
Oral Microalgae-Nano Integrated System
against Radiation-Induced Injury
Dongxiao Zhang, Jian He, Jiarong Cui, Ruoxi Wang, Zhe Tang,* Hongyu Yu,* and Min Zhou*

Cite This: ACS Nano 2023, 17, 10560−10576 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The increasing applications of ionizing radiation
in society raise the risk of radiation-induced intestinal and
whole-body injury. Astaxanthin is a powerful antioxidant to
reduce the reactive oxygen generated from radiation and the
subsequent damage. However, the oral administration of
astaxanthin remains challenging owing to its low solubility
and poor bioavailability. Herein, we facilely construct an orally
used microalgae-nano integrated system (SP@ASXnano)
against radiation-induced intestinal and whole-body injury,
combining natural microalgae Spirulina platensis (SP) with
astaxanthin nanoparticles (ASXnano). SP and ASXnano show
complementation in drug delivery to improve distribution in
the intestine and blood. SP displays limited gastric drug loss, prolonged intestinal retention, constant ASXnano release, and
progressive degradation. ASXnano improves drug solubility, gastric stability, cell uptake, and intestinal absorption. SP and
ASXnano have synergy in many aspects such as anti-inflammation, microbiota protection, and fecal short-chain fatty acid up-
regulation. In addition, the system is ensured with biosafety for long-term administration. The system organically combines
the properties of microalgae and nanoparticles, which was expected to expand the medical application of SP as a versatile drug
delivery platform.
KEYWORDS: micro-nano system, microalgae, astaxanthin, nanoparticle, radiation injury

INTRODUCTION
Radioactive materials and ionizing radiation (RT) appear widely
in people’s life since they have been applied in various aspects of
modern society including nuclear energy, radiodiagnosis,
radiotherapy, agriculture, and industry.1−3 Despite the beneficial
applications, ionizing radiation can result in various health
damages. In cases such as radiotherapy or nuclear accident, the
radiosensitive organs would be exposed and cause a series of
structural impairments and functional disorders.4 Among the
severe side effects caused by clinical cancer radiotherapy, small
intestinal injury is difficult to avoid and relieve since the small
intestine is large in volume and highly sensitive to radiation.5 In
accidental radiation exposure, the whole body could be injured,
therefore leading to multiple lesions and even death.6,7

Therefore, effective formulations for intestinal and whole-body
radioprotection are urgently required. Since the intestine is the
main organ to absorb drugs into the blood, the intestinal
distribution and absorption of the effective drug would be vital
and significant to both intestinal and whole-body radio-
protection.
Many antioxidative agents have been explored as radio-

protectants because reactive oxygen species (ROS) generation is
a critical mechanism of radiation-induced cellular injury.8,9

Astaxanthin (ASX) is one of the strongest antioxidants with high
oxygen radical absorbance capacity,10 which has been reported
to have benefits in radiation-induced lesions.11−13 Furthermore,
ASX has other functions including anti-inflammation, immune
regulation, gut microbiota regulation, etc.14,15 However, the
water insolubility, instability (in acid, oxygen, heat, and light),
and low bioavailability of ASX hindered the construction of its
oral formulation.16 Although the strategies to form micro- or
nanoencapsulation could improve the oral bioavailability of ASX
as reported previously,17−22 whether their application can
achieve effective intestinal and systemic protection is unknown.
As a natural microalga 200−500 μm in size and helical shape,

Spirulina platensis (S. platensis, SP) has been previously applied
as a microcarrier for the construction of oral drug delivery
systems, which could effectively improve the intestinal drug
retention, slow release, and biodistribution.23,24 Importantly, the
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negatively charged surface of SP can attract molecules/particles
with opposite charges, making it a highly adaptable microcarrier
for the facile synthesis of many delivery systems.24−26 Moreover,
SP has been proven to have various benefits, such as nutrient
supplementation, anti-inflammation, gut microbiota, and
metabolite regulation.27−31 Therefore, the strategy of combining
SP with ASX may have great potential in radioprotection.
Herein, we designed an orally used microalgae-nano

integrated system for intestinal and systemic radioprotection
(Figure 1). The positively charged chitosan/PLGA nano-
particles of ASX (ASXnano) were attached to the natural
negatively charged surface of the microalgae SP to construct the
SP@ASXnano system. The strategy facilely reached a high
loading efficiency without destroying the structures and
bioactivities of SP. The in vitro and in vivo tests revealed the
system’s multiple advantages, in which microalgae SP and ASX
nanoparticles showed complementation in drug delivery,
meanwhile showing synergy in radioprotective effects. First,
the complementation of SP and ASXnano significantly improved
the drug distribution in the intestine and blood. SP could
provide limited gastric drug loss, prolonged intestinal retention,
constant ASXnano release, and progressive degradation.
ASXnano could enhance drug solubility, gastric stability, cell
uptake, and intestinal absorption. Second, SP and ASXnano
have synergy in many aspects, such as anti-inflammation,
microbiota protection, and fecal short-chain fatty acid (SCFA)
up-regulation, reaching stronger radioprotective outcomes. As a
result, the system exhibited more effective intestinal and
systemic radioprotection than the single use of ASX as well as

its nanoparticle. It was also ensured with biosafety for long-term
administration.

RESULTS AND DISCUSSIONS
Synthesis and Characterization of SP@ASXnano. We

first loaded ASX into poly(lactic-co-glycolic acid) (PLGA) to
form ASX@PLGA particles and then coated them with a
chitosan (CS) layer to prepare ASXnano particles (Figure 2A),
in which the zeta potential was reversed from −8.6 mV to +67.3
mV (Figure S1). The prepared ASXnano particles had a
spherical shape (Figure 2B) and about a 203.2 nm hydro-
dynamic diameter (Figure 2C). The encapsulation efficiency
(EE) of ASX in ASXnano was 95.5%. Compared with the
insoluble ASX powder, ASXnano particles showed excellent
dispersibility in an aqueous solution (Figure 2D). Furthermore,
ASXnano particles could slowly release ASX into the simulated
gastric and intestinal fluid (SGF and SIF) (Figure 2E). The drug
release speed in acidic SGF was slower than that in neutral SIF,
indicating less drug loss in the stomach.
Based on electrostatic adsorption between the positively

charged ASXnano and the negative surface of SP, the
preparation of the micro-nano system could be facilely achieved.
The successful synthesis of SP@ASXnano could be observed
from macro to micro dimensions (Figure 2F). The photographs
of the suspension and the microscope images showed that the
loading of ASXnano particles caused a color change of SP (from
green to red) without destroying its structure. And the SEM
images of SP@ASXnano displayed that a mass of ASXnano
particles adhered to its surface and covered up the whole SP cell.
The zeta potential test (Figure 2G) revealed that electrostatic

