (NV)~ and neutral (NV)°. Using high energy treatment,
the number of the color centers can be increased and hence the fluorescence is enhanced?®. In addition to (NV)
centers, silicon vacancy center (SiV) also attracts attention recently due to emission in the near-infrared range
with intense and narrow fluorescence zero phonon line (ZPL) at 740 nm?*?’. Additionally, diamond intense sp*
carbons Raman peak can be exploited for Raman mapping that provides other imaging information'?.

Hybrid materials can amplify the complementary components’ properties. The advantages of the synergy
between gold and nanodiamond particles can be expected. However, the optical properties of the coupled Au
and ND nanoparticles are not completely clear and predictable yet, leading to some contradictory results'®. The
ND-Au hybrid possess the plasmonic and photoacoustic properties of gold component?®*-*. In the presence
of the nanodiamond the photoacoustic signal of the gold is amplified. The energy or charge transfer between
energy-absorbing ND and nano-Au has been discussed. Additionally, it was found that combining Au with ND
prevents Au nanostructure from degradation during photoacoustic imaging®. The same was observed with
transmission electron microscopy (TEM) imaging'. Another synergy effect, the catalytic and sensor facilities
are based on charge transfer process found only in the hybrid system'’. Thus, Au-decorated NDs demonstrated
tunable optical properties and local plasmonic resonance and were applied as a substrate for Surface Enhanced
Raman Spectroscopy (SERS) with improved SERS effect compared to nano-Au alone®. For temperature measure-
ments in nanoscale combining diamond and gold with a high localizing of thermal effect has been shown?*>%,
In the system of a single AuNP conjugated with a single ND, highly localized heating is realized, which allows
the temperature detection combined with controlled plasmon-based photothermal therapy®*. Synergetic effect
of catalytical activity is observed in hybrid AuNP-NDs*>*. This effect is related to the charge transfer from gold
nanoparticles to sp? dangling bonds on ND surface®.

ND’s hybridization with metal have been found affecting the fluorescence®®*” and photoacoustic®® properties
of ND. These effects can be used for ND-based hybrid’s fluorescence tuning for imaging and sensing. New facili-
ties of different photonic and optoelectronic applications can be provided by the non-linear optical response of
the ND-gold nanohybrids, that is significantly larger than that of pure ND and depends on the Au loading at
picosecond visible light excitation®. The hybrid gold-nanodiamond are synthesized mostly in 2 forms, core-shell
nanoparticles with ND core and Au shell’*>* and nanocomposites of ND and Au nanoparticles conjugated with
covalent or non-covalent bonding?**%*¢%7, sometimes referred to ND-decorated AuNP or gold-decorated ND'.
Such hybrids can be also conjugated with additional NP component to increase functionalities*.

In this work we synthesized and characterized the functionalities of diamond-based nanostructures formed
by SiV-doped ND cores coated with a gold shell (ND@Au). The samples were presented and characterized
previously®. This NP hybrid combines abilities and advantages of fluorescent ND and of the nanostructured
metal with plasmonic properties. We discuss the multifunctional bio application of ND@Au NP focusing on
their applications for multimodal imaging based on the optical properties of both ND and gold.

30,37

Results and discussion
ND@Au characterization. SiV-doped nanodiamonds (ND) were synthesized using plasma enhanced
chemical vapor deposition (PECVD) technique with a Si-wafer as Si-doping source. Au shell was synthesized via
a gold reduction in the HAuCl, water solution with reducing agent hydroxylamine hydrochloride NH,OH*HCI
and ND as the seeds. The core-shell nanoparticles were synthesized using nanodiamond (ND) core enriched
with Si vacancies (SiV) and Au shell ND@Au) were characterized in terms of their biomedical applications.
The average ND@Au particle size measured using dynamic light scattering (DLS) in distilled water is
282.8 +34.5 nm, the distribution is presented in Fig. 1a; and {-potential is negative and equals to — 29.5£0.3 mV
at pH ~7. In the X-ray imaging (data not shown), the pixel resolution was 16 nm, FOV =15 x 15 um?, the averaged
particle size is 0.25-0.35 pm, averaged from 24 particles; agree with the DLS results. Scanning and Transmission
Electron microscopy images of the synthesized particles, Fig. 1b, are consistent with the size measurements. SEM
and TEM images show the forming of the shell on the ND surface after Au deposition; TEM allows rough estima-
tion of the shell thickness of the shown particles to be approximately 40 nm. The structure of the nanoparticles
surface with irregularities and high local curvature due to the gold shell growth on the ND core is observed.
Figure 1c displays the Raman spectrum of ND in ND@Au with a dominant peak near 1332 cm™’, the phonon
mode of sp*>-hybridized carbon. The peak is narrow and isolated that characterizes well-ordered diamond struc-
ture of ND@Au diamond core. Figure 1d shows the photoluminescence spectrum of ND@Au NP with narrow
and intense zero phonon line (ZPL) of SiV-center fluorescence in the near-infrared range, centered near 740 nm,
far away from other ND fluorescence widen peaks. Both, ND fluorescence and Raman signals can be utilized for
multimodal optical imaging with detection of one-photon excited signals. In the presented ND@Au, an additional
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Figure 1. The Au@ND characterization: (a) The size distribution of ND@Au measured using DLS method, the
average size is 282.8+34.5 nm; (b) SEM and TEM images of ND and ND@Au. (¢) Raman spectrum of ND@
Au in characteristic ranges for ND Raman signals and (d) photoluminescence spectrum of ND@Au in the
range containing ZPL of SiV PL; 488 nm wavelength laser excitation, laser power at the sample ~ 3 mW; (e)
Fluorescence lifetime decays of ND and ND@Au at two-photon excitation, and calculated instrument response
function (IRF), excitation 800 nm, laser power 1.5 mW for ND@Au, 14 mW for ND at the input to PicoHarb
scanning system.

imaging modality is provided by the Au shell. Luminescence at two-photon excitation from nanostructured gold
was demonstrated and found highly efficient'*?. This was described as a sequential process of photons’ absorp-
tion and emission as result of the recombination of electrons in the sp-band and holes in the d-band". Lifetimes
of different gold nanostructures luminescence depend on shape and characteristic sizes of the gold nanostructure,
on excitation power and were observed in the range from 0.25 to 2 ns*"*2. Figure le depicts the fluorescence
lifetime decay measured for ND@Au at 800 nm wavelength excitation and detection in the 450-650 nm range,
estimated lifetime is about 0.1 ns. It is usually shorter than that of characteristic fluorescence lifetimes of biologi-
cal systems’ autofluorescence and of most of fluorescence markers used for fluorescence imaging.

