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ARTICLE INFO ABSTRACT

Keywords: Although ultra-small nanoclusters (USNCs, < 2 nm) have immense application capabilities in biomedicine, the
Nanoparticle investigation on body-wide organ responses towards USNCs is scant. Here, applying a novel strategy of single-cell
Nanocluster mass cytometry combined with Nano Genome Atlas of multi-tissues, we systematically evaluate the interactions
[S;;f es-:;ll mass cytometry between the host and calcium phosphate (CaP) USNCs at the organism level. Combining single-cell mass

cytometry, and magnetic luminex assay results, we identify dynamic immune responses to CaP USNCs at the
single cell resolution. The innate immune is initially activated and followed by adaptive immune activation, as
evidenced by dynamic immune cells proportions. Furthermore, using Nano Genome Atlas of multi-tissues, we
uncover CaP USNCs induce stronger activation of the immune responses in the cartilage and subchondral bone
among the five local tissues while promote metabolic activities in the liver and kidney. Moreover, based on the
immunological response profiles, histological evaluation of major organs and local tissue, and a body-wide
transcriptomics, we demonstrate that CaP USNCs are not more hazardous than the Food and Drug
Administration-approved CaP nanoparticles after 14 days of injection. Our findings provide valuable information
on the future clinical applications of USNCs and introduce an innovative strategy to decipher the whole body
response to implants.

Multi-omics

1. Introduction therapeutic applications [5-9]. Furthermore, USNCs demonstrated

improved biological functions comparing to the conventional NPs.

Due to their unique chemical, optical, electrical and magnetic
properties, inorganic nanoparticles (NPs, 1-100 nm) have been exten-
sively studied for their clinical application potentials [1-4]. Recently, as
the new generation NPs, ultra-small nanoclusters (USNCs, < 2 nm), have
attracted growing research interests [3,4]. With their distinct small size,
USNCs displayed superior performance in biomedical imaging and
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still unsettled, hindering the clinical applications of this new generation
of NPs.

NPs could enter the blood circulation and accumulate at multiple
organs following local application, and the translocation effect is size-
dependent, with a greater translocation for smaller NPs [10,11]. Cur-
rent studies have examined the toxicity of NPs on a single organ or a few
organs only [12-14], which is inadequate to unveil their potential risks
for clinical applications. Furthermore, using just routine testing
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methods, it is limited and insufficient to determine the subtle adverse
effects of NPs, let alone the differences between one type of NPs and
another [7,15]. The standards for nano-risk assessment are urgently
needed, accompanied by supporting proof of routine toxicological an-
alyses. Therefore, a new generation of evaluation approach is required
to monitor the safety or toxicity of USNCs in vivo at the whole-organism
scale.

Multi-omics analysis can facilitate our understanding of bio-nano
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Fig. 1. Characterization and bio-distribution of the two types of CaP NPs. (a) Schematic illustration of the tissues and organs collected in this study. (b) High-
resolution transmission electron microscopy (TEM) image and selected area electron diffraction (SAED) pattern (inset) of CaP USNCs, and TEM image and SAED
pattern (inset) of the HANPs (bottom panel). Scale bar of the top panel, 20 nm, scale bar of the bottom panel, 50 nm. (c) The histogram of diameter distribution of the
two CaP NPs. The diameter distribution of CaP USNCs is 1.21 + 0.30 nm (N = 200), while the HANPs is 23.99 + 4.55 nm (N = 100). (d) Stability of nanoparticles in
synovial fluid. Fluorescence images (e), average radiant efficiency of signal preservation (f, g) of various organs collected from the rats 3 days after intra-articular

injection. n = 5. SCB: subchondral bone. DLS: dynamic light scattering.
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interactions [16]. With the development of next-generation sequencing
technologies, we can concurrently characterize the transcriptome of
tissues and organs in the whole body [17-19]. Furthermore, single-cell
mass cytometry (CyTOF), which measures over 40 cellular parameters,
can dissect phenotypic and functional alterations at the single-cell res-
olution [20-23]. Hence, these advanced techniques could enhance the
understanding of the complex interactions between biomaterials and
cells in the whole body, especially for the immune system.

In this study, combining Nano Genome Atlas (NGA) of multi-tissues
[19] and CyTOF, we analyzed the systemic responses of USNCs at the
organism level and evaluated the safety or toxicity differences
comparing with HANPs, which are the Food and Drug Administration
(FDA)-approved CaP NPs [24] (Fig. 1a). Ex vivo imaging of multiple
tissues and organs was used to determine the biodistribution of CaP
USNCs and HANPs. The distinct NP-induced foreign body reactions were
determined by CyTOF, magnetic luminex assay and routine blood ex-
amination. Using RNA-seq, we decoded the acute
body-wide-organ-transcriptomic responses to the two types of CaP NPs
with different size. Our established multi-omics atlas view can be readily
applied to other nano-risk assessments.

