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A B S T R A C T

Spinal cord injury triggers leukocyte mobilization from the peripheral circulation to the injury site, exacerbating 
spinal cord damage. Simultaneously, bone marrow hematopoietic stem cells (HSCs) and splenic leukocytes 
rapidly mobilize to replenish the depleted peripheral blood leukocyte pool. However, current treatments for 
spinal cord injuries overlook interventions targeting peripheral immune organs and tissues, highlighting the need 
to develop novel drugs capable of effectively regulating peripheral immunity and treating spinal cord injuries. In 
this study, we designed, synthesized, and characterized novel Ejiao carbon dots (EJCDs) that inhibit myeloid cell 
proliferation and peripheral migration by promoting HSC self-renewal, and distinct differentiation into erythroid 
progenitors in vitro and in vivo. Additionally, EJCDs attenuate the immune response in the spleen, leukocytes’ 
reservoir, following spinal cord injury by diminishing the local infiltration of monocytes and macrophages while 
promoting motor function recovery. These effects are mediated through the downregulation of CCAAT enhancer 
binding protein-β expression in the spleen and the upregulation of FZD4 protein expression in Lin− Sca-1+ c-kit+

cells (LSKs) within the bone marrow. Our findings demonstrate that EJCDs effectively reduce myeloid cell 
infiltration post-spinal cord injury and promote neurological recovery, making them promising therapeutic 
candidates for treating spinal cord injuries.
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1. Introduction

Inflammation is a significant factor associated with secondary spinal 
cord injury (SCI), resulting in localized swelling, impairment of the 
blood-brain barrier, and decline in neurological function [1,2]. Current 
therapeutic strategies targeting SCI-related inflammation include hor
monal therapy and cytokines, interferons, antibodies, miRNAs, and cell 
transplantation. These approaches generally focus on specific cell types 
or cytokines and not on the primary source of inflammatory cells 
—hematopoietic stem cells (HSCs) [3–7]. SCI-induced disruption of the 
central nervous fibers creates a dispersed spinal autonomic network 
resulting in dysregulation of immune functions in the bone marrow (BM) 
and spleen. This encompasses disparities in the generation of myeloid 
and lymphoid cells within the BM, dysfunctional immune cell counts 
and functions in the spleen, excessive leukocyte infiltration, cytotox
icity, and disruption of leukocyte homing post-SCI [8–19]. Therefore, 
there is an urgent need to target BM HSCs post-SCI to regulate the pe
ripheral immune system, thereby reducing local acute and subacute 
inflammation and ultimately protecting neurons and promoting motor 
function recovery.

As the primary cell lineage responsible for producing red and im
mune cells, HSCs support the regeneration of all blood and immune- 
related cells [20]. HSCs reportedly play a critical role in central ner
vous system diseases and immune system disorders [16,21]. The lineage 
differentiation of HSCs is a strictly regulated process in which a single 
HSC gradually acquires lineage preferences in multiple directions as it 
passes through distinct, hierarchically organized progenitor cell pop
ulations [22]. This process is influenced by infections, inflammatory 
stimuli, hormones, and sympathetic nerves and is regulated by factors 
such as transforming growth factor (TGF)-β, chemokine ligand-2 (CCL2), 
tumor necrosis factor (TNF)-α, C-X-C motif chemokine ligand-12 
(CXCL12) [23–25]. Post-SCI, the BM is affected by trauma, stress, neu
ral regulation, and inflammation, leading to dysregulated hematopoie
sis, marked by an elevated level of granulocyte-macrophage progenitors 
(GMP) and excessive infiltration of myeloid cells at the site of injury 
[16]. The modulations of HSCs by lineage-specific genetic programs to 
mitigate GMP differentiation bias, diminish myeloid cell generation and 
infiltration, and thus improve SCI-induced excessive immune responses 
offers a new and promising therapeutic approach for treating SCI.