Figure 1. Schematic illustration showing the synthesis and action mechanisms of the microalgae-nano integrated system SP@ASXnano against
radiation-induced intestinal and whole-body injury. The system combines the nanoparticles of astaxanthin (ASXnano) with microalgae SP
through electrostatic adsorption. On one side, SP and ASXnano show complementation in drug delivery to improve the drug distribution in the
intestine and blood: SP prolongs the retention and constantly releases ASXnano along the intestinal tract; ASXnano improves drug solubility,
gastric stability, and intestinal absorption. On the other side, SP and ASXnano have synergy in anti-inflammation, microbiota protection, and
fecal SCFAs up-regulation. PVA, poly(vinyl alcohol); PLGA, poly(lactic-co-glycolic acid); ASX, astaxanthin; CS, chitosan; ASXnano, the
nanoparticle of ASX; SP, Spirulina platensis; ROS, reactive oxygen species; SCFA, short-chain fatty acid.
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adsorption between the positively charged ASXnano particles
(+66.7 mV) and the negatively charged SP (−46 mV) drove the
synthesis of SP@ASXnano (+10.2 mV) as expected. The UV
spectra (Figure 2H) also confirmed the successful assembly
since SP@ASXnano presented the characteristic absorption
peaks of SP as well as ASX. According to the encapsulation

efficiency data in Figure 2I and Figure S3, the optimal SP/
ASXnano weight ratio (25:1) and loading time (15 min) were
respectively determined.
To explore the drug-releasing profile of SP@ASXnano in the

gastrointestinal environment, SP@ASXnanowas treated by SGF
for 1 h before being transferred into SIF for 4 h. As shown in

Figure 2. Synthesis and characterization of SP@ASXnano. (A) Synthesis of SP@ASXnano. PVA, poly(vinyl alcohol); PLGA, poly(lactic-co-
glycolic acid); ASX, astaxanthin; CS, chitosan; SP, Spirulina platensis. (B) TEM image of ASXnano particles. (C) Hydrodynamic size
distribution of ASXnano particles. (D) Thewater solution of ASX powder and ASXnano particles. (E) Releasing curves of ASX fromASXnano in
SGF (simulated gastric fluid) and SIF (simulated intestinal fluid) (n = 3). Data are presented as means ± SD. (F) Photographic, microscope,
and SEM images (pseudocolor) of SP and SP@ASXnano. (G) Zeta potential of SP, ASXnano, and SP@ASXnano (n = 3). Data are presented as
means ± SD. (H) Ultraviolet spectra of SP, ASXnano, and SP@ASXnano. (I) Encapsulation efficiency (EE) under different weight ratios of
SP:ASXnano (n = 3). Data are presented as means + SD. (J) Microscope and SEM images (pseudocolor) of SP@ASXnano after being treated by
SGF or SIF for different durations. (K) Releasing curves of ASX from SP@ASXnano in SGF and SIF (n = 3). Data are presented as means ± SD.
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Figure 2J, the microscope and SEM images of SP@ASXnano
barely displayed the influence of SGF on the surface ASXnano
particles, indicating its resistance to a harsh gastric environment.
By contrast, the SP@ASXnano treated by SIF for 2 h showed a
lighter red color and remained with fewer nanoparticles on its
surface. After 2 more hours, only a few ASXnano particles
remained, indicating a stepwise detachment of ASXnano
particles from SP@ASXnano in the intestinal environment.
Furthermore, the release curves of ASXnano from SP@
ASXnano verified that the release speed of ASXnano in SGF
was slower than that in SIF (Figure 2K). This might be

attributed to the electric potential changes of the ASXnano’s
chitosan coating, which tends to bemore positive in acid and less
positive in an alkaline fluid.32−34 As a result, the binding force
(electrostatic interaction) between SP and ASXnano would be
stronger in acid gastric fluid, allowing SP@ASXnano to avoid
excessive drug loss in the stomach.
In Vitro Toxicity and Radioprotective Effect. Rat normal

small intestinal epithelium cells (IEC-6) (Figure 3), mice
monocyte-macrophages (RAW264.7) (Figures S6, S7), and
human hepatic stellate cells (LX-2) (Figures S8, S9) were
employed for in vitro tests. There was no obvious toxicity to cell

Figure 3. In vitro toxicity, antioxidation, and radioprotection. (A) Viabilities of IEC-6 cells after the incubation with different concentrations of
SP, ASX, ASXnano, and SP@ASXnano for 24 h (n = 4). Data are presented as means + SD. (B) Fluorescence images of IEC-6 cells after the
incubation with ASX@PLGA and ASXnano, respectively, for different durations (green, FITC-labeled ASXnano particles; blue, cell nuclei
stained by DAPI; red, cell membrane stained by Dil). Scale bar, 20 μm. (C) The bright field images and ROS fluorescence (green) images of
IEC-6 cells that were exposed to 6 Gy X-ray (RT) after the incubation with different materials for 6 h. Scale bar, 100 μm. (D) The fluorescence
area measured in ROS fluorescence images (n = 5). Data are presented asmeans ± SD; *, p vs RT group; *, p < 0.05, **, p < 0.01, ***, p < 0.001,
n.s., no significance. (E) Surviving colonies of IEC-6 cells after different treatments. (F) The quantification of surviving colonies’ fraction (n =
5). Data are presented as means ± SD; *, p vs RT group; *, p < 0.05, **, p < 0.01, ***, p < 0.001, n.s., no significance.
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Figure 4. In vivo biodistribution. (A) Schematic illustration of the drug delivery of SP@ASXnano showing that microalgae SP and ASX
nanoparticles have different features that complement each other. (B) Fluorescence images of the ileum at 4 h after the gavage of free FITC and
FITC-labeled ASX@PLGA, ASXnano, and SP@ASXnano. Blue, DAPI; green, FITC. Scale bar, 50 μm. (C) Fluorescence images of ASXnano and
SP@ASXnano in the gastrointestinal tract and main organs (top to bottom: heart, liver, spleen, lung, and kidney) at different time points after
gavage. SP@ASXnanowas imaged in the ASXnano channel. (D) The percentage of thematerials’ fluorescence area in the small intestinal area (n
= 3). Data are presented as means + SD. (E) Fluorescence images of the small intestine (duodenum, jejunum, and ileum) at 4 h after the gavage
of SP@ASXnano. Blue, DAPI; red, chlorophyll in SP; green, FITC in ASXnano. Scale bar, 100 μm. (F) SEM images (pseudocolor) of SP@
ASXnano in the small intestine (duodenum, jejunum, and ileum) at 4 h after the gavage of SP@ASXnano. Scale bar, 500 nm. (G, H)
Pharmacokinetic analysis of the ASX distribution in the mice’s intestinal tissue (G) and blood (H) after the gavage of ASX, ASXnano, and SP@
ASXnano, respectively (n = 3). Data are presented as means ± SD. AUC in (G): ASX (9.1), ASXnano (114.5), SP@ASXnano (487.9); AUC in
(H): ASX (1.3), ASXnano (10.8), SP@ASXnano (24.3).
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viability after the incubation with SP, ASX, ASXnano, and SP@
ASXnano (Figure 3A). As shown in Figure 3B, the FITC-labeled
ASXnano particles could be more effectively internalized over
time compared with the ASX@PLGA nanoparticles, indicating
that the positively charged CS coatings gave ASXnano superior
cellular uptake. To evaluate the antioxidation in IEC-6 cells, the
intracellular ROS production (green fluorescence) induced by 6
Gy of radiation (RT) was detected. As shown in Figure 3C,D,
the RT-induced ROS generation was effectively reduced in the
cells pretreated with ASX, ASXnano, and SP@ASXnano.
However, the effect of SP treatment was not significant,
indicating the antioxidant capacity of SP@ASXnano was mostly
attributed to ASX but not SP. The colony formation ability of
the irradiated cells also could be effectively protected by ASX,

