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Knowledge of the interactions between nanomaterials and large-size mamma-

lian cells, including cellular uptake, intracellular localization and translocation,

has greatly advanced nanomedicine and nanotoxicology. Imaging techniques

that can locate nanomaterials within the structures of intact large-size cells at

nanoscale resolution play crucial roles in acquiring this knowledge. Here, the

quantitative imaging of intracellular nanomaterials in three dimensions was

performed by combining dual-energy contrast X-ray microscopy and an

iterative tomographic algorithm termed equally sloped tomography (EST).

Macrophages with a size of �20 mm that had been exposed to the potential

antitumour agent [Gd@C82(OH)22]n were investigated. Large numbers of

nanoparticles (NPs) aggregated within the cell and were mainly located in

phagosomes. No NPs were observed in the nucleus. Imaging of the

nanomedicine within whole cells advanced the understanding of the high-

efficiency antitumour activity and the low toxicity of this agent. This imaging

technique can be used to probe nanomaterials within intact large-size cells at

nanometre resolution uniformly in three dimensions and may greatly benefit the

fields of nanomedicine and nanotoxicology.

1. Introduction

Nanotechnology has dramatically increased the intentional

and unintentional exposure of humans to nanomaterials,

which generate various biological effects. Some nanomaterials

exhibit diagnostic and therapeutic effects for certain diseases

in medical applications, whereas others can cause possible

adverse effects (Chauhan & Jain, 2013; Colvin, 2003; Ober-

dörster et al., 2005). These diverse effects are determined

by the interactions between nanomaterials and biological

systems, particularly at the subcellular level, including cellular

uptake, intracellular localization and translocation (Cheng

et al., 2013; Chou et al., 2011; Iversen et al., 2011). Imaging

techniques that can visualize nanomaterials within whole cells

at nanometre resolution now play a crucial role in nano-

medicine and nanotoxicology.

Electron microscopy has become the most commonly used

technique for cellular studies to date because of its excellent

resolving power. However, the tedious sample-preparation

and mechanical slicing procedures make the nondestructive

imaging of intact cells challenging (Medalia et al., 2002;

McIntosh et al., 2005; Leis et al., 2009). Optical microscopy
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facilitates the imaging of cells in a more rapid and simple

manner, can be used to obtain videos of living cells and can

achieve exquisite detail and molecular specificity via the use of

fluorescent labelling technologies. However, the complete

cellular context cannot be elucidated (Stephens & Allan, 2003;

Dean & Palmer, 2014; Ntziachristos, 2010; Jia et al., 2014;

Huang et al., 2009; Hell, 2003; Betzig et al., 2006). Thus,

important gaps exist between optical and electron microscopic

techniques in terms of their spatial resolution, sample thick-

ness, labelling requirements, contrast mechanism and quanti-

tative capability. Several X-ray imaging approaches have

made important contributions towards bridging this gap,

including zone plate-based and lens-less X-ray microscopy

(Kirz et al., 2009; Larabell & Nugent, 2010; Le Gros et al., 2005;

Leis et al., 2009; Pérez-Berná et al., 2016; Conesa et al., 2016;

Varsano et al., 2016). Dual-energy X-ray microscopy is a

promising choice to explore the interactions between nano-

materials and cells, and can achieve quantitative nondestruc-

tive three-dimensional imaging of both cellular structures and

nanomaterials at nanometre resolution simultaneously.

Dual-energy contrast X-ray microscopy is based on the

abrupt change in the absorption when the energy of the

incident X-rays changes from just below the absorption edge

of a specific element to above it (Fig. 1). The observed

differences between images collected at the two energies

reflect the locations of element-specific nanomaterials (Zhang

et al., 2010; Rarback et al., 1987). This method has been widely

applied to many fields to investigate biological materials

(Wang et al., 2015; Conesa et al., 2016; Chen et al., 2014),

organic materials (Johansson et al., 2007; Hitchcock et al.,

2008), energy materials (Nelson et al., 2011; Liu et al., 2014;

Kao et al., 2013; Andrews & Weckhuysen, 2013) and clinical

medical applications (Houk et al., 1979; Lewis, 1997). This

method can simultaneously image the ultrastructures of cells

and intracellular nanomaterials, and thus can be used to

investigate the interactions between nanomaterials and

biological systems. However, its applications for cellular

imaging are limited by the sensitivity of biological specimens

to irradiation and the robustness of the tomographic algo-

rithms. In particular, the nanometre-resolution imaging of

large-size mammalian cells is quite difficult because of sample

preparation, the field of view of image techniques and the

missing wedge problem in tomographic reconstruction.