Here, we designed and developed Ejiao carbon dots (EJCDs), 
leveraging the ability of carbon dots (CDs) to enhance the bioavailability 
of Ejiao (EJs) and retain its biological efficacy in hematopoiesis and its 

anti-inflammatory ability while improving its cellular uptake and 
metabolism, thereby enhancing its anti-inflammatory properties in 
regulating the systemic immune status post-SCI [26–28]. This study 
presents a novel dual-functional bio-carbon dot design capable of 
regulating the BM and spleen, showing promise as a therapeutic agent 
for SCI.

2. Materials and methods

2.1. EJCDs synthesis

To facilitate dissolution, 0.2 g of powdered Ejiao (Dong-E-E-Jiao) 
was mixed with 10 mL of deionized water and then sonicated for 10 min. 
Thereafter, the blend was introduced into an autoclave lined with pol
ytetrafluoroethylene and subjected to a temperature of 200 ◦C for a 
duration of 12 h in order to induce the reaction. Once the reaction 
mixture cooled to 25 ◦C, it underwent high-speed centrifugation and 
ultrafiltration to remove precursors and macromolecular impurities. 
This was followed by dialysis to separate the carbon dots from low- 
molecular-weight contaminants. The samples were then freeze-dried 
using a vacuum lyophilizer. The solution and freeze-dried powder 
were both kept at a temperature of 4 ◦C for future utilization.

2.2. EJCDs characterization

A JEM-1011 electron microscope was used to capture transmission 
electron microscopy (TEM) images. X-ray photoelectron spectroscopy 
(XPS) measurements were performed using a Thermo Fisher ESCALAB 
XI + surface analysis system. An X’Pert3 Powder&XRK-900 diffrac
tometer was used to acquire X-ray diffraction patterns. Absorption and 
fluorescence spectra were measured at room temperature with a U-T6 
spectrophotometer and an F970Pro fluorescence spectrophotometer, 
respectively. Fourier-transform infrared spectroscopy (FTIR) was per
formed on a Tensor II spectrometer.

2.3. Mice

The study was performed on adult female mice aged 4–6 weeks. All 
mice were housed in a controlled environment free from specific path
ogens, with a maximum of five animals per cage. They were subjected to 
a standard light-dark cycle and provided unrestricted access to water 
and food. Thorough evaluation was conducted for all procedures 
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18F-FDG 18F-fluorodeoxyglucose
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involving animal experimentation, which received official endorsement 
from the Animal Care and Use Committee of Tianjin Medical University 
General Hospital (IRB2023-DW-132). This ensured complete adherence 
to ethical regulations.

2.4. SCI model

A spinal cord contusion model was used to induce SCI. First, mice 
were anesthetized using isoflurane. Following that, the participants’ 
skin was disinfected and subsequently, a meticulous dissection of the 
skin, muscles, and facia took place. This was followed by performing a 
laminectomy at the T10 vertebra to expose the spinal cord. To induce 
controlled contusion on the cord, an Impactor Model III was utilized 
with a 1 mm diameter impactor tip weighing 5 g. The impactor tip was 
released from a height of 12.5 mm for a duration of 3 s. The muscle, 
fascia, and skin were sutured in layers. The mice were allowed to recover 
in their cages, with manual expression of urine performed twice daily, 
and were allowed to drink water and eat food freely. For mice that were 
subjected to splenectomy before SCI, the splenic artery and vein were 
ligated 1 week before the SCI surgery, followed by spleen removal and 
wound closure.

2.5. Small animal imaging

To assess the spatiotemporal distribution of EJCDs post- 
intraperitoneal injection, euthanized mice under isoflurane anesthesia 
were dissected to extract major organs (liver, spleen, lungs, and kid
neys), which were then rinsed in ice-cold phosphate buffer saline (PBS) 
and stored on ice. The IVIS SPECTRUM small animal imaging system 
was utilized for organ imaging.

2.6. Bone marrow HSC flow cytometry

The BM-derived cells underwent treatment with a red blood cell lysis 
buffer (BD Biosciences, San Jose, CA, USA). Cell viability was assessed 
utilizing the Zombie UV™ Fixable Viability Kit (BioLegend, San Diego, 
CA, USA). Single cells were resuspended in flow cytometry staining 
buffer for surface antibody staining. Different cell populations were 
detected through the application of a staining technique on cells derived 
from BM (BMCs) [21,29].