ASXnano, and SP@ASXnano (Figure 3E,F). Figures S6−S9
showed the antioxidant and radioprotective effects of different
materials in RAW264.7 (monocyte-macrophages) (Figures S6,
S7) and LX-2 (hepatic stellate cells) (Figures S8, S9) through
ROS and DNA double-strand break tests. These figures
suggested that the pretreatment of SP@ASXnano could
effectively reduce the cellular ROS generation and DNA damage
induced by RT in these cell lines, thus having the potential to
exert whole-body protection in vivo. And the effects of SP@
ASXnano were better than ASXnano, ASX, and SP. Taken
together, SP@ASXnano displayed high safety, notable anti-
oxidant capacity, and cellular radioprotection in vitro.
In Vivo Biodistribution.As amicroscale carrier with a spiral

shape, SP was previously proved to have prolonged retention

Figure 5. Protective effect against the intestinal injury induced by abdominal radiation. (A) Schematic illustration of the material
administration, abdominal X-ray radiation (RT), and assessments. (B) The relative ROS levels in the small intestinal tissue of the mice after
different treatments (n = 5). Treatments: 1, control; 2, RT; 3, RT+SP; 4, RT+ASX; 5, RT+ASXnano; 6, RT+SP@ASXnano. Results are
presented asmeans + SD; black *, p vs RT group, red *, p between RT+ASXnano and RT+SP@ASXnano; *, p < 0.05, **, p < 0.01, ***, p < 0.001,
n.s., no significance. (C, D) Regenerating crypts (brown, indicated with red dotted lines) in the small intestine (duodenum, jejunum, and ileum)
(C) and the quantification (n = 5) (D). Scale bar, 100 μm. (E, F) Cellular DNA damage in the small intestine (E) and the quantification (n = 5)
(F). Red fluorescence, DNA damage stained by γH2AX; blue fluorescence, cell nuclei stained by DAPI. Scale bar, 25 μm. Results in (D) and (F)
are presented as means ± SD; black *, p vs RT group, red *, p between RT+ASXnano and RT+SP@ASXnano; *, p < 0.05, **, p < 0.01, ***, p <
0.001, n.s., no significance.
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between intestinal villi.23,24 In this work, SP@ASXnano showed
enhanced drug distribution in both the intestine and blood since
microalgae SP and ASX nanoparticles showed different features
that could complement each other. As shown in Figure 4A, SP
provided prolonged intestinal retention, constant ASXnano
release, and full degradation, while positively charged ASXnano
enhanced intestinal absorption.
Compared with free FITC and FITC-labeled ASX@PLGA,

the fluorescence of FITC-labeled ASXnano and SP@ASXnano
in intestinal villi and submucosa was more significant in the
duodenum (Figure S10), jejunum (Figure S11), and ileum
(Figure 4B). This indicated that the encapsulation of the
positively charged CS coatings and SP could effectively enhance

the intestinal penetration of the drug. Fluorescence imaging was
used to detect the in vivo distribution of SP@ASXnano
compared with ASXnano (Figure 4C,D) and SP (Figure S12),
respectively. FITC was used to label ASXnano (Figure 4C,D),
and the chlorophyll in SPwas used to track SP (Figure S12). The
distribution of ASXnano fluorescence was observed as shown in
Figure 4C. The small intestine is the main position of drug
absorption, and the large intestine has abundant microbiota.35

Compared with free ASXnano particles, SP@ASXnano
displayed longer retention and a larger coverage area over the
whole small intestine (Figure 4D), indicating that the small
intestinal distribution of ASXnano particles was improved by the
loading of the SP, which could benefit the drug absorption into

Figure 6. Protective effect against the intestinal injury induced by abdominal radiation. (A) Macrophages (green, stained by F4/80) and
neutrophils (red, stained by Ly-6G) in the small intestine (duodenum, jejunum, and ileum). The cell nuclei were stained by DAPI (blue). Scale
bar, 50 μm. (B, C) Quantification of macrophages (B) and neutrophils (C) (n = 5). Treatments: 1, control; 2, RT; 3, RT+SP; 4, RT+ASX; 5, RT
+ASXnano; 6, RT+SP@ASXnano. Results are presented as means ± SD. (D) The cytokines IL-6, TNFα, and IL-10 in the intestinal tissue (n =
5). Results are presented asmeans + SD. Black *, p vs RT group, red *, p between RT+ASXnano and RT+SP@ASXnano; *, p < 0.05, **, p < 0.01,
***, p < 0.001, n.s., no significance.
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the small intestine and blood. Besides, SP@ASXnano also
exhibited prolonged and wider retention in the large intestinal

tract of mice, suggesting full contact with the microbiota in the
large intestine for possible microbiota regulation. In the SP