2. Materials and methods
2.1. Material preparation

The preparation of CaP USNCs was as described previously [8]. In
brief, 4.3 g PAA (Mw = 450 kDa), 2.15 g PASP (Mw = 9-11 kDa), and
0.7248 g NayHPO, were added to 50 mL of deionized water and
vigorously stirred to dissolve overnight to obtain solution A. Under
vigorous stirring, 2 mL of a 0.1 M CaCl, solution was first added drop-
wise into 0.15 mL of a 0.3 g mL™! PASP solution to obtain solution B.
Following, 2 mL of solution A was slowly added to solution B with
vigorous stirring, and the pH value was adjusted to 7.4 with NaOH so-
lution. Finally, we obtained CaP USNCs without any precipitation. To
analyze the in vivo biodistribution of CaP USNCs, we labeled the calcium
of CaP USNCs with calcein. Under gentle stirring, the CaP USNCs were
mixed with 22.2 pL of a 10 mg mL™! calcein solution to obtain the
calcein-stained CaP USNCs.

To prepare HANPs, firstly, 0.0201 g HANPs (Yuanye, China) were
dissolved in 2 mL deionized water to obtain HANPs solution. Under
vigorous stirring, 2 mL of the HANPs solution was added dropwise into
0.15 mL of 0.3 g mL~! PASP solution to obtain solution C. Following, 2
mL of solution A was slowly added to solution C with vigorous stirring,
and the pH value was adjusted to 7.4 with NaOH solution. Finally,
HANPs were obtained. To analyze the in vivo biodistribution of HANPs,
the calcium of HANPs was labeled similarly as CaP USNCs above. HANPs
were mixed with 22.2 uL of 10 mg mL ! calcein solution to obtain the
calcein-stained HANPs.

To create the CON group, under vigorous stirring, 2 mL deionized
water was added dropwise into 0.15 mL of 0.3 g mL ™! PASP solution to
obtain solution D. Subsequently, 2 mL of solution A was slowly added to
solution D with vigorous stirring, and the pH value was adjusted to 7.4
with NaOH solution. Finally, a CON of 4.15 mL was obtained.

2.2. Transmission electron microscopy

TEM was performed with a Hitachi HT-7700 (Japan) operating at
120 kV. HRTEM was conducted using a JEOL JEM-2100F microscope
(Japan) and operated at 200 kV. EDS spectra were collected using the
JEM-2100F microscope equipped with an energy dispersive X-ray
spectrometer (Oxford-T80, Nano Lab Technologies Inc., USA).

2.3. X-ray diffraction

The as-prepared samples were measured by XRD (Bruker D8
Advance, Germany) with Cu Ka radiation (A = 0.1542 nm) operating at
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an acceleration voltage of 40 kV and a current of 40 mA. The diffraction
intensity data were scanned with a sampling step of 0.02° in the 26 range
from 5° to 90°.

2.4. Synovial fluid collection

Synovial fluid from pigs was collected postmortemly. Then synovial
fluid was centrifuged at 1500 g for 15 min to remove the cellular
component and passed through a 40 pM cell strainer to remove any large
protein aggregates. The samples were stored at —20 °C until use in the
described experiments.

2.5. Dynamic light scattering

The size distribution of NPs in synovial fluid was determined at 25 °C
using the Zetasizer Nano S instrument (ZEN 3600, Malvern, England).

2.6. Animal exposures

Eight-week-old male SD rat or C57BL/6 mice (purchased from the
SLAC Laboratory Animal, Shanghai, China) were randomly allocated to
three groups. All procedures were performed with approved protocols
(ZJU20210029), following the guidelines of the animal experimental
center of Zhejiang University, People’s Republic of China. After general
anesthesia, we cut the skin between the lower pole of the patella and the
tibial tubercle and bluntly separated the subcutaneous tissue to expose
the patellar ligament. Under knee flexion 45°, rats were separately
injected into the midpoint of the wound with 50 uL CaP USNCs, 50 pL
HANPs and 50 pL CON, while 10 pL CaP USNCs, 10 pL HANPs and 10 puL
CON were injected in mice at corresponding locus. The mass concen-
tration of CaP USNCs solution was 4.31 mg mL™!, while the HANPs
solution was 4.19 mg mL™!. The number concentration of CaP USNCs
solution was 1.86 x 10'® mL~!, while the HANPs solution was 6.90 x
103 mL~! (Fig. 52).

2.7. Biodistribution studies

Methodology to inject the drug into the knee cavities of the rats was
as depicted above. Rats were separately injected at the knee cavity with
50 pL of calcein-stained CaP USNCs, 50 pL of calcein-stained HANPs and
50 pL of 1 x PBS. 3 days after exposure, all the animals were anesthetized
to perform cardiac perfusion with 1x PBS. Organs and tissues of in-
terests were then extracted, washed in 1x PBS to remove excess blood
and analyzed using a fluorescence imaging system (IVIS Spectrum,
PerkinElmer).

2.8. Whole blood and serological sample analysis

Following the exposure, the rats were held for a post-exposure period
of 3 days and 14 days. After fasting overnight, the rats were anesthetized
to collect blood from inferior vena cava for whole blood and serological
samples analysis. Complete blood count was conducted using a Mindray
BC-5800 Automated Hematology Analyzer (Mindray Bio-Medical Elec-
tronics Equipment, Co., Ltd., Shenzhen, China) according to the manu-
facturer’s instructions. The serum biochemical markers were assayed
using an automatic biomedical analyzer (BS-240vet, Mindray, China).