We applied dual-energy contrast X-ray microscopy to

explore the intracellular localization of nanomaterials in

whole large-size mammalian cells. By combining scanning

transmission X-ray microscopy (STXM) and a Fourier-based

iterative tomographic algorithm termed equally sloped

tomography (EST), we investigated the quantitative three-

dimensional subcellular distribution of Gd@C82(OH)22 within

a macrophage. Gd@C82(OH)22 is a promising antitumour

agent that exhibits high-efficiency antitumour activities and

low toxicity in vitro and in vivo (Meng, Wang et al., 2010; Meng

et al., 2013; Li et al., 2012; Chen et al., 2005). The exact anti-

tumour mechanism is not clear, although the antitumour

activity is known to result from tumour microenvironment

regulation instead of direct cytotoxicity to tumour cells (Yin et

al., 2008, 2009; Wang et al., 2006; Meng, Xing et al., 2010; Meng

et al., 2012; Liu et al., 2009; Liang et al., 2010). Macrophages

play key roles in the microenvironment because of their

diverse functions. They are crucial components of the innate

immune system and are engaged in host defence activities,

including the removal of dead cells and pathogens by phago-

cytosis, the secretion of cytokines and other factors, and the

modulation of adaptive immunity by presenting antigens to

lymphocytes (Weissleder et al., 2014). Meanwhile, tumour-

associated macrophages exert stimulating effects on tumour

growth by establishing tumour stroma conditions (Ruffell et

al., 2012; Qian & Pollard, 2010). Thus, by investigating the

subcellular distribution of this nanomedicine, we hope to

improve our understanding of the antitumour activities of this

agent.

2. Experimental

2.1. Sample preparation

For the in vitro experiments, mouse peritoneal macrophages

were incubated and treated with Gd@C82(OH)22 nanoparticles

(NPs; 50 mM) on 100 nm carbon membranes for 3 h. The cells

were fixed in cold 70% ethanol for 40 min and then gradually

dehydrated in 85% ethanol for 15 min, 95% ethanol for

10 min and 100% ethanol for 10 min (Chen et al., 2014). Well

isolated macrophages were then selected by light microscopy

and used for experiments.

2.2. Data acquisition

The experiment was mainly performed on the Soft X-ray

Spectromicroscopy Beamline (BL08U1A) at the Shanghai

Synchrotron Radiation Facility (SSRF; Zhang et al., 2015). The

schematic layout of the STXM is presented in Fig. 1(a).

Monochromatic X-rays were focused with a Fresnel zone plate

(FZP) with an outer zone width of 30 nm. After an order-

sorting aperture (OSA), a 50 nm focal spot was achieved. The

X-ray transmission of the sample was then detected using a

photomultiplier tube. A two-dimensional image was formed

after a raster scan of the full sample.

The macrophages grown on the carbon membrane were

scanned through the focal plane perpendicular to the beam

direction with a 50 nm step size and a 5 ms dwell time. After

one projection had been obtained, the sample stage was

rotated. For tomographic reconstruction, projections were

measured at 46 equally sloped angles over a range of �79.4�.

The missing wedge caused by the interference of the stage

holder with the incident X-rays was limited to 20�. Equally

sloped angles were chosen so that EST could be used. The

energies were determined based on the total electron yield

(TEY) signals (i.e. 1189 and 1186 eV; Supplementary Fig. S2).

Two data sets were measured above and below the Gd M2

edge (Supplementary Figs. S3 and S4). The sample was re-

focused after the stage had been rotated and the energy

changed. The total radiation dose delivered to the macro-

phage was minimized to �4.43 � 106 Gy, and little structural

change was observed during the experiment. To assess the
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effect of radiation damage, two projections were taken at 0�

before and after full data sets had been acquired. The two

projections were in good agreement, indicating that there was

no detectable radiation damage to the macrophage (Supple-

mentary Fig. S5).