Figure 7. Protective effect against radiation-induced whole-body injury. (A) Schematic illustration of the material administration, whole-body
X-ray radiation (RT), and assessments. (B) The concentration of malondialdehyde (MDA) and the activity of superoxide dismutase (SOD) and
glutathione peroxidase (GPX) in the blood of mice after different treatments (n = 6). Treatments: 1, control; 2, RT; 3, RT+SP; 4, RT+ASX; 5,
RT+ASXnano; 6, RT+SP@ASXnano. Results are presented asmeans + SD; black *, p vs RT group; red *, p betweenRT+ASXnano andRT+SP@
ASXnano; *, p < 0.05, **, p < 0.01, ***, p < 0.001, n.s., no significance. (C) The levels of white blood cells (WBC), red blood cells (RBC), and
blood platelets (PLT) of mice after different treatments (n = 6). Treatments: 1, control; 2, RT; 3, RT+SP; 4, RT+ASX; 5, RT+ASXnano; 6, RT
+SP@ASXnano. Results are presented as means + SD; *p < 0.05, **p < 0.01, ***p < 0.001, n.s., no significance. (D) Represented images of the
small intestine (ileum), liver, and spleen in different groups. Scale bar = 100 μm. (E) Body weights of the mice in different groups (n = 5) after
RT. Results are presented as means + SD; *, p vs RT group; *, p < 0.05, **, p < 0.01, ***, p < 0.001, n.s., no significance. (F) Survival curves of
mice after being exposed to a fatal dose of whole-body RT (10 Gy) (n = 10).
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channel, the distribution of SP@ASXnano was also superior to
that of SP after 4 h (Figure S12), meaning that the ASXnano
coating could enhance the retention of the SP in turn. This
might be related to themucoadhesive property of the ASXnano’s
chitosan coating because its positive charge could interact with
the negatively charged mucins in the intestinal mucus as
reported previously.36,37 Therefore, ASXnano and SP could
improve the intestinal distribution of each other, which makes
SP@ASXnano a rational and effective combination.
Furthermore, the SP@ASXnano in different sections of the

small intestine was observed (Figures 4E, S7). The images in the
SP channel (red) showed that considerable SP was retained on
the intestinal surface and progressively degraded from the
proximal small intestine (duodenum and jejunum) to the distal
parts (ileum). The images in the ASXnano channel (green)
displayed the significant distribution and absorption of
ASXnano particles in intestinal villi and submucosa. Moreover,
the magnified images presented a detachment of ASXnano
particles from SP, in which their fluorescence showed co-
localization in the duodenum and separated localization in the
jejunum and ileum. This was further confirmed by the SEM
images of SP@ASXnano in different intestinal parts (Figure 4F),
indicating that SP@ASXnano could gradually release its surface
ASXnano particles along the intestinal tract as a constant source
of the drug.
To further evaluate the pharmacokinetic characteristics after

the administration of SP@ASXnano, a liquid chromatography−
mass spectrometry (LC-MS) test was applied to detect ASX in
the small intestinal tissue and blood of mice (Figure 4G,H). The
representative LC-MS chromatogram of ASX is shown in Figure
S14. The solutions containing ASX and ASXnano (equivalent to
SP@ASXnano) were given as comparisons. As shown in Figure
4G, the intestinal ASX concentration in the SP@ASXnano
group was higher at all time points after gavage than that in the
ASXnano group. In blood, although the drug concentration in
the SP@ASXnano group was slightly lower at the first two time
points compared with the ASXnano group, it kept higher
afterward (Figure 4H). And the single use of ASX showed
minimal drug distribution in both figures. Moreover, the area
under the curve (AUC) value of the SP@ASXnano group in the
intestine (Figure 4G) was over 4 times the value of the ASXnano
group and over 40 times that of the ASX group. The AUC value
of the SP@ASXnano group in the blood (Figure 4H) was over 2
times that of the ASXnano group and over 20 times that of the
ASX group. At 4 h after gavage, the blood dose of the SP@
ASXnano, ASXnano, and ASX groups was about 0.07%, 0.01%,
and 0.004% of the gavage dose, respectively. These results
suggested that ASXnano improved the ASX absorption and the
SP further enhanced and prolonged its distribution in intestinal
tissue and blood. The SP@ASXnano system exhibited
significant distribution in the small intestine and increased
drug concentration in the small intestine and blood, making it
promising in small intestinal and systemic radioprotection.
Besides, it also increased the distribution in the large intestine,
which may benefit the gut microbiota and health in this site.
Protective Effect against Intestinal Radiation Injury.

To investigate the materials’ protection against acute radiation
enteritis, the mice were exposed to 10 Gy of abdominal RT after
a week of the gavage treatment (Figure 5A). As shown in Figure
5B, the abdominal RT significantly increased the ROS
generation in the small intestinal tissue. The administration of
SP@ASXnano reduced the ROS level more effectively than
ASXnano, whereas SP and ASX showed no significant effect.

The pathological examinations showed that the intestinal crypts
were severely destroyed by RT and failed to regenerate
(indicated by red dotted lines) (Figure 5C,D). The admin-
istration of SP@ASXnano effectively protected the regenerating
cells in intestinal crypts of the duodenum, jejunum, and ileum.
By contrast, the administration of ASXnano protected the crypts
in the duodenum but not in the jejunum and ileum, indicating its
limitation on distal intestinal protection. Likewise, the RT-
induced DNA damage (red) in the ileum could only be
prevented by SP@ASXnano, although that in the duodenum
and jejunum could be reduced by both ASXnano and SP@
ASXnano (Figure 5E,F).
The double immunofluorescent staining of the intestinal

macrophages (green) and neutrophils (red) showed that the
RT-induced inflammatory cells’ infiltration was significantly
inhibited by SP@ASXnano and moderately inhibited by
ASXnano (Figure 6A−C). Besides, the usage of SP also
decreased inflammatory cell infiltration, suggesting a synergy
between SP and ASX. Moreover, RT caused the increase of pro-
inflammatory cytokines (IL-6 and TNF-α) and the reduction of
anti-inflammatory cytokine (IL-10) in the small intestinal tissue
(Figure 6D). Compared with SP, ASX, and ASXnano, SP@
ASXnano could best prevent this abnormality. To sum up, the
oral administration of SP@ASXnano showed the most
significant protection against radiation-induced intestinal injury.
Protective Effect against the Radiation-Induced