2.7. Mature Cell flow cytometry staining

For subsequent analyses, the mice from each group underwent 
euthanasia with isoflurane inhalation, followed by cardiac perfusion in 
cold PBS. The femur, spleen, and spinal cord were promptly extracted. 
The spinal cord was completely removed, sliced into 1 mm3 pieces, and 
dissociated using the Neural Tissue Dissociation Kit (Miltenyi Biotec, 
Bergisch Gladbach, Germany). BMCs were flushed with ice-cold PBS, 
centrifuged, and collected. Pre-euthanasia peripheral blood (200 μl) was 
collected. Suspended cells were surface-stained with antibodies in 
buffer, followed by detection using a BD LSRFortessa flow cytometer, 
and the data were subsequently analyzed with FlowJo V10 software.

2.8. Colony-forming unit (CFU) assays

Cells from the femurs and spleens of mice were extracted in a 
biosafety cabinet. Cell suspensions were prepared, counted, mixed with 
MethoCult™ GF M3434 (STEMCELL, Vancouver, BC, Canada) contain
ing growth factors, and placed in a 6-well plate. The colonies were 
examined after a period of 10 days, utilizing STEMgrid™-6 on an 
Olympus IX73 microscope. The colonies were identified in accordance 
with predetermined criteria [30].

2.9. Bromodeoxyuridine (BrdU) assay

The proliferative activity of HSCs was evaluated using BrdU incor
poration. BrdU, obtained from MCE (Monmouth Junction, NJ, USA), 
was dissolved in a solution comprising 15 % dimethyl sulfoxide/PBS and 
then administered intraperitoneally to the mice at a dosage of 150 mg/ 
kg for a duration of 24 h prior to sacrifice. Subsequently, flow cytometry 
analysis was conducted by performing intracellular staining for BrdU.

2.10. Enzyme Linked Immunosorbent assay (ELISA)

The BM was rinsed with 1 ml saline, and the supernatant was 
collected after vigorous centrifugation. Plasma was collected from 200 
μl of peripheral blood after resting at 4 ◦C for 30 min. Norepinephrine 
levels were quantified using an ELISA kit provided by Eagle Biosciences 
(New Hampshire, USA).

2.11. Immunofluorescence

Following 3 days of dehydration with a 30 % sucrose solution, 
extracted spinal cord samples were obtained at optimal cutting tem
perature and sliced to 10 μm to obtain frozen tissue sections. After 
blocking, frozen sections were incubated with primary antibodies 
overnight at a temperature of 4 ◦C. Subsequently, the sections under
went washing using tris-buffered saline supplemented with tween 20 
(TBST) before being fluorescently labeled with secondary antibodies 
during another overnight incubation at 4 ◦C. Finally, the sections were 
mounted using a medium that contains 2,4-diamino phenylindole 
(Abcam, Cambridge, UK), and captured with a ZEISS A900 microscope. 
Data were analyzed via ImageJ software.

2.12. Multiplex cytokine assay

BM supernatant and spleen were gathered and preserved at − 80 ◦C 
until analysis. A 31-plex cytokine and chemokine panel was analyzed 
using Luminex-based multiplex bead technology. In line with the 
guidelines provided by the manufacturer, all tests were conducted using 
a Luminex-100 system (Bio-Rad, Hercules, CA, USA). The collected data 
was analyzed utilizing Data Pro Manager 1.02.

2.13. Bacterial culture

Peripheral blood was collected from the medial canthus veins of 
mice, and 100 μL of blood was spread on a ready-to-use Columbia blood 
agar ready-to-use plate with using a disposable plastic spreader. The 
plate was then inverted and incubated at 37 ◦C for 24 h to observe 
bacterial colony formation.