2.9. Histology and TUNEL staining

At 3- and 14-day post-injection, images of the heart, lung, liver,
spleen and kidney from the rats were taken and the organs were accu-
rately weighed. The organs depicted above from other rats were
immediately fixed in 4% paraformaldehyde, embedded in paraffin
blocks, sectioned into 5 pm sections and mounted onto the glass slides.
The knee joint was immediately fixed in 4% paraformaldehyde, decal-
cified with 10% EDTA for two months, and embedded in paraffin for 7
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pm sections. The sections were stained with hematoxylin-eosin for
microscopic analysis. TUNEL staining was performed using in situ Cell
Death Detection Kit (Roche, Foster City, CA, USA) according to manu-
facturer’s instructions.

2.10. DHE staining

Following the exposure, rats were held for a post-exposure period of
3 days. For dihydroethidium (DHE, Beyotime Institute of Biotechnology,
China) staining, whole hearts were excised, washed thoroughly with ice-
cold PBS and frozen in O.C.T. compound. Fresh 7 mm sections were cut
with a cryostat and then incubated with the equal volume mixture using
DHE (5 pM) and DAPI (1:5000, Beyotime Institute of Biotechnology,
China) for 30 min at 37 °C in the dark.

2.11. RNA-seq

Three days after surgery, RNA was extracted from the heart, lung,
liver, spleen, kidney, synovium, ligament, meniscus, cartilage, and
subchondral bone of rats by Trizol reagent (TAKARA). Reverse tran-
scription was conducted by SuperScript II reverse transcriptase (Invi-
trogen). Double strand cDNA was constructed using NEBNext mRNA
second strand synthesis kit (NEB). The double strand cDNA was subse-
quently cleaned with AMPure XP beads (Beckman Coulter). Sequencing
library was constructed by the Nextera XT kit (Illumina) and sequenced
on Illumina XTen platform. RNA-seq reads data were mapped to the
reference genome using TopHat and Cufflinks [25]. Expression was
calculated based on counts per million (CPM). Differentially expressed
genes (DEG) was calculated using DESeq2 [26] with retaining criteria of
P value < 0.05. Gene ontology enrichment analysis was performed using
Metascape informatics resources. Enrichment scores were calculated
using the GSEA 4.0.3 software; the enrichment score of each gene
ontology term was compared among different organs and tissues. The
enrichment scores with positive values were those up-regulated upon
CaP USNCs treatment, while the enrichment scores with negative values
were those down-regulated upon CON or HANPs treatment. Heatmaps
were drawn using the R package (pheatmap).

2.12. Single-cell mass cytometry

After 36 h, 3 days and 14 days of post-injection, blood was pooled
from five mice in each group for each treatment to obtain sufficient cells
for reliable mass cytometry. CyTOF analysis (PLT Tech Co., Ltd.) was
performed as previously described [20]. Briefly, after lysis of the
erythrocyte using ACK lysis buffer, the samples were washed using FACS
buffer. The pooled cells were then stained with cisplatin for live dead
cell distinction. Subsequently, the samples were blocked for 20 min and
stained with the surface-antibodies mix for 30 min (Table S1, Table S2).
After washing with the FACS buffer, the samples were fixed and stained
with a DNA intercalator overnight. The cells were then washed with
permeabilization buffer and stained with a mixture of intracellular an-
tibodies (Table S1, Table S2) for 30 min. Following washes with FACS
buffer and ddH20, the cells were analyzed using a CyTOF machine. The
raw data acquired were uploaded to a Cytobank web server (Cytobank
Inc.) for further data processing.

Cell populations were identified based on marker expression distri-
bution according to standard definitions of cell type: CD4" T cells
(CD45% CD3" CD4™), CD8" T cells (CD45" CD3" CD8™), yST cells
(CD45" CD3' TCRgd"), B cells (CD45" B220"), neutrophil (CD45"
CD11b" Ly6g™), macrophage (CD45" CD11b' F4/80"), monocyte
(CD45% CD11b* Ly6c™), DCs (CD45" CD11b* CD11c™), and NK cells
(CD45" NK1.17).

2.13. Cytokine expression detection

A magnetic luminex assay with Mouse Premixed Multi-Analyte Kit
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(R&D Systems) was used to detect serum cytokines.
2.14. Data analysis

Tissue cell heterogeneity was enumerated by xCell [27] using the
RNA-seq data of the tissues. The quantitative data were presented as
means + SD. The enrichment score of each cell population from each
tissue was compared among the CON, CaP USNCs, and HANPs groups
using one-way ANOVA with post hoc Tukey’s test or Kruskal-Wallis test
with post hoc Dunn’s test in SPSS 25.0 software, with all P values less
than 0.05 considered statistically significant. The significance level is
presented as *P < 0.05, **P < 0.01, and ***P < 0.001.

3. Results
3.1. Characterization and bio-distribution of the two types of CaP NPs

High-resolution transmission electron microscopy (TEM) images of
USNCs exhibited a uniform size of about 1 nm (Fig. 1b-d; Fig. Slc).
Energy-dispersive X-ray spectroscopy (EDS) spectrum showed the
presence of Ca and P elements in the CaP USNCs (Fig. S1a). Selected area
electron diffraction (SAED, inset of Fig. 1b) and powder X-ray diffraction
(pXRD, Fig. S1b) indicated that the USNCs were amorphous CaP. In
contrast, the HANPs were loaded with rod-shaped NPs (=20 nm,
Fig. 1b—d; Fig. S1c). SAED (inset of Fig. 1b) and pXRD showed the (002)
and (211) planes (Fig. S1b), indicating that the NPs are hydroxyapatites.