XRF mapping of the same macrophage was performed on

the Hard X-ray Micro-Focus Beamline (BL15U) at SSRF (Qiu

et al., 2011). A focal spot with a size of 200 nm and an energy

of 8 keV was raster-scanned through the macrophage using a

200 nm step size, and the two-dimensional distribution of

gadolinium (Gd) was determined.

2.3. Tomographic reconstruction

EST is an iterative method that is based on the pseudo-

polar fast Fourier transform (PPFFT; Averbuch, Coifman,

Donoho, Israeli & Shkolnisky, 2008; Averbuch, Coifman,

Donoho, Israeli, Shkolnisky et al., 2008) and the oversampling

method (Miao et al., 2005; Jiang et al., 2010). Instead of

acquiring projections with constant angular increments, as in

conventional tomography, projections obtained using the EST

method are acquired using equally sloped increments. With

PPFFT, projections with equally sloped increments are utilized

to make mathematically exact three-dimensional reconstruc-

tions. When a limited number of projections are obtained

using iteration between real space and Fourier space, recon-

structions that are more precise than those produced by

conventional tomography can be generated (Yao et al., 2016).

In real space, the negative density and density outside support

are pushed to zero. In reciprocal space, Fourier coefficients

with both magnitudes and phases, which are obtained from

reconstructed projections, are updated at each iteration,

whereas the other Fourier coefficients remain unchanged. The

iteration is monitored by an error metric defined as the

difference between the calculated Fourier coefficients and

those obtained experimentally, and the algorithm is termi-

nated when a maximum number of iterations is reached.

Before tomographic reconstruction, the projections were

aligned to a common tilt axis. The tilt axes had an arbitrary

shift along the x and y axes in the experiment, where y is the

tilt axis and z is the beam direction. The shift was corrected

using the centre-of-mass method, which has been tested

experimentally. The aligned projections were then recon-

structed using the EST method (Miao et al., 2005; Scott et al.,

2012; Zhao et al., 2012; Jiang et al., 2010). In our reconstruc-

tions, we terminated the algorithm after 300 iterations, when

the error function stabilized. The tomographic quality was

verified by comparing the experimental and calculated

projections (Supplementary Fig. S6), and three-dimensional

structure information was collected at �75–80 nm resolution

(Supplementary Figs. S7 and S8).

2.4. Dual-energy contrast X-ray microscopy

When the energy of the incident X-rays changes from just

below the absorption edge of a specific element to above it,

the attenuation of the X-rays varies dramatically. This abrupt

change is used in the dual-energy contrast-imaging method to

obtain a quantitative distribution of the specific element. In

this method, two images are acquired at the same tilt angles at

E1 and E2, where E1 and E2 represent the energies below and

above the absorption edge of a specific element. Differences

between the two images contribute to confirming the presence

of specific element, and the absorption of other elements can

be neglected because the change in the photon energy is small.

(i) TEY, which detects the electric current caused by

secondary electrons, was used to measure the X-ray absorp-

tion edge spectra of gadolinium (Gd), and the energies just

below and above the absorption edge were determined.

(ii) Tomographic data acquisition was performed by STXM

at the two selected energies.

(iii) The data sets were reconstructed separately with the

EST algorithm.

(iv) Mapping of the intracellular nanomaterials was

achieved by calculating the difference in the reconstructed

three-dimensional volume after calibrating the position.

(v) The threshold was determined based on the intensity

histogram (Supplementary Fig. S9) and was verified by the

two-dimensional distribution of Gd obtained based on a two-
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Figure 1
Schematic layout of the dual-energy imaging technique. (a) Two sets of projections were acquired by STXM at energies below and above the absorption
edge of a specific element, (b) the projections were reconstructed by the EST algorithm separately (scale bar 4.0 mm) and (c) the quantitative three-
dimensional distribution of the specific element was calculated based on the abrupt change in the absorption (scale bar 2.0 mm).



dimensional projection from the calculated three-dimensional

Gd distribution (Supplementary Fig. S10).