Figure le displays the fluorescence lifetime decays of ND and ND@Au. Lifetimes were estimated using 2-com-
ponent model. For ND@Au the lifetime is estimated about 0.1 ns, comparable to the instrument response func-
tion (IRF). As such short lifetime was previously found characteristic for nanogold at two-photon excitation®,
and Au emission is strong enough so we can suppose the observed lifetime of ND@Au is determined by Au
shell. ND has two components of lifetime equal to 2.25 ns and 0.321 ns with close weights. Fluorescence life-
time comparable to the short component was observed for ND with low number of color defects and without
enhanced fluorescence**. Emission of NV? color center (ZPL 575 nm), the fluorescence of H? (ZPL at 503 nm),
H* (ZPL at 496 nm) defects fall in the same interval, their fluorescence lifetimes were found longer**; and long
lifetime component can be particularly from the defect fluorescence. However, the ND emission in this range at
two-photon excitation is quite low in comparison with Au.

In the area near noble metal nanostructured surface, the incident electric field and the radiative decay rate
of the fluorophore can enhance or quench due to surface plasmon resonance. The resulting effect depends on
the distance between the nanostructured metal surface and fluorophore®. It has been shown that noble metal
on surface of ND doesn’t affect fluorescence®*, because color centers are embedded in the diamond lattice and
are separated from the metal by non-diamond carbon surface layer which can rather create the condition for
the fluorescence enhancement.

The examples of imaging using ND@Au based on the spectroscopic properties of the components in ND@
Au complex are demonstrated in Fig. 2. It displays the Raman images (Fig. 2a) and fluorescence (Fig. 2b) of ND
core of ND@Au nanoparticles, using the same sample and set up; while 2-photon luminescence and FLIM is
detected strongly predominantly from Au shell (Fig. 2¢) in another set up/experiment/sample. This, for Raman
and PL imaging ND spectroscopic properties are utilized while lifetime imaging capability of ND at the used
conditions (two photon excitation and detection in the 450-650 nm range) is low. This kind of ND is poorly
distinguishable with the biological object structures due to low emission intensity, and lifetime close to lifetime
of endogenous fluorophores (which are predominantly in the range of 0.4-3 ns*®). Below we consider ND@
Au in applications as imaging agent using these optical facilities and also for hard X-ray full-field microscopy*’
due to high contrast provided by Au shell. The optical properties of Au and synergetic properties of ND@Au
complex allow considering more imaging modalities and methods of applications can be developed based on
increased scattering signal of Au in area of plasmon resonance for microscopic imaging and Optical Coherence
Tomography (OCT)*, using for photoacoustic imaging!®?%**, X-ray tomography and electron microscopy due
to high contrast provided by Au shell, etc.'®, as well as on the sensing abilities which are additionally increased
by synergy between ND and Au'’.
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Figure 2. Imaging of ND@Au nanoparticles distributed along the substrate: mapping in pseudocolor of spatial
distribution of (a) Raman signal in the 1300-1350 cm™ range; (b) fluorescence in the 720-760 nm range.
Excitation 488 nm wavelength laser, laser power at the sample ~ 3 mW; (c) Fluorescence lifetime imaging at
2-photon excitation with 800 nm wavelength laser, laser power at the sample ~ 0.5 mW.
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Figure 3. The ND@Au cytotoxicity estimated with MTT test. The cell viability was measured at A549 cancer
cell incubation with various concentrations of ND@Au and ND for 24 h. Control is non-treated A549 cell
culture. n=6, (three experiments were repeated twice), ns, P >0.05 was considered not significant, **P <0.01.
Data are mean + SD.

Cytotoxicity of the ND@Au was analyzed using MTT assay with the viability of the A549 cell line (Fig. 3).
The cell viability was measured after incubation of A549 cancer cell with various concentrations of ND@Au
for 24 h. Negligible cytotoxicity was observed for ND and at ND@Au concentrations up to 10 ug/ml in the cell
culture medium. With concentration increasing up to 50 pg/ml the observed cytotoxicity of ND@Au still is low.

Interaction of gold NP with cells, cells uptake and cellular responses, depend on the NP size, shape and surface
properties (charge, coating, etc.)*'~>*, ND@Au particles have continuous gold shell*” and in terms of interaction
with cells can be considered as gold spherical NP or nanoshells of quite large outer diameter, up to 200-300 nm
and negatively charged.

Despite the fact that nanogold in general is often considered biocompatible, upon more thorough analysis of
current data one can see that the problem of nanogold toxicity and biocompatibility is disputable. Contradictory
results of investigations of Au nanoparticles toxicity reveals that large number of factors can affect Au nanostruc-
tures interaction with different kinds of biological systems, like the nanostructures type, size and shape of the
particles, surface charge, surface topography and presence of surface defects, surface coating etc.’>"'°. Results of
in-vitro analysis may differ with that obtained in-vivo. Thus, the conclusion about Au safety needs more concrete
and systematic studies. However, among others, spherical nanoparticles and spherical nanoshells are shown to
be the safest for cells. Such particles are quite biocompatible and safe at least in the absence of laser irradiation
of specially selected wavelength, power, time exposure. Large spherical gold NP penetrate the cells via endo-
cytosis and phagocytosis and are localized in endosomes in the cytoplasm on the cell periphery'#'6**-54, Thus,
for the ND@Au particles used in this study we can suggest that they penetrate in cells, localize in endosomes
in cytoplasm and create no damage or less damage than smaller particles can do, which directly interact with
membrane and affect its structure®~>*. All together allows us to conclude that ND@Au can be considered as a
safe cellular marker.

ND®Au visualization at interaction with biological systems. Observed Raman signal of sp
bonded carbon of ND core, one-photon fluorescence of SiV with strong zero-phonon line near 740 nm, two-
photon excited fluorescence of nanogold with short fluorescence lifetime and strong absorption of X-ray irra-
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Figure 4. Visualization of ND@Au interaction with A549 cell via Raman mapping (I) and mapping of
fluorescence (II). (I): (a) The cell is shown via mapping the distribution of intensity at 2800-3100 cm™’; (b)
ND@Au NP are shown using ND Raman signal (mapping of the signal in range 1300-1350 cm™); (c) merging
of (a) and (b); (d) the optical image; (e) Raman spectra according to (c) measured in points marked 1 (cell) and
2 (the cell with ND@Au). (f) 3D Raman mapping reconstructed via the spectral signal intensity. (IT) (a) The cell
is shown via mapping the distribution of intensity at 565-575 nm; (b) ND@Au NP are shown via fluorescence
of ND SiV center (730-750 nm); (c) merging of (a) and (b); (d) the optical image; (e) spectra measured from
(c) point 1 (cell) and point 2 (the cell with ND@Au); (f) 3D mapping re-constructed via spectra intensity. The
concentration of ND@Au was 20 pg/ml. excitation 488 nm.

diation together with low cytotoxicity render Au@ND particles possible marker for bioimaging. Applications
for Raman mapping, Fluorescence imaging, TP-FLIM and high-resolution hard-X-ray microscopy are demon-
strated in cellular and developing zebrafish larvae (ZL) models.