To investigate the biodistribution changes following local adminis-
tration, fluorescence signals from calcein-stained CaP USNCs and
calcein-stained HANPs were detected at 3-day post-injection.
Comparing to the control PBS (phosphate-buffered saline) injection,
the two CaP NPs resulted in strong signals of calcein in the knee joint and
maximal accumulation in the meniscus and cartilage (Fig. le-g). In
addition, CaP USNCs injection demonstrated stronger fluorescence
signal of the total knee joint than HANPs injection (Fig. le-g).
Furthermore, CaP USNCs and HANPs were found in other organs as well
(Fig. 1e). Compared with PBS, there were stronger fluorescence in-
tensities in the lung and liver for both of the CaP NPs injections
(Fig. le-g). However, the fluorescence signals of the lung, liver and
kidney from CaP USNCs were weaker than those obtained in the HANPs
(Fig. le-g).

Next, we analyzed the body-wide responses of the both CaP NPs after
intra-articular injection. First, no abnormal daily activities or symptoms
were observed for all animals during the whole exposure. The two types
of CaP NPs did not induce abnormal liver function (represented by the
levels of markers TBIL, AKP, ALT and AST), kidney function (CREA and
BUN), or the components of blood cells in rats at 3-day post-injection
(Fig. S3a) and 14-day post-injection (Fig. S3b). CaP USNCs caused
slight tissue hyperplasia along the knee joint at 3-day post-injection, and
this effect disappeared at 14-day post-injection (Fig. S4a). Furthermore,
compared with the CON group, no noticeable injury or inflammation
was observed in the ligament, meniscus, or subchondral bone of CaP
USNC and HANP groups at 3-day post-injection (Fig. S5) and 14-day
post-injection (Fig. S6) by hematoxylin and eosin (H&E) staining.
There was no obvious difference in the appearance and relative organ
weight of the heart, lung, liver, spleen and kidney among the three
groups after sacrificing all the rats at 3-day post-injection (Fig. S4a) and
14-day post-injection (Fig.S4a, b). Furthermore, no noticeable damage
or inflammation was detected in the heart, lung, spleen, and kidney of
the three groups at 3 days post-injection (Fig. S5) and 14-day post-
injection (Fig. S6) by H&E staining.

3.2. Innate immune activation in blood after 3-day exposure to the two
types of CaP NPs

To dissect the systemic immunological responses, single-cell mass
cytometry was conducted on the peripheral blood of the animals. Using
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viSNE analysis, the nine immune cell populations were identified,
including B cells, CD4" T cells, CD8" T cells, y8T cells, neutrophils,
macrophages, monocytes, dendritic cells (DCs) and natural killer (NK)
cells (Fig. 2a-c; Fig. 3a—c). The SPADE (spanning tree progression
analysis of density-normalized events) algorithm was used to identify
the nine immune subpopulations and to compare the abundance of the
immune cells among the three groups (Figs. 2d and 3d; Figs. S7 and 8).

After 36-h treatments, the proportion of neutrophils was higher in

Bioactive Materials 18 (2022) 199-212

CaP USNC and HANP groups compared with CON group. Among them,
HANP group showed the highest frequency (Fig. S9). Although the
proportions of the macrophage were similar among three groups, HANPs
induced higher frequency of M1 phenotype (Fig. S10).

After 3-day treatments, the total proportion of innate immune cells
was higher in the CaP USNC and HANP groups comparing to the CON
group, which indicated that the innate immune cells were activated in
blood at day 3 (Fig. 2e). Specifically, both the CaP NP treatments
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resulted in higher proportions of monocytes, macrophages, neutrophils,
NK cells, and DCs (Fig. 2d and e). The proportions of DCs and NK cells
were higher in the CaP USNC group than in the HANP and CON groups
(Fig. 2e). The proportion of B cells was lower in both the CaP USNC and
HANP groups compared with the CON group (Fig. 2d and e). The pro-
portions of CD8" T cells and CD4" T cells were lower in the CaP USNC
group than in the CON group (Fig. 2e). There was no obvious difference
in the proportion of y3 T cells among the three groups. To further explore
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functional differences in the immune subpopulations, the expression
patterns of functional markers in various immune cell populations were
investigated (Fig. 2f). The CaP USNC treatment enhanced MHC II
expression, the costimulatory molecules CD80, and CD115 compared
with the HANPs and CON groups (Fig. 2f). In addition, the CaP USNC
group showed higher levels of CD25, CD69, CTLA-4, CD80, and Gran-
zyme B in y3 T cells than the HANP and CON groups (Fig. 2f). Increased
pro-inflammatory cytokines expression was detected in the CaP USNC
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and HANP groups compared with the CON group (Fig. 2g). CaP USNCs
induced higher expression of IL-6, CCL2, and CCL4, while HANPs
resulted in higher expression of IL-1p and IL-2 (Fig. 2g). The CaP USNC
group showed higher expression of IL-6, CCL2 and CCL4, while the
HANP group showed higher expression of IL-1p and IL-2 (Fig. 2g).
Moreover, the anti-inflammatory cytokine IL-33 was higher in the CaP
USNC group (Fig. 2g).
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neutrophils, DCs, and NK cells were all decreased, while the total pro-
portions of adaptive immune cells were higher in the CaP USNC and
HANP groups compared with the CON group, indicating that the
adaptive immune cells were activated in the blood at day 14 (Fig. 3d and
e). For example, the proportion of B cells was increased in both the CaP
USNC and HANP groups compared with the CON group (Fig. 3d and e);
the proportion of CD8 + T cells was slightly lower in the CaP USNC and