2.5. Organelle segmentation and three-dimensional volume
rendering

The reconstructed three-dimensional images were

segmented manually and visualized using the Amira software

package. The organelles in a cell have characteristic linear

absorption coefficients because of the differences in their

chemical compositions (McDermott et al., 2012; Le Gros et al.,

2005; Larabell & Nugent, 2010). This property was used to

segment three-dimensional images into subvolume regions

that had similar linear absorption coefficients. The segmented

regions were then identified based on the organelle

morphologies, which were evaluated by other methods, such as

light and electron microscopy techniques. To study the trans-

port of NPs in the vacuoles, we focused on the segmentation of

different types of vacuoles. Three types of vacuoles with

specific densities and sizes were segmented and identified.

3. Results and discussion

3.1. Three-dimensional ultrastructure of the macrophage

A well isolated macrophage that had been treated with

Gd@C82(OH)22 and grown on a carbon membrane was

selected using a light microscope (Supplementary Fig. S1). The

three-dimensional structure of the cell was obtained by

combining dual-energy STXM and the EST algorithm. The

tomographic images show that the macrophage, which had

overall dimensions of �18.1 � 15.5 � 3 mm, exhibited

distinctive features such as an irregular shape, a rough surface

and branching pseudopods (Fig. 2a), which coincide with the

optical image.

In addition to the morphological analysis, which had higher

resolution than the optical imaging, the internal structures of

the macrophage were visualized by virtual sectioning into

50 nm thick slices. The colour in the slices represents different

linear absorption coefficients: red corresponds to high values,

yellow to medium values and blue to low values. Figs. 2(b) and

2(c) present two slices perpendicular to the beam direction at

the two energies (i.e. 1189 and 1186 eV), and vacuoles with

low linear absorption coefficients can clearly be observed.

These vacuoles were distributed in the cytoplasm and had

volumes of �1.7–6.3 mm3. Moreover, large numbers of dense

round particles (i.e. primary lysosomes) with high linear

absorption coefficients were evident, and their diameters were

in the range �200–400 nm. The characteristic structures agree

with previous results obtained via optical and electron

microscopy (Papadimitriou & Ashman, 1989), indicating that

the macrophage is in the active state. The state of the

macrophage was further confirmed by the ability of

Gd@C82(OH)22 to induce primary mouse macrophages to

produce significant numbers of pro-inflammatory cytokines

(Supplementary Table S1). The intracellular distribution of

[Gd@C82(OH)22]n could be distinguished qualitatively

according to the differences in the linear absorption coeffi-

cient between the two slices (Figs. 2d and 2e, arrows). To

quantitatively analyze the three-dimensional distributions of

the nanomaterials, calculations based on the abrupt change in

the absorption at the two energies were performed.

3.2. Three-dimensional intracellular distribution of
[Gd@C82(OH)22]n

The three-dimensional intracellular distribution of

[Gd@C82(OH)22]n was determined and virtually quantitated

slice by slice. Fig. 3(a) displays a 50 nm thick slice in which
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Figure 2
Three-dimensional structures of the macrophage. (a) The isosurface rendering at 1189 eV showing characteristic features of the macrophage, such as
pseudopods, rough surfaces and flat shapes. These features indicate that the immune cell was in a highly active state. The same slices at 1189 eV (b) and
1186 eV (c) perpendicular to the beam direction reveal the subcellular structures, such as low-density vacuoles. Enlarged regions of the rectangle at
1189 eV (d) and 1186 eV (e) show differences in absorption because of the presence of [Gd@C82(OH)22]n. The scale bar in (b) and (c) is 2.0 mm and that
in (d) and (e) is 0.5 mm.