Whole-Body Injury. The radioprotective effect of SP@
ASXnano on the whole body was evaluated (Figure 7A). The
ROS generation induced by whole-body RT caused the increase
of blood lipid peroxides, such as malondialdehyde (MDA), and
the decrease of blood antioxidant enzymes, such as superoxide
dismutase (SOD) and glutathione peroxidase (GPX) (Figure
7B). Significantly, the administration of SP@ASXnano and
ASXnano reduced the blood MDA production and raised the
blood SOD and GPX. As shown in Figure 7C, the whole-body
RT caused damage to the hematopoietic function of bone
marrow and led to the reduction of red blood cells (RBC), white
blood cells (WBC), and blood platelets (PLT). SP@ASXnano
could effectively maintain the levels of WBC, RBC, and PLT in
the irradiated mice. The data in Figure 7B,C also showed the
different degrees of protective effects provided by ASXnano, SP,
and ASX, which were lower than the effect of SP@ASXnano
however.
Furthermore, the pathological examination displayed that the

use of SP@ASXnano alleviated the RT-induced histological
abnormality in the radiosensitive organs (Figure 7D).
Specifically, the integrality of the small intestinal epithelium
was injured by RT. In the livers, enlarged intercellular spaces and
extensive vacuolation were observed, indicating the hepatocytes’
hydropic degeneration induced by RT. Moreover, RT caused a
significant depletion of lymphocytes and an indistinct boundary
between the white and red pulp in the spleens. Importantly, the
histological structure of these organs could be almost entirely
maintained by the gavage with SP@ASXnano, whereas the other
treatments had no comparable effect. The records of the mice’s
body weights reflected the systemic damages resulting from the
whole-body RT, in which the progressive emaciation was
notably inhibited by SP@ASXnano and partly inhibited by SP
(Figure 7E). The prevention of materials on the RT-induced
death was tested under a fatal dose (10 Gy) of whole-body RT
(Figure 7F). The median survival of the mice in the RT and RT
+ASX groups was only 11.5 d. The SP@ASXnano treatment
significantly increased themedian survival to 29 d (p-value vs RT
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group, <0.001). The median survival was also prolonged by
ASXnano (18 d) with statistical significance (p-value vs RT

group, <0.05). The median survival in the SP group was mildly
prolonged (15.5 d), but the difference between the RT group

Figure 8. Effect on gut microbiota and fecal short-chain fatty acids (SCFAs). (A) Alpha diversity boxplots representing the microbiota
community richness (Chao and Ace) and diversity (Shannon and Simpson) (n = 8). Treatments: 1, control; 2, RT; 3, RT+SP; 4, RT+ASX; 5, RT
+ASXnano; 6, RT+SP@ASXnano. Results are presented as the boxes’ bounds (the 25th to 75th percentile) and lines representing maxima,
medians, andminima; *, p vs RT group; *, p < 0.05, **, p < 0.01, ***, p < 0.001, n.s., no significance. (B) The predicted differences in the KEGG
(Kyoto Encyclopedia of Genes and Genomes) metabolic pathways between group RT and RT+SP@ASXnano. The left histogram, the relative
abundance at the genus level; the middle histogram, the log2 values of the average relative abundance ratio; the right figure, the p values and
FDR values obtained by theWilcox test (p value and FDR value <0.05, representing significant difference). (C)Heat map of the relative content
of seven fecal SCFAs in different groups. (D) Boxplot figure of seven fecal SCFAs’ absolute content (n = 6). Results are presented as the boxes’
bounds (the 25th to 75th percentile) and lines representing maxima, medians, and minima; *, p vs RT group; *, p < 0.05, **, p < 0.01, ***, p <
0.001, n.s., no significance.
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was not statistically significant. These results illustrated the
notable preventive effect of the SP@ASXnano on RT-induced
systemic damage and even death.
Effect on Gut Microbiota and Fecal Short-Chain Fatty

Acids. The functions of gut microbiota in gastrointestinal and
host health have been widely studied.38,39 The bacteria in the
colon can derive energy from the saccharolytic fermentation of
nondigestible substrates and produce many nutrients and
metabolites including SCFAs that can be absorbed into the
bloodstream, thus reaching the whole-body tissue/organs.40−42

SCFA is an important link between intestinal microbiota and the
host. For intestinal health, SCFAs can serve as an energy source
for intestinal epithelial cells, which can participate in intestinal

mucosal immunity, inflammation, homeostasis, etc.43,44 For
systemic health, SCFAs can bind to receptors in many tissue/
organs and act as hormone signals thus influencing the
physiology or diseases of the nervous, endocrine, immune, and
cardiovascular systems.45−47 Importantly, the oral administra-
tion of ASX and SP has been reported to be beneficial to the gut
microbiota composition and SCFAs production.23,29,31,48−51

Besides, the SP@ASXnano could be fully degraded in the
intestine (Figure 3D). Therefore, we speculated that SP@
ASXnano might be utilized by gut microbiota, therefore
influencing its composition and the fecal SCFAs levels.
The 16S rRNA gene sequencing analysis revealed the richness

(according to the index of Chao and Ace) and diversity

Figure 9. Long-term safety. (A) Schematic illustration of the material administration and assessments. (B) Body weight of the mice in different
groups (n = 5). Results are presented as means ± SD; *, p vs control group; *, p < 0.05, **, p < 0.01, ***, p < 0.001, n.s., no significance. (C)
Representative HE images of the hearts, livers, spleens, lungs, and kidneys of the mice in different groups. Scale bar, 50 μm. (D−E)
Hematological tests (D) and serum biochemicals tests (E) of the mice. WBC, white blood cells; RBC, red blood cells; HGB, hemoglobin; PLT,
blood platelet; ALT, alanine transferase; AST, aspartate transferase; UA, uric acid; BUN, blood urea nitrogen. Results are presented as means ±
SD; n.s., no significance.
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(according to the index of Shannon and Simpson) of gut
microbiota between groups, which was displayed by the alpha
diversity boxplots (Figure 8A). Specifically, both the richness
and diversity of microbiota decreased after the whole-body RT.
The oral administration of SP and ASXnano significantly raised
the microbiota richness. And the richness and diversity of gut
microbiota could be effectively increased by SP@ASXnano.
Besides, the PLS-DA figure suggested the highest similarity of
the RT+SP@ASXnano group’s composition to normal mice
compared with other RT groups, indicating that the SP@
ASXnano administration could protect the microbiota compo-
sition against RT-induced damage (Figure S15). The separated
use of SP, ASX, and ASXnano mildly changed the composition
of irradiated microbiota, which is relatively inferior to the SP@
ASXnano’s effect, however.
As shown in Figure S16, the genus abundance distribution of

the control group was significantly different from the RT group
and the most similar to the RT+SP@ASXnano group,
suggesting that the normal bacteria composition could be
protected by SP@ASXnano treatment from the RT-induced
changes. The difference between the RT group and the RT
+SP@ASXnano group was analyzed. The genus that was
significantly up/down-regulated in the RT+SP@ASXnano
group (compared with the RT group, p < 0.001) was marked
with red and green boxes, respectively. Among the up-regulated
genus, Clostridium IV was reported with resistance to the
invasion of outside microorganisms.52 Mucispirillum showed
protection against colitis.53 Akkermansia is a promising
candidate for probiotics, which plays an important role in host
metabolism, immunity, and antitumor effect.54,55Lactobacillus
and Alloprevotella could play beneficial roles in intestinal
inflammatory diseases, with beneficial effects like producing
SCFAs, reducing intestinal permeability, and the enhancing
intestinal barrier.56−59 The up-regulation of these genera
indicated the positive influence of SP@ASXnano treatment on
the gut bacteria of RTmice. But the roles of several up-regulated
genera (Paraprevotella, Prevotella, Odoribacter, Alistipes) and
some down-regulated genera (Saccharibacteria, Turicibacter,
Butyrivibrio) have not been clearly defined in this field. So, the
meaning of these changes was also not clear, which should be
deeply investigated in the future.
Furthermore, we analyzed the predicted differences between