Examples of using ND@Au NP for multimodal bioimaging are demonstrated in Figs. 4, 5, 6, 7 and 8. In
Fig. 4, the mapping of spectroscopic signals of the A549 cells incubated with ND@Au is presented. For the cell
visualization (Fig. 4Ia and IIa) one of characteristic Raman peak of biological cell is used at 488 nm wavelength
excitation. This peak is attributed to C-H bonds in CH, CH,, CHj; groups of lipids and proteins. The Raman
shift is observed in the 2820-2950 cm™ range (Fig. 41e); or, in wavelength scale, at excitation 488 nm the same
peak is observed at near 567-568 nm (Fig. 4Ile). To localize ND@Au in the cell both diamond Raman peak and
fluorescence peak can be mapped. Figure 41b maps distribution on intensity of Raman peak from sp* bonded
carbon in ND (1300-1350 cm ™), while the Fig. 41Ib shows the mapping of fluorescence intensity of SiV ZPL
(730-750 nm), depending on SiV concentration and relative positions in the particles. The merged images
(Fig. 4Ic,IIc) show localization of the ND@Au in the cell and can be compared with the microscopic images in
the inset (Fig. 41d,I1d). The spectra shown in Fig. 4Ie,Ile are measured in the points marked in the correspond-
ing merged images and correspond predominantly (1) to cell, (2) to ND@Au NP. (Fig. 4If,IIf) are 3D mapping
re-constructed via spectra intensity. From the imaging of the NP in the cell, using the spectral information, it
is possible to analyze the spectra in every point (pixel) of the cell image. This analysis can be used for studying
the cell state, as the Raman spectra contain data about the cellular components structure, composition, and
functionality™.

Figure 5 illustrates the Raman mapping of cells with ND@Au at different concentrations of ND@Au. The
presented images don’t provide direct information about NP localization inside the cell or on the membrane. One
of the ways to confirm the ND@Au localization is confocal fluorescence imaging with ND detection via ZPL of
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Figure 5. 2D and 3D Raman mapping of A549 cell after incubation for 4 h with various concentrations of
ND@Au: (a) 10 pug/ml, (b) 20 ug/ml and (c) 50 ug/ml. For cell imaging Raman intensity spatial distribution in
the range 2800-3100 cm ™ is mapped (shown in red); ND@Au is shown via ND Raman signal in the 1300-
1350 cm™ range (green). (d) the reconstructed image of a Raman mapping from Principle Component Analysis
(PCA) with K-means cluster analysis, shown the relative positions of each component, nucleus (blue), ND@Au
(green), cytoplasm (red).

Figure 6. High resolution X-ray micrograph of A549 lung cancer cells cultured with ND@Au. Untreated
control (a) and cells incubated with 50 pg/ml ND@Au for 24 h (b). The color stars mark the corresponding areas
in X-ray and optical images.
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Figure 7. Tomographic volume rendered structure of hard X-ray micrographs of the 5-day-old zebrafish
larvae’s tail. Injection of 2 mg/ml (4.6 nl) ND@Au into zebrafish embryo before 4 cell stage.
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Figure 8. ND@Au imaging in the Zebra fish larvae (a) optical image and (b) FLIM of control larvae, without
ND@Au; (c) optical image and (d green box; e red box) FLIM of larvae developing with injected ND@Au;

(f) histograms of lifetime distribution along the image (d) (zebrafish (ZF) Larvae + ND@Au) and image (c)
from Fig. 2 (ND@Au), and for control ND. Zebrafish larvae FLIM was performed at 800 nm wavelength laser
excitation and laser power at the input to PicoHarb scanning system 20 mW.

SiV#. A z-scan Raman mapping also can reveal the location of the NP in cells'% In one of the Raman mapping,
the reconstructed image (Fig. 5d) from Principle Component Analysis (PCA) with K-means cluster analysis, the
relative positions of each component is more clear. In Fig. 5d, nucleus (blue), ND@Au (green), cytoplasm (red)
can be seen at the same focal plane. In the Raman mapping, the focal plane is at the nucleus, so one can see the
co-existence of nucleus and ND@Au, indicating ND@Au are inside the cytoplasm.

Au nanoparticles are considered as contrast-enhancing agent in X-ray imaging due to their high atomic
number and excellent absorbing properties in corresponding range®. To demonstrate this, High-resolution
X-ray imaging (TXM)* was used to analyze the location of ND@Au in non-stained cellular and zebrafish lar-
vae models. Figure 6 shows the optical images (insets) and the high-resolution X-ray micrographs which were
obtained by scan along A549 lung cancer cell (Fig. 6a) and the cell incubated with 50 ug/ml ND@Au for 24 h
(Fig. 6b). Differently to the non-stained cell, ND@Au NP are well-detectable in X-ray image and are co-localized
with the cell in optical image. ND@Au are well suitable for TXM studies without further staining. The use of a
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coherent (synchrotron) source of X-rays, with the magnification provided by high-resolution Fresnel zone-plate
objectives can produce high-quality microradiographs of human and mouse cells with 29 nm Rayleigh spatial
resolution and the tomographic reconstruction could be implemented with a final resolution level suitable for
subcellular features®.

The zebrafish (Danio rerio) is a widely used vertebrate model for toxicity studies. We visualize ND@Au inter-
action with developing zebrafish embryo (after fixation) using the high-resolution X-ray imaging and FLIM at
2-photon excitation. Figure 7 shows tomographic volume rendered structure of hard X-ray micrographs of the
5-day-old zebrafish larvae’s tail. After the injection of 2 mg/ml (4.6 nl) ND@Au into zebrafish embryo in early
stage of development (before 4 cell stage) nanoparticles are distributed predominantly in the developed blood
vessels, where they can be carried with blood stream along the body®’.

Figure 8 presents ND@Au visualization in the zebrafish larvae (48 hpf) developing after ND@Au injection
before 4 cell stage via FLIM at two-photon excitation. Figure 8a,b show microscopic image and FLIM for con-
trol larvae without the NP. Microscopic image and FLIM of larvae with injected ND@Au is shown in Fig. 8c-e.
ND@Au are clearly observed due to short fluorescence lifetime of nanogold. The emission from Au of ND@Au
is intense and lifetime significantly differs with the larvae autofluorescence, so the NP are well detected in this
organism. The images show ND@Au distribution in the zebrafish larvae body. The presence of short-lifetime
NP also histogram of distribution of lifetimes along images reveals, demonstrating the peak, corresponding to
ND@Au (Fig. 8f). The histogram for the zebrafish larvae (ZL + ND@Au) corresponds to image in Fig. 8d, show-
ing two peaks. One of them corresponds to very short lifetimes in range 0.1-0.2 ns. The second one is wide and
centered near 3.4 ns, it should be attributed to the larvae autofluorescence. The histogram for ND@Au (Fig. 8e)
corresponds to fluorescence lifetime data shown in Fig. 2c and confirms that the small peak in the zebrafish
larvae + ND@Au histogram in the short lifetimes range is revealing the presence of ND@Au. The histograms
show numerical data for the lifetimes, available for quantitative analysis, and illustrate once more the separa-
tion between ND@Au and the organism signal and the ND@Au clear detection in contrast to ND particles with
lifetime comparable with the biological object fluorescence.