[Gd@C82(OH)22]n is aggregated in the macrophages and

exhibits a characteristic distribution. Compared with the two-

dimensional projected distribution (Fig. 3b), the problems

with ambiguity resulting from the overlap of structures along

the beam direction were solved. To verify the exact locations

of the nanoparticles (NPs) in the nuclear regions, the rectan-

gular region in Fig. 3(b) was analyzed, slice by slice, in two

perpendicular directions (Fig. 4). A cluster of NPs was found

on the surface of the nucleus and was distributed into one

large and four small vacuoles, in which the density and

distribution of [Gd@C82(OH)22]n were different. This macro-

phage was also subjected to hard X-ray fluorescence (XRF)

microscopy to compare its effectiveness with that of dual-

energy contrast microscopy (Fig. 3c). Although the general

distribution of [Gd@C82(OH)22]n could be approximated, the

distribution was indistinguishable in some regions, especially

near the nucleus, because of the limited resolution and self-

absorption of the XRF signals.

3.3. Quantitative observation of the ultrastructures of the
macrophage and nanomaterial distributions simultaneously

Three-dimensional images of the macrophage were

segmented based on differences in the linear absorption

coefficient and specific morphology (Figs. 5a and 5b).

[Gd@C82(OH)22]n was taken up effectively by the macrophage

and redistributed at the subcellular level. Fig. 5(c) presents the

distribution of [Gd@C82(OH)22]n in the cell. Large numbers of

aggregated NPs were distributed in the cytoplasm. The total

mass of NPs was �1.2 � 10�10 g, and the volume ratio of NPs

to the macrophage was �29%. The nanomaterials were

distributed only in phagocytic vesicles, and no NPs were

observed in other organelles, including the nucleus. Phagocytic

vesicles have different volumes and densities (Fig. 5b), and the

distributions of the nanomaterials in these vesicles also varied

(Fig. 5e). Small vesicles tended to stick together and become

larger ones. As the volume size increased, the density of the

vesicles decreased and NPs distributed around the membrane.

[Gd@C82(OH)22]n was exclusively observed within cyto-

plasmic vesicles. Highly agglomerated particles were primarily

located in the vesicle periphery and formed ring-shaped

structures. The redistribution of NPs into different vesicles

and the changes in the volume size and density of phagocytic

vesicles may imply the rearrangement and fusion of vesicles

and NPs in the vesicles of macrophages at the subcellular

level.

Gd@C82(OH)22, an endohedral hydroxylated metallo-

fullerene, is a promising antitumour agent that has highly

efficient antitumour activities and low toxicity both in vitro

and in vivo (Chen et al., 2005; Meng et al., 2013; Meng, Wang et

al., 2010; Li et al., 2012). Previous studies mainly focused on

the interaction between the NPs and individual organisms as

well as the distribution of the NPs in different organs (Meng et

al., 2012, 2013; Li et al., 2012; Zhang et al., 2011; Meng, Wang et

al., 2010; Liang et al., 2010; Yin et al., 2008, 2009; Liu et al.,

2009; Wang et al., 2006; Chen et al., 2005). The interaction

between NPs and cells at the subcellular level is substantially

more important for understanding the antitumour mechanism.

To better understand the antitumour mechanisms of

[Gd@C82(OH)22]n on the subcellular scale, the quantitative

three-dimensional distribution of the NPs in macrophages was

investigated by combining dual-energy STXM and the EST

algorithm. Here, characteristic structures were observed, such

as pseudopods and large vacuoles, thus indicating that

[Gd@C82(OH)22]n may be an immune potentiator that initiates

the immune activities of macrophages. Moreover, the

distinctive properties of the NPs facilitate their uptake by

macrophages. Gd@C82(OH)22 is water-soluble and tends to

aggregate into clusters because of the modification of the

hydroxyl groups on the fullerene cage (Meng et al., 2013).

Their biocompatibility is also improved as the outer surface of

the NPs is usually surrounded by water molecules because of

hydrogen bonding. The specific structures and surface prop-

erties of the NPs and the immune stimulation of the macro-

phage may contribute to the high efficiency for cell uptake.

Large amount of nanoparticles are easily incorporated into
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Figure 3
Distribution of [Gd@C82(OH)22]n in the macrophage. (a) Quantitative distribution of [Gd@C82(OH)22]n in a 50 nm thick slice. (b) Distribution of
[Gd@C82(OH)22]n in a projection perpendicular to the beam direction. (c) XRF of the same cell mapping Gd. The exact three-dimensional location of
[Gd@C82(OH)22]n can be determined in (a). Furthermore, the high spatial resolution in (a) avoids the ambiguity in (c), which is caused by the low spatial
resolution and self-absorption of fluorescence signals (scale bar 2.0 mm).



the cell, which suggest high efficiency of the nanomedicine.