the RT and RT+SP@ASXnano groups in the Kyoto
Encyclopedia of Genes and Genomes (KEGG) metabolic
pathways (Figure 8B). The pathways linked to the metabolism
of a series of main nutrients, such as carbohydrates, lipids,
vitamins, and amino acids, were notably up-regulated by the
administration of SP@ASXnano. The pathways related to the
immune response, infection, environmental adaptation, etc.,
were decreased. However, other changes in pathways such as the
down-regulation of the immune system were inexplicable and
still should be further explored.
In addition, the levels of seven kinds of fecal SCFAs in

different groups were detected. The relative content of SCFAs
was shown as a heatmap (Figure 8C), and the absolute content
was shown in Figure 8D. Compared with the untreated RT
group, the administration of SP@ASXnano significantly
increased the content of six fecal SCFAs except for caproic
acid. The separated administration of SP and ASXnano
respectively improved several (at most four) SCFAs’ production
at different levels, which suggested that the effect of SP@
ASXnano could be the combination of SP and ASXnano. It has
been reported that the intestinal SCFAs, especially the butyrate

acid, could act as the energy source and extracellular signaling
molecules against RT-induced damage.60 Accordingly, the
radioprotective effect of SP@ASXnano might have been
facilitated by its function on the SCFAs’ regulation.
To sum up, the administration of SP@ASXnano displayed

significant benefits on the gut microbiota and fecal SCFA levels
of the irradiated mice, which should be a synergy between SP
and ASXnano. This effect might contribute to the radio-
protective effect of SP@ASXnano on the intestine and the whole
body since the improvement of the gut microbiota and/or
SCFAs has already been widely proven to be advantageous to
the radiation-induced lesions.61−63 However, in-depth exami-
nations are still required to illustrate the clear roles that SCFAs
played in the radioprotective effect and disease development.
Long-Term Safety. To ensure long-term safety, the mice

were orally administrated with different materials for 60 d (one
time every 2 d) (Figure 9A). The blood, hearts, livers, spleens,
lungs, and kidneys of the mice were harvested for assessment.
The record of body weight showed that the administration of SP
and SP@ASXnano significantly enhanced the weight gain, in
which the effect of SP@ASXnano was stronger (Figure 9B).
Since SP could fully degrade as shown in Figure 3 and has been
proven rich in nutritional elements,27 its benefit on weight gain
should be rational. The HE-stained pathological sections
displayed that SP, ASX, ASXnano, and SP@ASXnano did not
harm the histological structure of the major organs (Figure 9C).
Likewise, the hematological tests (Figure 9D) and serum
biochemicals tests (Figure 9E) did not show any toxicity of all
materials on the blood cells and the function of the liver
(represented by ALT and AST) and kidney (represented by UA
and BUN). The results suggested the long-term safety of SP@
ASXnano, which would be a prerequisite for its practical use
against RT-induced injury.
Study Limitations. There were some limitations in this

work. First, the significant radioprotective effect and fecal
SCFAs’ regulation of SP@ASXnano were revealed. But the clear
roles that SCFAs played in the protective effect and disease
development have not been deeply investigated. Second, the
underlying mechanisms of some benefits of SP, such as the up-
regulation of fecal SCFAs, are still not clear. Third, the potential
of the system in other intestinal diseases has not been further
investigated. Finally, the system’s applicability to encapsulating
other drugs still needs more testing and evaluation. These
aspects should be important directions for future works.

CONCLUSIONS
In summary, we constructed an orally used microalgae-nano
integrated system (SP@ASXnano) combined with microalgae
SP and nanoparticles of ASX (ASXnano) for protection from
radiation-induced intestinal and systemic injury. The advantages
of SP@ASXnano in radiation-induced injury are mainly based
on the intestinal delivery features of the microalgae-nano system
and the actions of the cargo, ASX. The microalgae-nano system,
as a drug carrier, provided an enhanced intestinal delivery. ASX
is a powerful antioxidant with the advantage to clear radiation-
induced free radicals and subsequent damages.
From another perspective, the integrated system fully took

advantage of the complementation as well as synergy between
SP and ASXnano. SP and ASXnano showed different delivery
features which could complement each other to reach better
drug distribution in both the intestine and blood, overcoming
the low oral bioavailability of ASX. SP and ASXnano had many
similar benefits which could form a synergy to get stronger
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radioprotection. Therefore, this convenient and safe oral
formulation has great potential in intestinal and systemic
radioprotection. Furthermore, the synthesis strategy used the
natural surface electronegativity of SP and facilely reached a high
loading efficiency without destroying the structures and
bioactivities of SP and the drug. This system was expected as a
versatile drug delivery platform to deliver other drugs because
chitosan/PLGA nanoparticles have strong suitability for the
encapsulation of many soluble/insoluble drugs. In this sense, it is
hopeful to apply this system in the treatment of more diseases.

METHODS
Synthesis and Characterization of ASXnano. Chitosan-

modified ASX@PLGA nanoparticles (ASXnano) were prepared as
follows: (1) ASX were first loaded into PLGA nanoparticles with the
classical O/W microemulsion method. Briefly, astaxanthin (10 mg,
Energy Chemical) and poly(lactic-co-glycolic acid) (PLGA) (100 mg,
Sigma-Aldrich) were dissolved in 2 mL of dichloromethane (DCM,
Sinopharm Chemical Reagent Co., Ltd.). Then, 2% poly(vinyl alcohol)
(PVA) (4 mL, MW: ∼31 000, Sigma-Aldrich) aqueous solution was
added to the mixture, and the emulsion was formed by a probe
sonicator with an output power of 200 W for 5 min at 4 °C. The ASX@
PLGA nanoparticles were initially formed after the volatilization of
DCM by stirring for one night at room temperature. (2) Chitosan
quaternary ammonium salt solution (10 mg/mL, 10 mL, Shanghai
Macklin Biochemical Co., Ltd.) was added into the ASX@PLGA
solution and stirred for 12 h at room temperature. After that, the
ASXnano were collected after centrifugation (12 000 rpm,15 min),
washed with water to remove the unreacted reagents, and then stored as
an aqueous solution at 4 °C for further experiments. For FITC
(fluorescein isothiocyanate)-labeled ASXnano, the FITC powder (1
mg, Shanghai Aladdin Biochemical Technology Co., Ltd.) was
dissolved into 0.1 mL of DMSO and then added into the ASX/
PLGAmixture. Other synthetic procedures are the same as before. The
nanostructural morphology of ASXnano was measured by transmission
electron microscopy (TEM) (FEI Tecnai F20, USA) with the
assistance of phosphotungstic acid staining. The changes in hydro-
dynamic size and zeta potential were recorded by a dynamic light
scattering system (Malvern Panalytical Zetasizer Nano ZS90, UK). The
optical spectra were acquired using a UV−vis−NIR spectrometer
(Shimadzu UV-2600, Japan).
The EE of ASX in ASXnano was studied following a previously