HANP groups than in the CON group; and the proportion of CD4 + T
cells in the CaP USNC group exceeded those of the HANP and CON
groups; there was no obvious difference in the proportion of yd T cells
among the three groups (Fig. 3e). To explore functional differences in
immune subpopulations at day 14, functional markers expression in

3.3. Adaptive immune activation in blood after 14-day exposure to the
two types of CaP NPs

Noticeably, the proportions of monocytes, macrophages,
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various immune cell populations was also investigated (Fig. 3f). The
HANP-treated group showed a higher expression of CD28 in CD8 + T
cells than the CaP USNC and CON groups (Fig. 3f). The pro-
inflammatory cytokines, including CCL2, CCL4, CXCL1, and IL-6,
decreased significantly in both the CaP USNC and HANP groups
compared with the CON group (Fig. 3g). The anti-inflammatory cyto-
kine IL-4 was significantly increased in the CaP USNC and HANP groups
compared with the CON group (Fig. 3g). Furthermore, the anti-
inflammatory IL-4 in the CaP USNC group significantly exceeded that
of the CON group (Fig. 3g).

3.4. Biological effects of CaP USNCs on local tissues illustrated by whole-
tissue gene expression

Using RNA-Seq, we analyzed the body-wide-organ-transcriptomic
responses of rats at 3 days post-exposure to the two types of CaP NPs.
All the measured samples were clustered by t-distributed stochastic
neighbor embedding (t-SNE) (Fig. S11a) and a cluster tree (Fig. S11b),
which demonstrated separations between local tissues and major or-
gans. Using xCell from RNA-seq data [27], the two types of CaP NPs
mainly affected the immune cell composition in the local tissues and the
spleen, with minimum changes in other organs (Fig. S12).

The differentially expressed genes (DEGs) from each tissue were
further analyzed, which showed that CaP USNC affected the gene
expression levels of all five tissue types compared with CON (Fig. 4a).
Among the five tissues, the subchondral bone showed the largest
numbers of total influenced genes, upregulated genes and down-
regulated genes upon CaP USNCs treatment (Fig. 4b).

The CaP USNCs were able to elicit a strong pro-inflammatory im-
mune response in the synovium, cartilage and subchondral bone
(Fig. 4c). Regarding the myeloid cells, CaP USNCs treatment increased
the levels of macrophage activation in all the five tissues (Fig. 4d).
Furthermore, CaP USNCs induced a strong response of lymphocyte-cell-
mediated immunity in the synovium, cartilage and subchondral bone
(Fig. 4e). Using xCell [27], we found CaP USNCs significantly increased
the number of Th2 cells and CD8™" T cells in the ligament, but signifi-
cantly decreased the number of M2 in the meniscus compared with the
CON group (Fig. S15). CaP USNCs activated inflammation signaling
pathways, such as TLR (Toll-like receptor), Wnt, NF-kB, and JAK-STAT
signaling in the local tissues (Fig. 4f). In addition, CaP USNCs induced
the production of proinflammatory cytokines in the synovium (IL-6,
IL-12, IFN-y, and TNF), ligament and meniscus (IL-1), cartilage (IL-1,
IL-6, IL-8, IL-12, and IFN-y) and subchondral bone (IL-6, IL-8, IL-12, and
IFN-y) (Fig. 4f). The levels of anti-inflammatory cytokines in the syno-
vium, ligament, and meniscus (IL-10 and TGF-p) together with cartilage
and subchondral bone (IL-10, TGF-f, FGF and VEGF) were increased by
CaP USNC treatment (Fig. 4f). Furthermore, compared with the CON
group, we observed thickening of the synovial lining layer and increased
synovitis scores in the CaP USNC group (Fig. 6b and c), while it restored
to a normal level at 14 days (Fig. S6).

CaP USNC:s affected other major signaling activities in the local tis-
sues (Fig. S13a). CaP USNCs could also induce a strong response to
oxidative stress in the cartilage and subchondral bone (Fig. 4g). CaP
USNCs treatment drastically increased the level of lipoprotein meta-
bolism in the synovium, ligament, meniscus and cartilage, as well as the
level of glucose metabolism in the subchondral bone (Fig. 4h). The ion
channel activities were also altered by CaP USNC treatment in the local
tissues (Fig. S13b). Furthermore, our results showed that CaP USNC
treatment activated cell proliferation in the cartilage, subchondral bone,
meniscus and synovium, while an opposite effect was observed in the
ligament (Fig. 4i), which was supported by the number of chondrocytes
in the cartilage. By quantitative analysis of chondrocyte numbers (CH)
in superficial zone (SZ) or transition and middle zones (TZ + MZ), it was
noticed that the number of chondrocytes was increased by CaP USNCs
(Fig. 6f and g), but restored to a normal level at 14 days (Fig. S6).
Additionally, the epigenetic activities were adjusted by CaP USNC
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treatment in the local tissues (Fig. S13c). Last but not least, CaP USNCs
activated apoptotic signaling in the cartilage and subchondral bone
(Fig. 4j), which was supported by the results of TUNEL immunostaining.
By quantitative analysis of the percentages of TUNEL™ cells within
articular cartilage, it was noticed that the number of apoptotic chon-
drocytes was increased by CaP USNCs (Fig. 6i and j).