Effective concentration of ND@Au just after injection of 4.6 nl in concentration of 2 mg/ml in early-stage
zebrafish embryo is about 18 ug/ml and multiple times decreases with the embryo growth. Although this initial
concentration was shown non-cytotoxic using MTT test, the microscopic image for the larvae with ND@Au,
shown in the Fig. 8c, reveals some morphological disorder (malformation during embryonic development in
the presence of ND@Au). Thus, observed effect of ND@Au on developing zebrafish embryo indicates that the
development of ND@Au for bioapplications requires, among other things, further study of ND@Au effects on
living systems at different levels of developments.

The results show possibilities to reveal the NP localization both in cellular model and in multicellular devel-
oping object and to use ND@Au as a high contrast imaging agent. Additionally, one of the advantages of FLIM
is that the lifetimes distribution and their changes allow monitoring and quantification of metabolic state of the
living cell based on endogenous fluorophores’ lifetimes distribution*” simultaneously with analysis of interac-
tion with NP. Another potential advantage is multifunctional (theranostic) applications, as the combination of
nanogold and laser treatments is used for development of methods photothermal and photodynamic therapy.
Optical and plasmonic properties of nanogold, being important both for bioimaging/biosensing and for photo
treatment, highly depend on the NP geometry®*. Thus, surface plasmon resonance of gold nanoshells in the
core-shell Au-Si structure with core size about 100 nm was shown to be controlled by varying the shell thick-
ness. In this case, decreasing the gold shell thickness resulted in surface plasmon resonance red shifted, which
was attributed to the increased coupling between the inner and outer shell surface plasmons for thinner shell
particles®. The surface plasmon resonance frequency found depends on the ratio of the shell-to-core thickness*.
While decreasing the gold shell thickness at a constant outer diameter of the shell results in surface plasmon
resonance red shifted, for hollow gold nanoshells an increase in the shell thickness at a constant outer diameter
causes a blue shift in plasmon resonance peak?®. Thus, optical and plasmonic properties of the core-shell ND@
Au particles can be tuned for optimally successful multifunctional applications.

In conclusion, ND@Au hybrid core-shell nanoparticles are synthesized and characterized in terms of their
multifunctional bioapplications. Different imaging modalities based on the combination of optical and spectro-
scopic properties of the hybrid nanosystem are demonstrated in cellular and developing zebrafish larvae models.
ND@Au nanoparticles are shown as convenient imaging agent for Raman mapping via sp® carbon Raman signal,
one-photon Fluorescence imaging via fluorescence of SiV color centers in the nanodiamond core, two-photon
Fluorescence imaging and FLIM and high-resolution X-ray microscopy utilizing the plasmonic properties of
Au nanoshell. This complex can have potential for applications both in the cellular (Raman, 2P-FLIM, confocal,
etc.) and in animal (X-ray) models. The properties of ND@Au allow discussion of combining of the imaging
facilities with other theranostic functionalities.

Materials and methods

Synthesis of SiV-doped nanodiamond. SiV-doped nanodiamonds were synthesized using plasma
enhanced chemical vapor deposition (PECVD) technique with a conventional H,/CH, mixture of typically 1%
CH, to 99% H,. The applied power was 1 kW, pressure 12 mbar and the substrate temperature was adjusted
to 400 °C to prevent carbide formation. A 3-inch Si-wafer was used as doping source for Si. The growth rate
was about 12 nm/h. The nanoparticle produced had a typical diameter of around 200 nm. These particles were
removed from the wafer and dispersed in water solution to form a stable colloid after air oxidation at 480 °C.

ND@Au synthesis and characterization. ND@Au were synthesized by Immagina Biotechnology srl
using a proprietary procedure. Briefly, 0.1 mg of the (SiV) nanodiamonds were dispersed in 10 ml water solution.
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Then 800 pl of 10 mM HAuCl, water solution were introduced and the mixture was incubated for 2 min under
stirring at room temperature. The reducing agent hydroxylamine hydrochloride NH,OH*HCI (500 pl, 500 mM)
was then added to the suspension. To start the gold reduction, the pH of the suspension was increased by addi-
tion of NaOH solution (pH 12). After 5 min, the solution color changed from white to pale red. The suspension
pH was then increased to 10 with NaOH solution at pH 12. Drop wise addition of 10 mM HAuCl, water solution
in the mixture under stirring at room temperature cause the change of the color from pale red to grey-blue. The
suspension was purified by 10 min centrifugation at 12,000 rpm and washed three times with distilled water.

The particles prepared were characterized in terms of their use for multimodal bio-imaging. The particle
size and {-potential were analyzed using dynamic light scattering method, with the Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK) equipped with 633 nm wavelength He-Ne laser (4 mW) and detection angle 173°,
in suspensions in distilled water. The pH of the suspensions was kept at 7 and measured with a SENTRON pH
meter (Titan, Taiwan).

Scanning Electron Microscopy (SEM, Hitachi $3400, Japan) and Transmission electron microscopy (TEM,
JEM-1400 JEOL, Japan) were employed to analyze the surface morphology and particle structure of the particles.
The spectroscopic properties and structure of ND@Au were analyzed from the fluorescence and Raman spectra
measured and Raman mapping performed with a confocal Raman spectrometer a-SNOM (WITec, Germany)
with a diode pump solid state (DPSS), 488 nm wavelength laser excitation. Fluorescence lifetime analysis was
performed using a system and method previously described***’. In short, a tunable Ti-sapphire laser (Cha-
meleon Ultra, Coherent, USA) was used for 2-photon luminescence excitation with 800 nm wavelength; pulse
duration 140 fs; repetition rate 80 MHz. A two-dimensional scanner (EINST Technology) was used for imaging.
The excited signal was collected in 450-640 nm range with a single-photon counting system (PicoHarp 300,
PicoQuant Germany) and Photomultiplier Detector Assembly PMA-C-192-M, and an objective UPlanFLN
40x%/0.75 (Olympus, Japan) was used. Fluorescence lifetime of ND@Au and instrument response function (IRF)
were estimated using SymphoTime software (PicoQuant Germany).

For spectroscopic and SEM measurements, ND@Au water suspension of concentration in the range 0.1-1 mg/
ml was dropped on Si substrate, or for FLIM on cover glass and dried.