Additionally, the low toxicity of [Gd@C82(OH)22]n relative to

conventional chemotherapy also makes this species a

promising biomedical candidate. The toxicity of NPs is closely

related to their subcellular distribution. [Gd@C82(OH)22]n was

taken up by the macrophage and mainly located in phago-

somes, not in the nucleus. This specific distribution in organ-

elles that are relatively less important for the activities of the

cell, to some extent, suggest low toxicity of the potential

nanomedicine.

Dual-energy contrast X-ray microscopy shows obvious

advantages for investigating intracellular nanomaterials.

Firstly, its relatively high three-dimensional uniform resolu-

tion enables studies of large-size cells at the subcellular

level. As shown in Fig. 3, the subcellular distribution of

[Gd@C82(OH)22]n was clearly revealed by dual-energy

contrast STXM, whereas that determined by XRF remained

ambiguous. Although scanning XRF microprobes have been

used to generate two-dimensional projected elemental distri-

butions with resolutions below 60 nm (Zhao et al., 2014; de

Jonge & Vogt, 2010), the three-dimensional resolution is

limited to �400 nm (de Jonge et al., 2010). The limited reso-

lution of XRF makes investigating the subcellular distribution

of trace elements difficult. In our experiment, the ultimate

resolution of the three-dimensional STXM reconstruction was

limited by the size of the focal spot. By minimizing the spot

size, a much higher resolution can be achieved. Moreover,

the missing wedge problem was eliminated by using an

iterative tomographic algorithm (Supplementary Fig. S7).

Secondly, obtaining the three-dimensional distribution of

[Gd@C82(OH)22]n was much easier. Although three-dimen-

sional elemental mapping could be achieved by combining

XRF and tomography, acquiring data and correcting for the

self-absorption were difficult. Thirdly, the radiation damage

resulting from the experiment was limited by the combination

of STXM and EST. The total time required for data acquisi-

tion was the primary limitation of this method. However, this

time was mainly composed of user actions because of the

manual nature of this prototype setup. Indeed, a substantial

amount of time was wasted on re-focusing the setup when the

energy and angle were changed. The time required could be

significantly decreased by developing an automated focusing

system. X-rays are suited to investigating trace elements in

whole biological systems, such as unsectioned cells (Uchida et

al., 2009; Schneider et al., 2010), because of the higher pene-

tration of X-rays compared with electrons or visible light

sources. Combining X-ray microscopy and spectroscopy

makes the imaging of intracellular nanomaterials possible with

high spatial and chemical resolution, which would greatly

benefit the field of nanoscience.

In this study, we demonstrated the quantitative imaging of

intracellular nanomaterials in three dimensions on the

nanoscale by dual-energy contrast X-ray tomography. The

intracellular distribution of nanomaterials was further

confirmed by using X-ray fluorescence microscopy. This work

shows the advantages of the multiple-model approach,
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Figure 4
Positional determination of nanomaterials in the nuclear region. The exact three-dimensional distribution of [Gd@C82(OH)22]n in the nuclear region
distinguished by sectioning in two orthogonal directions, where the z direction is the beam direction. (a) Successive slices along the z direction. The
change in the linear absorption coefficient was used to determine the exact position of the nanomaterials, and lysosomes containing nanoparticles stick
together and remain on the surface of the nucleus. The interfaces of the nucleus and vacuoles with nanomaterials are shown by black arrows. (b) Slices
along the x direction at five positions (I, II, III, IV and V), as shown in (a). In I, II and V cracks are obvious (red arrows), indicating that the
nanomaterials are located on the surface of the nucleus (scale bar 1.0 mm).



indicating the trend and the

future of X-ray imaging. By using

the multiple-model approach,

each modality contributes unique

information on the specimen.