Overall, CaP USNCs demonstrated stronger activation on immune
responses, oxidative stress, proliferation and apoptosis in the cartilage
and subchondral bone.

3.5. Biological effects of CaP USNCs on major organs illustrated by
whole-tissue gene expression

Further analysis based on the RNA-seq data between the CaP USNC-
treated and control samples showed that CaP USNCs affected the level of
gene expression of all five major organs (Fig. 5a). Among the five organs,
spleen exhibited the greatest number of total influenced genes, upre-
gulated genes and downregulated genes upon CaP USNC treatment
(Fig. 5b).

CaP USNCs induced a strong response of pro-inflammatory immunity
in the heart, liver, spleen and kidney, with the highest normalized
enrichment scores (NES) in the spleen (Fig. 5¢). For myeloid cells, CaP
USNC treatment elevated the level of mast cell activation in all five
organs (Fig. 5d). CaP USNC treatment also induced a strong lymphocyte-
cell-mediated immune response in the heart, liver, spleen and kidney
(Fig. 5e). Additionally, CaP USNCs activated inflammation signaling
pathways, such as TLR, NF-xB, JAK-STAT and WNT signaling, in the
major organs. Besides, CaP USNCs induced the production of proin-
flammatory cytokines in the heart, liver, spleen and kidney (IL-1, IL-6,
IL-8, IL-12, IFN-y and TNF) and lung (IL-1, IL-6 and TNF). Further-
more, the levels of anti-inflammatory cytokines in the heart and spleen
(IL-10, TGF-p and VEGF), lung (VEGF), liver (IL-10, TGF-p, FGF and
VEGF), and kidney (TGF-B, FGF and VEGF) were increased upon CaP
USNC treatment (Fig. 5f).

CaP USNCs impacted on other major signaling activities in the major
organs (Fig. S14a). CaP USNCs could induce a strong response to
oxidative stress in the liver, spleen and kidney (Fig. 5g). CaP USNC
treatment dramatically disturbed the metabolic activities of lipid and
glucose in the major organs, with higher NES in the liver (Fig. 5h;
Fig. 7g) and kidney (Fig. 5h), supporting by histological assessment and
blood biochemical examination. First, we observed higher level of fat
accumulation in the liver at 3-day exposure to CaP USNCs comparing to
the other groups (Fig. 7h and i), but restored to a normal level at 14 days
(Fig. S6). Second, the level of glucose in the blood from the CaP USNCs
treated group was significantly increased at 3 days (Fig. 7j), but restored
to a normal level at 14 days (Fig. S3b). CaP USNCs also affected the ion
channel activities in the major organs (Fig. S14b). Our results illustrated
that CaP USNCs could activate cell proliferation in the liver and kidney,
while an opposite effect was observed in the heart, lung and spleen
(Fig. 5i). The epigenetic activities were altered by CaP USNC treatment
in the local tissues (Fig. S14c). Lastly, CaP USNCs activated the apoptotic
signaling pathway in the heart, liver, spleen and kidney (Fig. 5j). By
quantitative analysis of percentages of TUNEL" cells within the heart,
however, it was noticed that CaP USNCs had no obvious effect on the
number of apoptotic cells (Fig. S17c¢).

Overall, CaP USNCs exhibited stronger activated immune responses
in the spleen, and stronger oxidative stress, metabolism, proliferation
and apoptosis in the liver and kidney.