A549 cell culturing and preparation for Raman spectroscopy and X-ray imaging. Human lung
alveolar carcinoma epithelial cell A549 was obtained from Biore-source Collection and Research Center (BCRC)
in Taiwan. A549 cells were cultured in RPMI1640 medium (Gibco, Invitrogen, UK). The medium was supple-
mented with 2 mM L-glutamine (Invitrogen, USA), 1.5 g/L sodium bicarbonate (Sigma, UK), 10% fetal bovine
serum (Gibco/Life Technologies, Carlsbad, CA, USA). Cells were maintained under standard cell culture condi-
tions in an incubator (Galaxy 170S, Eppendorf, USA) containing 95% air and 5% CO, at 37 °C humid environ-
ment. Culture medium was re-placed with fresh medium every 48 or 72 h. Cells were detached by treatment
with 0.5% trypsin and 2.6 mM ethylenediaminetetraacetic acid (EDTA) (Gibco/Life Technologies, Carlsbad,
CA, USA); cultures were subcultured routinely at approximately 80% confluence.

The A549 cells were treated with ND@Au, each sample was added to the medium at concentration of 10, 20
and 50 pug/ml. Cells were incubated together with the NP samples for 2-24 h. Unreacted samples were removed
by washing. The cells with ND@Au adhered on the coverslips were used for microscopic investigations.

For Raman mapping and X-ray imaging, the ND@Au treated A549 cells adhered on the coverslips were
fixed by 4% paraformaldehyde with following sequential dehydrated by 30%, 50%, 70%, 95% and 100% gradient
ethanol before mapping or imaging.

Cell cytotoxicity test. The cytotoxicity was estimated by MTT assay using ND or ND@Au and A549 cell
line. A549 cells were seeded in quantity of 4 x 10° cells/well in a 96-well microtiter plate in RPMI1640 medium
(Gibco, Invitrogen, UK) 2 mM L-glutamine (Invitrogen, USA), 1.5 g/l sodium bicarbonate (Sigma, UK), 10%
fetal bovine serum (Gibco/Life Technologies, Carlsbad, CA, USA) and incubated at 37 °C and 5% CO, for 24 h.
After incubation, the medium was removed. Then the cells were treated with a fresh medium containing 50 pg/
ml of ND or different ND@Au concentrations (1-50 pug/ml) for 24 h. After this procedure, the medium was
removed and the cells were treated for 4 h with MTT reagent (with the concentration of 2.5 mg/ml). The sur-
viving cells converted MTT-agent to formazan, a blue-purple color when dissolved in dimethyl sulfoxide. The
solution was removed and 200 pl of dimethyl sulfoxide (DMSO) was added to dissolve the formazan. The optical
absorption of the treated cells and control (non-treated) cells was measured at 570 nm (O.D. 570) with ELISA
reader (MRX revelation Microplate Reader, DYNEX, USA). Relative percentages of surviving cells were calcu-
lated by the dividing the absorbance of the treated cells with that of the control measured in each experiment.

Zebrafish maintenance, injection of ND@Au into zebrafish embryo and imaging. Mature
zebrafish were raised at the zebrafish facility of Tze Chi University, Hualien, Taiwan. All animal experiments in
this study were approved by Institutional Animal Care and Use Committee of Tze Chi University and performed
in accordance with the “Animal Research: Reporting in vivo Experiments” guideline issued by animal ethic com-
mittee. All methods were carried out in accordance with relevant guidelines and regulations.

Zebrafish (AB strain) adults were maintained at 28 °C in aerated aquarium with a photoperiod of 14 h light
and 10 h dark. In each mating setup two males and four females were used. Embryos were collected within
20 min after mating. Embryos were cleaned by fresh-water and collected for ND@Au microinjections. The sam-
ples were loaded into zebrafish embryos by microinjection under a dissecting microscope (SMZ745T, Nikon,
Japan). The 2 mg/ml ND@Au water solution was injected into the animal pole region of zebrafish embryos with
microinjector (NANOJECT II, Drummond Scientific Company, Philadelphia, USA) before 4-cell stage (1 h
post fertilization, hpf). The microinjection pipette was calibrated every time before microinjection. The injected
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volume was approximately 4.6 nl. After microinjection, the embryos were transferred to the 10 cm culture dish
along with 20 ml of system water (embryo culture water) and incubated at 28 °C under dark conditions for
further development.

For in-vivo observation with FLIM of the ND distribution inside the zebrafish larvae, the samples were pre-
pared as described previously*”. After the microinjection of ND@Au the zebrafish larvae was placed into 3 ml
embryo culture solution in the glass culture dishes added with 0.5 ml of Tricaine methanesulfonate (125 pg/
ml). The zebrafish embryo imaging can be obtained in-vivo until the larvae start to move. After that the samples
has to be fixed.

To prepare zebrafish larvae for FLIM and X-ray tomographic imaging, 5-day-old zebrafish larvae samples
were stained using the Golgi method. In brief, the sample was fixed with 4% paraformaldehyde overnight and
then immersed in 2.5% potassium dichromate in the dark. After three days, the samples were transferred into
0.1 M silver nitrate for 3 additional days in the dark. After sequential dehydration by 30%, 50%, 70%,95%, 100%
gradient ethanol and acetone, the specimens were embedded in an epoxy resin (Sigma) according to the speci-
men preparation described previously*.

Optical measurements of ND@Au interaction with cell and zebrafish embryo. The interaction
of ND@Au with the cell was visualized via mapping of the spatial distribution of the nanodiamond spectroscopic
signal measured using a Raman spectrometer (a-SNOM, WITec, Germany). The intensity of Raman spectrum
in the 1300-1350 cm™ region (the region of phonon mode of sp® bonded carbon at 1332 cm™) or fluorescence
intensity in the 720-760 nm range (SiV, ZPL at 739 nm) were used for the mapping. The cells treated or non-
treated (control) with ND@Au were prepared for the imaging measurements as described above; the cells were
visualized via Raman mapping of cell signal in 2800-3000 cm™ region of the C-H, C-H, groups vibrations of
lipids and proteins.

To obtain high-resolution and high contrast images of the A549 cell and zebrafish larvae interacting with
ND@Au, the phase contrast radiology method was employed, details described elsewhere®. In short, the beam-
line TLSO1B in the National Synchrotron Radiation Research Center (NSRRC, Hsinchu, Taiwan) was used,
equipped with ultrahigh resolution transmission X-ray microscopes (TXM). The X-ray source was a 5 T super-
conducting wavelength shifter (SWLS) inserted along the 1.5 GeV storage ring at NSRRC ring. X-rays in TXM
generated was focused on the specimen, the transmitted X-rays were detected by a CdWO, single-crystal scin-
tillator and converted to visible images. These images are then magnified by an optical lens captured and stored
by a CCD camera. The total magnification in TLSO1A reached 900-2400x. The resulting single image (typically
1600 x 1200 pixel, horizontal field of view =500 um) taking for biological samples with low X-ray absorption
was 500 ms or less.

Fluorescence lifetime imaging (FLIM) of the zebrafish embryo developed after injection of ND@Au was
acquired using set-up described in the “ND@Au visualization at interaction with biological systems”, and details
described previously for zebrafish embryo studies™. Objective Plan Apo 20x/0.70(Olympus, Japan) was used in
this measurement. Fluorescence lifetime images of zebrafish embryo were obtained and analyzed using Sym-
phoTime software.