reported method with some modifications.64 A series of known
concentrations of ASX in an acetone/water mixture solution (1:2) were
first measured to build a standard curve based on the absorbance peak at
475 nm through the UV−vis−NIR spectrometer. For the EE of ASX in
ASXnano, the ASX was collected by hydrolyzing ASXnano, and then
the concentration of ASX was determined by the absorbance at 475
nm.65 The EE of ASX in ASXnano was over 95%. For the release
behavior of ASX from ASXnano, 2 mL of ASXnano was added into a
dialysis bag (MWCO= 300 kDa) and dialyzed in simulated gastric fluid
(pH 1.2, 10 mL) at 37 °C for 1 h with gentle shaking and then
transferred into 10 mL of simulated intestinal fluid (pH 7, 10 mL) for
another 8 h. At different time points, the content of the released ASX in
the medium was tested.
Synthesis and Characterization of SP@ASXnano.The cultured

SP was collected and washed with phosphate-buffered saline (PBS)
before use. SP (25 mg) was added to the PBS solution (50 mL) of
ASXnano (1 mg of ASX). The mixture was softly shaken for 15 min.
Afterward, the prepared SP@ASXnano was collected after centrifuga-
tion (4500 rpm, 10 min). The supernatant was also collected and
measured for ASX concentration according to the standard curve. The
EE was calculated by dividing the loaded amount of ASX by the total
amount. To optimize EE, different weight ratios of SP/ASXnano (when
the loading time was 15 min) and different loading times (when SP/
ASXnano was 25) were tried. An optical microscope (Zeiss, Germany)
and SEM microscopy (Hitachi SU-70, Japan) were used to study the
morphology of SP and SP@ASXnano. The zeta potential of SP,

ASXnano, and SP@ASXnano was detected by aMalvern Zetasizer. The
characteristic UV spectra of SP, ASXnano, and SP@ASXnano were
measured from 200 to 800 nm. The prepared SP@ASXnano was
dispersed into SGF and softly shaken for 1 h at 37 °C. Then, the SP@
ASXnano was collected by centrifugation, transferred into SIF, and
softly shaken for 4 h at 37 °C. The SGF-treated (1 h) and SIF-treated (2
and 4 h) SP@ASXnano were respectively collected and prepared for
microscope and SEM observation. For the release behavior of ASXnano
from SP@ASXnano, 2 mL of SP@ASXnano suspension was added into
10 mL of SGF at 37 °C for 1 h with gentle shaking and then transferred
into 10 mL of SIF for another 8 h. At different time points, the
supernatant fluid was collected after centrifugation and the
concentration of ASX was tested.
In Vitro Experiments. Rat small intestinal epithelium cells (IEC-6

cells) (ATCC CRL-1592) were from EK-Bioscience, Shanghai. They
were cultured in Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 1% antibiotics,
and insulin (0.1 U/mL) at 37 °C with a 5% CO2 atmosphere. For the
toxicity test, IEC-6 cells were seeded in 96-well plates (1× 104 per well)
and then incubated with different concentrations of SP@ASXnano/SP/
ASX/ASXnano for 24 h. The concentrations of SP/ASX in the SP/
ASX/ASXnano group were the same as that of the SP@ASXnano
group. ASX was first dissolved by dimethyl sulfoxide (DMSO) before
the preparation of the DMEM solution for later use. The cell viability
(the ratio to the untreated cells) was measured with a standard methyl
thiazolyl tetrazolium (MTT) assay kit (YEASEN, Shanghai, China).
The FITC-labeled ASX@PLGA and ASXnano particles were applied to
explore cell uptake over time. IEC-6 cells (1 × 105) were seeded in
confocal dishes (1 × 105) overnight and then incubated with 1 mL of
ASX@PLGA or ASXnano (5 μg ASX/mL) for 0, 1, 3, and 5 h. After
incubation, the medium was removed. The cell nuclei and membrane
were respectively stained by DAPI (blue) and Dil (red). To test the
antioxidant effect of SP@ASXnano, IEC-6 cells were incubated with
SP@ASXnano (5 μg ASX/mL) for 6 h. The cells in other treated groups
were respectively incubated with SP, ASX, and ASXnano, which
contained the same amount of SP/ASX. Afterward, the cells were
washed and exposed to 6 Gy of X-ray (8.415 Gy/min) (X-RAD 160,
PXi, USA). A ROS kit (YEASEN, Shanghai, China) was used to stain
the cellular ROS (green fluorescence). The ROS fluorescence area was
analyzed using ImageJ software (1.8.0_112, National Institutes of
Health, USA). The irradiated cells in the above groups were also seeded
into six-well plates for the colony formation assay. After 5 days of
culture, the cell colonies were fixed with methanol and stained with a
crystal violet solution (purple) for counting the surviving colonies (with
more than 50 cells). Surviving fraction was the percentage of the colony
counts in the seeded cells. To evaluate the in vitro antioxidant and
radioprotective effect of SP@ASXnano in the whole body, RAW264.7
(mouse leukemia cells of monocyte-macrophage) and LX-2 (human
hepatic stellate cells) were used for the tests of radiation-induced ROS
generation and DNA damage. The pretreatments with different
materials and the X-ray radiation followed the same protocols of the
tests carried out in the IEC-6 cells. After radiation, the cells were
respectively stained with the ROS kit (probe, DCFH-DA) and DNA
double-strand break kit (marker, γH2AX) following the instructions.
In Vivo Biodistribution. All animal studies were approved by the