3.6. Differences in safety between CaP USNCs and HANPs in local tissues

There was a different degree of impact comparing the CaP USNC
group to the HANP group on gene expressions in all five tissues (Fig. 4a).
Based on the numbers of total influenced genes, upregulated genes and
downregulated genes, CaP USNCs had a greater impact on gene
expression of the synovium, ligament and meniscus, while less impact
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on gene expression of the subchondral bone than HANPs (Fig. 4b).
Gene sets related to inflammatory immune responses were down-
regulated in the synovium and upregulated in the ligament, meniscus,
cartilage and subchondral bone for the CaP USNC group. This indicated
that CaP USNCs generated inflammatory immune responses in the lig-
ament, meniscus, cartilage and subchondral bone, while HANPs induced
an inflammatory immune response in the synovium (Fig. 6a). Using
xCell [27], we found that comparing to HANP-treated samples, CaP
USNC-treated samples had a larger number of Th2 cells (P < 0.05), CD8™
T cells (P < 0.05) and class-switched memory B-cells (P > 0.05) in the
ligament, whereas showed lower counts of CLP (P > 0.05) in the liga-
ment and DC (P < 0.05) cells in the meniscus (Fig. S15). Furthermore,
compared with the CON group, we also observed thickening of the
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synovial lining layer and increased synovitis scores in the HANP group
(Fig. 6b and c), but restored to a normal level at 14 days (Fig. S6).
The different impacts of each signaling pathway between the CaP
USNC and HANP groups are shown in Fig. S16a. CaP USNCs induced a
strong response of oxidative stress in the cartilage and meniscus, while
HANPs induced this effect in the other three tissues (Fig. 6d). CaP USNCs
activated cell proliferation in the ligament, meniscus, cartilage and
subchondral bone, while HANP treatment activated it in the synovium
(Fig. 6e), which was supported by the number of chondrocytes in the
cartilage. Compared with the HANP treatment, it was noticed that the
number of chondrocytes was significantly increased by CaP USNCs
(Fig. 6f and g), but restored to a normal level at 14 days (Fig. S6). The
differences in ion channel activities between the CaP USNC and HANP
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groups are shown in Fig. S16b. CaP USNCs triggered metabolic activity
in the ligament, cartilage, subchondral bone and meniscus, while HANP
treatment triggered it in the synovium (Fig. S16c). CaP USNCs activated
epigenetic regulations in the meniscus, cartilage and subchondral bone,
while the HANP treatment activated them in the synovium and ligament
(Fig. S16d). Lastly, CaP USNCs prompted the apoptotic signaling
pathway in the cartilage and meniscus, while the HANPs prompted it in
the other three tissues (Fig. 6h). By quantitative analysis of percentages
of TUNEL" cells within articular cartilage, it was noticed that the
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number of apoptotic chondrocytes was also increased by HANPs (Fig. 6i
and j).

3.7. Differences in safety between CaP USNCs and HANPs in major
organs

There was a different degree of impact comparing the CaP USNC
group to the HANP group on gene expressions in all five organs (Fig. 5a).
Based on the numbers of total influenced genes, upregulated genes and
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downregulated genes, CaP USNCs had a less impact on gene expression
in all five organs than HANPs (Fig. 5b).

The CaP USNCs treatment induced a strong inflammatory response in
the spleen, while HANPs induced an inflammatory immune response in
the other four organs (Fig. 7a). The different impacts of each signaling

pathway between CaP USNCs and HANPs are shown in Fig. S17a. CaP
USNCs could induce a strong response of oxidative stress in the spleen,
while HANPs had such effects in the heart, lung, live and kidney
(Fig. 7b), which was supported by assessing the levels of reactive oxygen
species (ROS) production in the heart. By quantitative analysis of
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dihydroethidium (DHE) staining of the heart, it was noticed that ROS
levels increased by HANPs were higher than those by CaP USNCs (Fig. 7c
and d). CaP USNCs elevated epigenetic regulations in the lung, while the
HANPs elevated such regulations in the other four organs (Fig. 7e). The
differences in ion channel activities between the CaP USNC and HANP
groups are shown Fig. S17b. Both CaP NPs had an effect on metabolic
activity alterations in major organs (Fig. S17d). HANPs could also
trigger the fatty acid biosynthetic process in the liver (Fig. 7f), and
subsequently cause more hepatocellular fat accumulation than the CON
group (Fig. 7h and i). Furthermore, the glucose level in the blood from
the HANPs group increased at 3 days (Fig. 7j) and subsequently restored
to a normal level at 14 days (Fig. S3b) compared to the CON group. Our
results also demonstrated that CaP USNCs promoted cell proliferation in
the lung, spleen and kidney, while HANPs promoted cell proliferation in
the heart and liver (Fig. 7k). Lastly, CaP USNCs activated the apoptotic
signaling pathway in the spleen, while HANPs had such effect in the
other four organs (Fig. 71). By quantitative analysis of percentages of
TUNEL" cells within the heart, however, it was noticed that HANPs had
no obvious effect on the number of apoptotic cells (Fig. S17c¢).

4. Discussion

In this study, the distribution in vivo of two types of CaP NPs were
evaluated by ex vivo imaging of multiple tissues, and the results showed
that CaP USNCs were retained not only in the local tissues with maximal
accumulation in the meniscus and cartilage, but were also found in other
organs with maximal accumulation in the lung and liver at 3-day
exposure. Applying CyTOF and the magnetic luminex assay, we identi-
fied dynamic systemic responses to CaP USNCs, which began with innate
immune activation and followed by adaptive immune activation in the
blood circulation via single-cell resolution assays. Subsequently, we
studied the acute response of body-wide organ-transcriptomics upon
CaP USNCs treatment. We found that CaP USNCs induced stronger
activation of immune responses in the local tissues (cartilage and sub-
chondral bone in particular) and spleen, and introduced higher meta-
bolic activities in the liver and kidney of major organs. Lastly, we
compared the differences in biosafety between CaP USNCs and HANPs
on the body. Based on the immunological response profiles, histological
evaluation of major organs and local tissues, and the body-wide tran-
scriptomics overview, we uncovered that CaP USNCs was not more
hazardous than HANPs.