Received: 23 August 2021; Accepted: 10 March 2022
Published online: 29 March 2022

References

1. Jeong, H. H., Choi, E,, Ellis, E. & Lee, T. C. Recent advances in gold nanoparticles for biomedical applications: From hybrid struc-
tures to multi-functionality. J. Mater. Chem. B 7, 3480-3496. https://doi.org/10.1039/C9TB00557A (2019).

2. Moreira, A. E, Rodrigues, C. F, Reis, C. A., Costa, E. C. & Correia, I. ]. Gold-core silica shell nanoparticles application in imaging
and therapy: A review. Microporous Mesoporous Mater. 270, 168-179. https://doi.org/10.1016/j.micromeso.2018.05.022 (2018).

3. Kutrovskaya, S. et al. The synthesis of hybrid gold-silicon nano particles in a liquid. Sci. Rep. 7, 10284. https://doi.org/10.1038/
$41598-017-09634-y (2017).

4. Félix, L. L. et al. Gold-decorated magnetic nanoparticles design for hyperthermia applications and as a potential platform for their
surface functionalization. Sci. Rep. 9, 4185. https://doi.org/10.1038/s41598-019-40769-2 (2019).

5. Wu, X,, Gao, Y. & Dong, C. M. Polymer/gold hybrid nanoparticles: From synthesis to cancer theranostic applications. RSC Adp.
5, 13787-13796. https://doi.org/10.1039/C4RA16454G (2015).

6. Quintana, C,, Cifuentes, M. P. & Humphrey, M. G. Transition metal complex/gold nanoparticle hybrid materials. Chem. Soc. Rev.
49, 2316-2341. https://doi.org/10.1039/CICS00651F (2020).

7. Nancy, P, Nair, A. K., Antoine, R., Thomas, S. & Kalarikkal, N. In situ decoration of gold nanoparticles on graphene oxide via
nanosecond laser ablation for remarkable chemical sensing and catalysis. Nanomaterials 9, 1201. https://doi.org/10.3390/nano9
091201 (2019).

8. Ma, H,, Chen, Z., Gao, X, Liu, W. & Zhu, H. 3D hierarchically gold-nanoparticle decorated porous carbon for high performance
supercapacitors. Sci. Rep. 9, 17065. https://doi.org/10.1038/s41598-019-53506-6 (2019).

9. Choma, J., Jamio, D., Augustynek, K., Marszewski, M. & Jaroniec, M. Carbon-gold core-shell structures: Formation of shells
consisting of gold nanoparticles. Chem. Commun. 48, 3972-3974. https://doi.org/10.1039/C2CC30372H (2012).

10. Orlanducci, S. Gold-decorated nanodiamonds: Powerful multifunctional materials for sensing, imaging, diagnostics, and therapy.
Eur. ]. Inorg. Chem. 48, 5138-5145. https://doi.org/10.1002/ejic.201800793 (2018).

11. Shenderova, O. A. et al. Review article: Synthesis, properties, and applications of fluorescent diamond particles. J. Vac. Sci. Technol.
B 37,030802. https://doi.org/10.1116/1.5089898 (2019).

12. Perevedentseva, E., Lin, Y. C., Mona, J. & Cheng, C. L. Biomedical applications of nanodiamond in imaging and therapy, future
medicine. Nanomedicine 8, 2041-2060. https://doi.org/10.2217/nnm.13.183 (2013).

13. Yah, C. S. The toxicity of Gold Nanoparticles in relation to their physiochemical properties. Biomed. Res. 24, 400-413 (2013).

14. Fratoddi, I, Venditti, I, Cametti, C. & Russo, M. V. How toxic are gold nanoparticles? The state-of-the-art. Nano Res. 8, 1771-1799.
https://doi.org/10.1007/s12274-014-0697-3 (2015).

15. Adewale, O. B, Davids, H., Cairncross, L. & Roux, S. Toxicological behavior of gold nanoparticles on various models: Influence
of physicochemical properties and other factors. Int. ] Toxicol. 38, 357-384. https://doi.org/10.1177/1091581819863130 (2019).

Scientific Reports |

(2022) 12:5331 | https://doi.org/10.1038/s41598-022-09317-3 nature portfolio


https://doi.org/10.1039/C9TB00557A
https://doi.org/10.1016/j.micromeso.2018.05.022
https://doi.org/10.1038/s41598-017-09634-y
https://doi.org/10.1038/s41598-017-09634-y
https://doi.org/10.1038/s41598-019-40769-2
https://doi.org/10.1039/C4RA16454G
https://doi.org/10.1039/C9CS00651F
https://doi.org/10.3390/nano9091201
https://doi.org/10.3390/nano9091201
https://doi.org/10.1038/s41598-019-53506-6
https://doi.org/10.1039/C2CC30372H
https://doi.org/10.1002/ejic.201800793
https://doi.org/10.1116/1.5089898
https://doi.org/10.2217/nnm.13.183
https://doi.org/10.1007/s12274-014-0697-3
https://doi.org/10.1177/1091581819863130

www.nature.com/scientificreports/

16. Khlebtsov, N. et al. Analytical and theranostic applications of Gold nano-particles and multifunctional nanocomposites. Thera-
nostics 3, 167-180 (2013).

17. Saha, K., Agasti, S. S., Kim, C,, Li, X. & Rotello, V. M. Gold nanoparticles in chemical and biological sensing. Chem. Rev. 112,
2739-2779. https://doi.org/10.1021/cr2001178 (2012).

18. Mahan, M. M. Doiron, Gold nanoparticles as X-ray, CT, and multimodal imaging contrast A.L. agents: Formulation, targeting,
and methodology. J. Nanomater. 2018, 5837276. https://doi.org/10.1155/2018/5837276 (2018).

19. Olesiak-Banska, J., Waszkielewicz, M., Obstarczyk, P. & Samoc, M. Two-photon absorption and photoluminescence of colloidal
gold nanoparticles and nanoclusters. Chem. Soc. Rev. 48, 4087-4117. https://doi.org/10.1039/C8CS00849C (2019).

20. Farrer, R. A., Butterfield, F. L., Chen, V. W. & Fourkas, J. T. Highly efficient multiphoton-absorption-induced luminescence from
gold nanoparticles. Nano Lett. 5, 1139-1142. https://doi.org/10.1021/nl050687r (2005).

21. Song, C. et al. Gold nanostars for cancer cell-targeted SERS im-aging and NIR light-triggered plasmonic photothermal therapy
(PPTT) in the first and second biological windows. J. Mater. Chem. B 7, 2001-2008. https://doi.org/10.1039/C9TB00061E (2019).