The complementary data are

combined and consequently yield

a more complete picture of the

specimen. Here, STXM was used

to image cells and intracellular

nanomaterials. In this modality,

image contrast is generated by

the differential attenuation of

specimen illumination by the cell

contents. The dual-energy scan

can provide elemental specificity.

In addition, the phase-contrast

mode in a standard STXM setup

has recently been developed in

different ways, such as through

the use of a pixelated detector

(Liu et al., 2013). The phase-

contrast mode will take advan-

tage of the shift in X-ray phase

on transmission of the sample and

be helpful for visualizing the

subcellular structures and

achieving high-quality imaging.

Furthermore, with the develop-

ment of synchrotron-radiation

facilities, optical components and

imaging methodologies, scanning

hard X-ray fluorescence micro-

scopy is gradually solving limita-

tions such as the time-consuming

data acquisition and low spatial

resolution, showing the advan-

tages in mapping multi-elemental

content distributions in single

cells down to trace amounts

(Smith et al., 2014; Liu et al., 2016;

Deng et al., 2015). Therefore,

the multiple-model approach

combining different techniques

will provide quantitative and

qualitative information on the

density distribution and ele-

mental contents of interest in the

context of the ultrastructures of

samples.

4. Conclusions

In summary, in this work

quantitative three-dimensional

intracellular imaging of nano-

materials has been demonstrated.
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Figure 5
The intracellular distribution of nanomaterials. (a) Volume rendering of the reconstructed macrophage
showing [Gd@C82(OH)22]n (dark red), nucleus (brown) and different types of lysosomes (yellow). (b)
Organelle segmentation based on differences in the linear absorption and specific morphology. (c) Three-
dimensional distribution of [Gd@C82(OH)22]n, showing that the NPs aggregate and exhibit a characteristic
distribution in the cell. (d) Enlarged view of the nucleus in three dimensions showing that the NPs were
distributed in four separated lysosomes on the surface of the nucleus. (e) Three different types of lysosomes
were distinguished based on the density and distribution of [Gd@C82(OH)22]n, which may reflect the
intracellular transportation of the nanomaterials.



[Gd@C82(OH)22]n was highly taken up by macrophages and

was mainly distributed in lysosomes. The subcellular distri-

bution of this nanomedicine advanced our understanding of

the corresponding antitumour activities. The results confirmed

the utility of dual-energy contrast X-ray microscopy for

studying the interactions between nanomaterials and large-

size mammalian cells. The advantages of this technique

include the high-resolution three-dimensional subcellular

location of nanomaterials within intact cells and simple

sample-preparation procedures without the need for labelling.

Moreover, element-specific nanomaterials could be distin-

guished when images were acquired at the corresponding

absorption edge. Although the resolution was limited to �75–

80 nm in our experiment, nanometre resolution could be

achieved with the development of light sources and optical

elements. Dual-energy contrast X-ray microscopy could

simultaneously reveal both the structures of cells and the

subcellular distributions of nanomaterials at nanometre

resolution. We anticipate that this method will have broad

applications in nanomedicine and nanotoxicology.
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Liebhardt, S., Mittone, A., Gasilov, S., Miao, J. & Bravin, A. (2012).
Proc. Natl Acad. Sci. USA, 109, 18290–18294.

Zhao, F.-J., Moore, K. L., Lombi, E. & Zhu, Y.-G. (2014). Trends Plant
Sci. 19, 183–192.

research papers

IUCrJ (2018). 5, 141–149 Shengkun Yao et al. � Three-dimensional ultrastructural imaging of mammalian cells 149

http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB68
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB68
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB48
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB48
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB48
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB49
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB50
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB50
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB51
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB51
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB52
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB52
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB53
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB53
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB53
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB54
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB54
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB54
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB55
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB55
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB55
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB56
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB57
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB57
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB57
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB58
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB58
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB58
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB59
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB60
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB60
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB60
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB61
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB61
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB62
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB62
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB62
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB63
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB63
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB63
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB64
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB64
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB64
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB65
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB65
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB67
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB67
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB67
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB66
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB66
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB66
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB68
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB68
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB68
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB69
http://scripts.iucr.org/cgi-bin/cr.cgi?rm=pdfbb&cnor=mf5022&bbid=BB69