To reveal the influence and potential risks of USNCs on biological
systems is essential for clinical applications of these novel materials.
Multi-omics approaches, which could thoroughly disclose such potential
risks and characterize complex cellular responses [16,28], have not been
applied to nanomaterials to date. Here, we present a new strategy via
single-cell multi-omics analysis to investigate the body-wide systemic
responses to USNCs. The CyTOF method with over 40 analysts could
assist in dissecting various immune cell populations and functional
molecules at single-cell resolution. Additionally, the high-throughput
magnetic luminex assay could simultaneously measure up to 20 serum
cytokines. Hence, the combination of CyTOF and magnetic luminex
assay could facilitate the evaluation of the complex relationship be-
tween NPs and the systemic immune responses they initiated. Further-
more, the analysis of the Nano Genome Atlas of multi-tissues enable us
to compare the biological functions among different organs and tissues.
Therefore, single-cell multi-omics analysis could promote the analysis of
body-wide systemic responses of nanomaterials.

The immune system is adept in non-self recognition and thus always
interact with NPs [29]. Initially, immune cellular responses were
induced by NPs after infiltration into organs and tissues, such as neu-
trophils and the mononuclear phagocytic system at the early stage
[30-32]. In this study, we detected that CaP USNCs significantly
increased the proportion of neutrophils, monocyte, macrophage and DCs
in the blood and mainly affected immune cell composition in the local
tissues and spleen, while caused minimal changes in other organs. In
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addition, CaP USNCs mainly induced mast cell activation in the major
organs and macrophage activation in the local tissues. DCs, similar to
macrophages, phagocytize particles and process anger signals at the
injury site [33]. Smaller gold nanoclusters were more efficiently taken
up by DCs than larger particles [34,35]. Our studies showed that the
proportion of DCs was higher in the CaP USNC group than that in the
HANP group in the blood, suggesting that DCs were more sensitive to
USNCs compared with the larger HANPs. Further, the proportion of NK
cells was also higher in the CaP USNC group than in the HANP group in
the blood. The function of NK cells includes the extermination of stres-
sed/abnormal cells and the release of cytokines [36]. In addition to
characterize their proportions, the functional responses in immune cells
could be determined by CyTOF. The CaP USNCs group demonstrated
enhanced expression of antigen presentation-related proteins CD80 and
MHC II in macrophages compared with the HANP group, indicating that
the CaP USNCs could augment the function of macrophage more effec-
tively. Besides, the macrophage also exhibited higher expression of
CD115 by CaP USNCs treatment. It was reported that CD115 is a central
component of responses towards foreign body, and its inhibition could
prevent host responses [37]. The acute phase of inflammation involves
the release of pro-inflammatory cytokines and chemokines [29]. In this
study, we also discovered that CaP USNCs upregulated
pro-inflammatory cytokines not only in the blood, but also in the local
tissues and major organs after 3-day post-exposure, while the effect was
reduced after 14-day post-injection.

Compared with HANPs, CaP USNCs induced stronger responses in
local tissues, but showed less risk on major organs. The in vivo bio-
distribution of NPs affects both their efficacy and safety, which are
deciding factors as to whether clinical utility or not. In the present study,
CaP USNCs mainly concentrated in knee joint, which may induce
stronger local responses consequently. The local foreign body response
could lead to systemic responses. Based on mass cytometry of the blood,
CaP USNCs induced higher proportions of innate immune cells and
enhanced cellular function. The immune cells migrating to the local sites
may result in more efficient clearance of CaP USNCs in a short time.
Although CaP USNCs induced a stronger acute immune response than
HANPs, the upregulated innate immune cell proportions and pro-
inflammatory cytokines were reduced after 14 days. In addition, the
acute response in the local tissue, such as increased synovial lining layer
and synovitis scores, came to normal level after 14 days. Furthermore,
based on transcriptomics, CaP USNCs showed less risk on major organs
compared with HANPs. Therefore, CaP USNC was not more hazardous
than FDA-approved HANPs after 14 days in vivo.

In previous works, compared with MnO NPs (=15 nm) and the
clinically utilized contrast agent, ultra-small-sized iron oxide NPs (=3
nm) not only exhibited fewer side effects in a mouse model [15], but also
showed no obvious risk for non-human primates [9]. Our previous
studies demonstrated the promising performance of CaP USNCs in
recovering osteoporotic bone [8] and repairing of tooth enamel
following local application [38]. As known, biosafety assessment is
critically important for clinical translation. Therefore, the systemic
evaluation of USNCs potential effects pave way for further clinical
application of CaP USNCs. Our data suggest that CaP USNCs demon-
strate differential effects on different tissues regarding proliferation,
metabolic and apoptotic processes. Thus, appropriate surface modifi-
cation of CaP USNCs is required for clinical application to avoid unde-
sirable effects on the body. Alternatively, the ability of CaP USNCs on
induction of cell apoptosis at specific tissues may become useful for
tumor-targeted therapy. In summary, the current findings collectively
suggest that CaP USNCs are safe enough following local application, and
could have potential clinical utility as the next-generation of CaP NPs.
And the established strategy provides a powerful platform for evaluating
the safety of nanomaterials at the organism and cell level.
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5. Conclusion

Our results determined that USNCs have differential impacts on
different tissues with potential clinical utility as the next-generation
NPs. The new strategy established in this study allows us to evaluate
the risk levels of different tissues and organs at the whole-organism scale
following USNCs treatment.
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