22. Turcheniuk, K. & Mochalin, V. N. Biomedical applications of nanodiamond (review). Nanotechnology 28, 252001. https://doi.org/
10.1088/1361-6528/aabae4 (2017).

23. Chauhan, S., Jain, N. & Nagaich, U. Nanodiamonds with powerful ability for drug delivery and biomedical applications: Recent
updates on in vivo study and patents. J. Pharm. Anal. 10, 1-12. https://doi.org/10.1016/.jpha.2019.09.003 (2020).

24. Gruber, A. et al. Scanning confocal optical microscopy and magnetic resonance on single defect centers. Science 276, 2012-2014.
https://doi.org/10.1126/science.276.5321.2012 (1997).

25. Liu, Y.-Y,, Chang, B.-M. & Chang, H.-C. Nanodiamond-enabled biomedical imaging. Nanomedicine (Lond.) 15, 1599-1616. https://
doi.org/10.2217/nnm-2020-0091 (2020).

26. Vlasov, L. I. et al. Molecular-sized fluorescent nanodiamonds. Nat. Nanotechnol. 9, 54-58. https://doi.org/10.1038/nnano.2013.255
(2014).

27. Bray, K. et al. Versatile multicolor nanodiamond probes for intracellular imaging and targeted labeling. J. Mater. Chem. B 6,
3078-3084. https://doi.org/10.1039/C8TB00508G (2018).

28. Lee, D. et al. Energy-absorbing and local plasmonic nanodiamond/gold nanocomposites for sustained and enhanced photoacoustic
imaging. ACS Sustain. Chem. Eng. 5, 8284-8293. https://doi.org/10.1021/acssuschemeng.7b01944 (2017).

29. Tsai, P. C. et al. Measuring nanoscale thermostability of cell membranes with single gold-diamond nanohybrids. Angew. Chem.
Int. Ed. 56, 3025-3030. https://doi.org/10.1002/anie.201700357 (2017).

30. Liu, W. et al. Fluorescent nanodiamond-gold hybrid particles for multimodal optical and electron microscopy cellular imaging.
Nano Lett. 16, 6236-6244. https://doi.org/10.1021/acs.nanolett.6b02456 (2016).

31. Lee, D, Jeong, S. H. & Kang, E. Nanodiamond/gold nanorod nanocomposites with tunable light-absorptive and local plasmonic
properties. J. Ind. Eng. Chem. 65, 205-212. https://doi.org/10.1016/j.jiec.2018.04.030 (2018).

32. Rehor, L. et al. Plasmonic nanodiamonds: Targeted core-shell type nanoparticles for cancer cell thermoablation. Adv. Healthc.
Mater. 4, 460-468. https://doi.org/10.1002/adhm.201400421 (2015).

33. Zhang, B. et al. Photoacoustic emission from fluorescent nanodiamonds enhanced with gold nanoparticles. Biomed. Opt. Express
3, 1662-1669. https://doi.org/10.1364/BOE.3.001662 (2012).

34. Abadeer, N. S. & Murphy, C. J. Recent progress in cancer thermal therapy using gold nanoparticles. J. Phys. Chem. C 120, 4691—
4716. https://doi.org/10.1021/acs.jpcc.5b11232 (2016).

35. Seral-Ascaso, A. et al. Synthesis and application of gold-carbon hybrids as catalysts for the hydroamination of alkynes. Appl. Catal.
A 456, 88-95. https://doi.org/10.1016/j.apcata.2013.02.008 (2013).

36. Kim, M.-C,, Lee, D,, Jeong, S. H., Lee, S.-Y. & Kang, E. Nanodiamond-gold nanocomposites with the peroxidase-like oxidative
catalytic activity. ACS Appl. Mater. Interfaces 8, 34317-34326. https://doi.org/10.1021/acsami.6b10471 (2016).

37. Liu, Y. L. & Sun, K. W. Plasmon-enhanced photoluminescence from bioconjugated gold nanoparticle and nanodiamond assembly.
Appl. Phys. Lett. 98(15), 153702. https://doi.org/10.1063/1.3576852 (2011).

38. Potamianos, D. et al. Nonlinear optical response of gold-decorated nanodiamond hybrids. J. Phys. Chem. C 119, 24614-24620.
https://doi.org/10.1021/acs.jpcc.5b07065 (2015).

39. Minati, L. et al. Synthesis of novel nanodiamonds-gold core shell nanoparticles. Diam. Relat. Mater. 53, 23-28. https://doi.org/10.
1016/j.diamond.2015.01.004 (2015).

40. Cheng, L.-C. et al. Targeting polymeric fluorescent nanodiamond-gold/silver multi-functional nanoparticles as a light-transforming
hyperthermia reagent for cancer cells. Nanoscale 5, 3931-3940. https://doi.org/10.1039/C3NR34091K (2013).

41. Xiao, S. et al. Two- and three-photon luminescence of Au nanoparticles and resonant energy transfer from CdSe quantum dots.
J. Phys. Chem. C 111, 10185-10189. https://doi.org/10.1021/jp070806m (2007).

42. Imura, K., Nagahara, T. & Okamoto, H. Near-field two-photon-induced photoluminescence from single gold nanorods and imag-
ing of plasmon modes. J. Phys. Chem. B 109, 13214-13220. https://doi.org/10.1021/jp0516310 (2005).

43. Perevedentseva, E. ef al. Au nanostar nanoparticle as a bio-imaging agent and its detection and visualization in biosystems. Biomed.
Opt. Express 11(10), 5872-5885. https://doi.org/10.1364/BOE.401462 (2020).

44. Mona, J. et al. Tailoring of structure, surface, and luminescence properties of nanodiamonds using rapid oxidative treatment. J.
Appl. Phys. 113, 114907. https://doi.org/10.1063/1.4795605 (2013).

45. Geddes, C. D. & Lakowicz, J. R. Metal-enhanced fluorescence. J. Fluoresc. 12, 121-129. https://doi.org/10.1023/A:1016875709579
(2002).

46. Chi, Y., Chen, G, Jelezko, E, Wu, E. & Zeng, H. Enhanced photo-luminescence of single-photon emitters in nanodiamonds on a
gold film. IEEE Photonics Technol. Lett. 23, 374-376. https://doi.org/10.1109/LPT.2011.2106488 (2011).

47. Lim, T. S. et al. Fluorescence enhancement and lifetime modification of single nanodiamonds near a nanocrystalline silver surface.
Phys. Chem. Chem. Phys. 11, 1508-1514. https://doi.org/10.1039/B817471G (2009).

48. Berezin, M. Y. & Achilefu, S. Fluorescence lifetime measurements and biological imaging. Chem. Rev. 110(5), 2641-2684. https://
doi.org/10.1021/cr900343z (2010).

49. Chien, C. C. et al. Imaging cells and sub-cellular structures with ultrahigh resolution full-field X-ray microscopy. Biotechnol. Ady.
31, 375-386. https://doi.org/10.1016/j.biotechadv.2012.04.005 (2013).