Institutional Animal Care and Use Committee of Zhejiang University
(AIRB-2021-952) and performed according to the National Institute of
Health Guide for the Care and Use of Laboratory Animals.
To observe the materials’ penetration in the intestinal tissue, the

mice’s ileum was collected at about 4 h after gavage of free FITC and
FITC-labeled ASX@PLGA, ASXnano, and SP@ASXnano. The tissue
was washed, sectioned, and stained with DAPI for fluorescence
observation. To visualize the distribution of SP and FITC-labeled
ASXnano and SP@ASXnano in the intestine and other organs, the in
vivo fluorescence imaging was detected using an IVIS Lumina LT Series
III (PerkinElmer, USA). The FITC channel (Ex: 445−490 nm, Em:
515−575 nm) was used to detect the fluorescence of ASXnano and
SP@ASXnano. And the chlorophyll fluorescence of SP (Ex: 605 nm,
Em: 615−665 nm) was used to detect the fluorescence of SP and SP@
ASXnano. In detail, Balb/c mice (6 weeks, female) were given the water
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solution of SP, ASXnano, and SP@ASXnano, respectively, after 12 h of
fasting. After 1, 2, 4, 6, and 12 h, themice’s gastrointestinal tracts, hearts,
livers, spleens, lungs, and kidneys were collected and imaged to detect
the fluorescence of SP (chlorophyll) and ASXnano (FITC),
respectively. The fluorescence area (%) of materials was calculated as
its proportion of the whole small intestinal area, which was analyzed by
Living Image 4.5 software (PerkinElmer, USA). For the observation of
FITC-labeled SP@ASXnano in intestinal tissue, the mice’s small
intestine (duodenum, jejunum, and ileum) and contents were collected
at about 4 h after gavage. The tissue was washed, sectioned, and stained
with DAPI for fluorescence observation. The intestinal contents were
prepared for SEM observation. LC-MS analysis was used to detect ASX
concentration in intestinal tissue and blood after gavage for the
pharmacokinetic study. Balb/c mice (6 weeks, female) were fasted for
12 h and given the water solution of ASX, ASXnano, and SP@ASXnano
at the dose of 50 mg ASX/kg (gavage volume, 500 μL), respectively.
ASX was also first dissolved by DMSO at a high concentration and then
diluted by water at a 1:10 ratio to prepare the ASX solution. At different
time points, the small intestine and blood were collected and prepared
into homogenate and serum, respectively. The samples were vortex-
mixed with methyl tert-butyl ether (v:v = 1:2) for 10 min and then
centrifuged for 10 min at the speed of 4500g. The upper layer of the
solution was transferred into a new tube and dried by nitrogen flow. The
residual extract was reconstituted with methanol for LC-MS analysis.
LC-MS instruments and conditions with detail are provided in the
Supporting Information.
Protective Effect against the Radiation-Induced Intestinal

Injury. To evaluate the prevention of SP@ASXnano against radiation-
induced intestinal injury, 6-week-old female Balb/c mice were orally
administered water solutions of SP@ASXnano (50 ASXmg/kg, volume
500 μL, once every 2 d) for 1 week. Afterward, the mice’s abdomen area
(up to the diaphragm, down to the pelvis) was exposed to 10 Gy of X-
ray. The mice in other groups were given equivalent SP, ASX, and
ASXnano solutions as treated comparisons. Normal mice without RT
and the irradiated mice without treatments were set as control groups.
After RT, the small intestinal tissue of mice was immediately

collected and prepared into a homogenate for the ROS measurement
following the instructions of the tissue ROS test kit (DHE) (Biorab).
The relative intestinal ROS was calculated as the intensity ratios of the
RT groups to the normal group. Some small intestinal tissue was
prepared for the pathological examination to detect cellular DNA
damage (stained by γH2AX, red fluorescence). Three days after RT, the
small intestinal tissue was collected and prepared for the pathological
immunohistochemistry (IHC) examination to detect the regenerating
crypts (stained by Ki67, DAB). A week after RT, the small intestinal
tissue was collected for immunofluorescent (IF) staining. The intestinal
macrophages and neutrophils were respectively stained by F4/80
(green fluorescence) and Ly-6G (red fluorescence) using double-
fluorescence staining. The cell nuclei were stained by DAPI (blue
fluorescence). The number of Ki67-stained intestinal crypts in a cross-
section was scored. The relative fluorescence area of the γH2AX+ cells,
macrophages, and neutrophils was measured. Enzyme-linked immu-
noabsorbent assay (ELISA) kits (RayBiotech) were applied to detect
two pro-inflammatory cytokines (IL-6 and TNF-α) and one anti-
inflammatory cytokine (IL-10) in the small intestinal tissue.
Protective Effect against the Radiation-InducedWhole-Body

Injury. To evaluate the radioprotective effect of SP@ASXnano on the
whole body, 6-week-old female Balb/c mice were orally administered a
water solution of SP@ASXnano (50 ASX mg/kg, once every 2 d) for 1
week. Afterward, themice were exposed to 6Gy of whole-body RT. The
body weights of mice were monitored for 30 d after RT, and the mice
were then euthanized for assessments. The blood was collected for the
routine examination and MDA, SOD, and GPX. The small intestine,
livers, and spleens of mice were collected for pathological examination.
To assess the materials’ protective effect from the whole-body
radiation-induced death, the mice were exposed to a fatal dose of
whole-body X-ray radiation (10 Gy). The administration of different
materials followed the mentioned procedures, and the survival time of
mice was recorded for 30 d after RT.

Effect on Gut Microbiota and Fecal Short-Chain Fatty Acids.
The effect of materials on the irradiated gut microbiota was tested
through 16S rRNA gene sequencing and analysis (BGI Co., Ltd.). Six-
week-old female Balb/c mice were orally given different materials for 1
week and exposed to whole-body RT as described before. After another
30 d of treatments, the mice’s feces were collected for gene sequencing.
The samples with the successfully constructed libraries were analyzed.
The DNA extraction and library construction followed the protocols
previously used.23 Some of the mice’s feces were collected for the
analysis of seven kinds of SCFAs (acetic acid, propionic acid, isobutyric
acid, butyric acid, isovaleric acid, valeric acid, and caproic acid)
(BioNovoGene Co., Ltd.). The sample preparation and the conditions
of gas chromatography and mass spectra followed the protocols in the
previous study.66−68

Long-Term Safety. To assess the long-term safety, 6-week-old
female Balb/c mice were orally given SP@ASXnano (50 ASX mg/kg,
once every 2 d) for 60 days. The mice in other groups were given
equivalent SP, ASX, and ASXnano solutions as comparisons. Themice’s
body weights were recorded during this period. Afterward, the mice
were euthanized, and their blood, hearts, livers, spleens, lungs, and
kidneys were collected for hematological and pathological examina-
tions.
Statistical Analysis. The results from at least three independent

experiments were presented as mean ± standard deviation (SD). The
difference between the data of any two groups was calculated by the
two-tailed Student’s t test. The statistical significance was indicated as *,
p < 0.05; **, p < 0.01; ***, p < 0.001; n.s., no significance. All statistical
analyses were performed by GraphPad Prism v.7.00 (GraphPad
Software).
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