50. Bibikova, O. et al. Plasmon-resonant gold nanostars with variable size as contrast agents for imaging. IEEE J. Sel. Top. Quantum
Electron. 22(3), 4600808. https://doi.org/10.1109/JSTQE.2016.2526602 (2016).

51. Okoampah, E., Mao, Y., Yang, S., Sun, S. & Zhou, C. Gold nanoparticles-biomembrane interactions: From fundamental to simula-
tion. Colloids Surf. B Biointerfaces 196, 111312. https://doi.org/10.1016/j.colsurfb.2020.111312 (2020).

52. Dong, Y. C. et al. Effect of gold nanoparticle size on their properties as contrast agents for computed tomography. Sci. Rep. 9, 14912.
https://doi.org/10.1038/s41598-019-50332-8 (2019).

53. Sun, H,, Jia, J., Jiang, C. & Zhai, S. Gold nanoparticle-induced cell death and potential applications in nanomedicine. Int. J. Mol.
Sci. 19, 754. https://doi.org/10.3390/ijms19030754 (2018).

54. Diallo, A. T., Tlemgani, M., Khan, M., Spadavecchia, J. & Djaker, N. Size, shape, and wavelength effect on photothermal heat
elevation of gold nanoparticles: Absorption coefficient experimental measurement. Part. Part. Syst. Charact. 37, 2000255. https://
doi.org/10.1002/ppsc.202000255 (2020).

55. Liu, Y.-J., Kyne, M., Wang, C. & Yu, X.-Y. Data mining in Raman imaging in a cellular biological system. Comput. Struct. Biotechnol.
J. 18, 2920-2930. https://doi.org/10.1016/j.csbj.2020.10.006 (2020).

Scientific Reports | (2022) 12:5331 | https://doi.org/10.1038/s41598-022-09317-3 nature portfolio


https://doi.org/10.1021/cr2001178
https://doi.org/10.1155/2018/5837276
https://doi.org/10.1039/C8CS00849C
https://doi.org/10.1021/nl050687r
https://doi.org/10.1039/C9TB00061E
https://doi.org/10.1088/1361-6528/aa6ae4
https://doi.org/10.1088/1361-6528/aa6ae4
https://doi.org/10.1016/j.jpha.2019.09.003
https://doi.org/10.1126/science.276.5321.2012
https://doi.org/10.2217/nnm-2020-0091
https://doi.org/10.2217/nnm-2020-0091
https://doi.org/10.1038/nnano.2013.255
https://doi.org/10.1039/C8TB00508G
https://doi.org/10.1021/acssuschemeng.7b01944
https://doi.org/10.1002/anie.201700357
https://doi.org/10.1021/acs.nanolett.6b02456
https://doi.org/10.1016/j.jiec.2018.04.030
https://doi.org/10.1002/adhm.201400421
https://doi.org/10.1364/BOE.3.001662
https://doi.org/10.1021/acs.jpcc.5b11232
https://doi.org/10.1016/j.apcata.2013.02.008
https://doi.org/10.1021/acsami.6b10471
https://doi.org/10.1063/1.3576852
https://doi.org/10.1021/acs.jpcc.5b07065
https://doi.org/10.1016/j.diamond.2015.01.004
https://doi.org/10.1016/j.diamond.2015.01.004
https://doi.org/10.1039/C3NR34091K
https://doi.org/10.1021/jp070806m
https://doi.org/10.1021/jp051631o
https://doi.org/10.1364/BOE.401462
https://doi.org/10.1063/1.4795605
https://doi.org/10.1023/A:1016875709579
https://doi.org/10.1109/LPT.2011.2106488
https://doi.org/10.1039/B817471G
https://doi.org/10.1021/cr900343z
https://doi.org/10.1021/cr900343z
https://doi.org/10.1016/j.biotechadv.2012.04.005
https://doi.org/10.1109/JSTQE.2016.2526602
https://doi.org/10.1016/j.colsurfb.2020.111312
https://doi.org/10.1038/s41598-019-50332-8
https://doi.org/10.3390/ijms19030754
https://doi.org/10.1002/ppsc.202000255
https://doi.org/10.1002/ppsc.202000255
https://doi.org/10.1016/j.csbj.2020.10.006

www.nature.com/scientificreports/

56. Ahn,S., Jung, S. Y. & Lee, S. J. Gold nanoparticle contrast agents in advanced X-ray imaging technologies. Molecules 18, 5858-5890.
https://doi.org/10.3390/molecules18055858 (2013).

57. Lin, Y.-C. et al. Nanodiamond for biolabelling and toxicity evaluation in the zebrafish embryo in vivo. J. Biophotonics 9, 827-836.
https://doi.org/10.1002/jbio.201500304 (2016).

58. Grabowska-Jadach, I., Kalinowska, D., Drozd, M. & Pietrzak, M. Synthesis, characterization and application of plasmonic hollow
gold nanoshells in a photothermal therapy—New particles for theranostics. Biomed. Pharmacother. 111, 1147-1155. https://doi.
0rg/10.1016/j.biopha.2019.01.037 (2019).

Acknowledgements
The authors greatly appreciated the Ministry of Science and Technology of Taiwan for financially support this
project under a Grant No. 109-2112-M-259-005-MY?3.

Author contributions

Y.C.L.—experiments on PL/Raman, data analysis, Figures drawing; E.P.—experiments on TP-FLIM, data anal-
ysis, Figures preparation, manuscript writing; Z.R.L.—size, zeta-potential, SEM measurements, C.C.C.—cell
culturing, Au@ND treatment, MTT test; H.H.C., S.M.Y.—X-ray microscopic measurements and data analysis;
M.D.L.—zebrafish samples preparation, A.K.—design of TP-FLIM set-up and experiment, data analysis, G.S.,
L.M.—Au@ND synthesis, data analysis; C.N.—prepared the ND, C.L.C.—supervising, experimental design,
data analysis, and manuscript writing.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to C.-L.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports |

(2022) 12:5331 | https://doi.org/10.1038/s41598-022-09317-3 nature portfolio


https://doi.org/10.3390/molecules18055858
https://doi.org/10.1002/jbio.201500304
https://doi.org/10.1016/j.biopha.2019.01.037
https://doi.org/10.1016/j.biopha.2019.01.037
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Multimodal bioimaging using nanodiamond and gold hybrid nanoparticles
	Results and discussion
	ND@Au characterization. 
	ND@Au visualization at interaction with biological systems. 

	Materials and methods
	Synthesis of SiV-doped nanodiamond. 
	ND@Au synthesis and characterization. 
	A549 cell culturing and preparation for Raman spectroscopy and X-ray imaging. 
	Cell cytotoxicity test. 
	Zebrafish maintenance, injection of ND@Au into zebrafish embryo and imaging. 
	Optical measurements of ND@Au interaction with cell and zebrafish embryo. 

	References
	Acknowledgements