2.14. Sequencing

The SMART-Seq v4 Ultra Low Input RNA Kit (Clontech) offers a 
comprehensive approach to preparing low-input RNA libraries. This 
process started with the conversion of RNA to a cDNA library, followed 
by a purification step that targets a specific size range of 150–300 base 
pairs. Adapters were then added to the cDNA using polymerase chain 
reaction (PCR), preparing the library for sequencing. The library quality 
was rigorously assessed using an Agilent 2100 Bioanalyzer to check the 
appropriate size distribution and concentration. Finally, the library was 
sequenced on an Illumina platform using a 2 × 150 bp paired-end 
sequencing protocol.

2.15. Real-Time quantitative PCR

The total RNA was isolated from the spleen using TRIzol reagent 
(Invitrogen, California, USA). Subsequently, first-strand cDNA synthesis 
SuperMix was utilized for reverse transcription. For PCR amplification, 
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the Opticon 2 Real-Time PCR detection system (Bio-Rad) was employed.

2.16. Catwalk Gait Analysis

Mice scheduled for Catwalk gait analysis (Noldus, Wageningen, 
Netherlands) underwent acclimatization in a completely dark room. The 
mouse’s footprints on a clean glass runway were captured after each 
animal’s test. Following the test, footprint analysis was performed using 
the system’s software.

2.17. Motor-evoked potentials analysis

Motor-evoked potentials were monitored using an evoked potential 
monitor. Mice were prepared by shaving their head, back, and bilateral 
limbs, followed by disinfection with povidone-iodine. The motor evoked 
potentials were recorded according to the manufacturer’s guidelines, 
and reports were generated for subsequent statistical analysis.

2.18. Ultrasonography

Mice were anesthetized with isoflurane, and once anesthetized, hair 
removal cream was applied to their lower abdomen. After cleaning, the 
mice were fixed on an operating table. Upon starting the high-resolution 
small animal ultrasound imaging system (Vevo 2100; VisualSonics, 
Toronto, ON, Canada), a standard probe was applied with ultrasound 
coupling gel to the abdomen to locate the bladder. Measurements of 
maximum width, depth, and height were performed in different planes 
to estimate residual urine volume.

2.19. Positron emission Tomography-Computed Tomography (PET-CT)

BM cell activity was assessed with in vivo PET imaging with 18F-flu
orodeoxyglucose (18F-FDG) (InliView-3000B) at 3 days post injury (3 
DPI). One hour prior to the scanning procedure, an intravenous injection 
of 200 μCi of 18F-FDG was administered. The mice were then subjected 
to scanning using a mini-PET-CT scanner (Novel Imaging, Beijing, 
China) that captured images across an 80 cm × 80 cm field (160 pixels ×
160 pixels). These images were subsequently reconstructed into three- 
dimensional projections with dimensions of 336 pixels × 160 pixels ×
160 pixels. Standardized Uptake Values (SUVs) were measured on CT 
images of the vertebrae, manubrium, and femur to evaluate the levels of 
radioactivity.

2.20. Magnetic Resonance imaging (MRI)

The images were acquired using a 9.4-T MRI scanner (Bruker) at a 
time point of 14 DPI. To obtain spinal cord T2-weighted images, we 
employed a fat-suppression rapid acquisition with relaxation enhance
ment sequence (repetition time: 1600 ms; echo time: 32 ms; slice 
thickness: 0.5 mm). The quantification of lesion volumes was conducted 
using ImageJ software.

2.21. Drug administration

The BMCs were treated with FzM1(MCE) at a concentration of 10 μM 
in combination with EJCDs for an in vitro CFU assay. In the in vivo 
experiment, a solution of FzM1 was prepared by dissolving it in a 
mixture of DMSO, PEG300, Tween-80, and saline. The final concentra
tion achieved was 50 mg/kg. Following surgery, mice were treated with 
a combination of EJCDs and FzM1 through intraperitoneal injection 
once daily until tissue collection.

2.22. Western blot

At 28 days post-SCI, spinal cord tissue was collected, and total pro
tein was extracted using RIPA buffer and quantified by BCA assay. Equal 

protein amounts were analyzed by SDS-PAGE, transferred to PVDF 
membranes, and probed with antibodies against NF200, GFAP, MBP, 
and GAPDH. Protein bands were detected via ECL and quantified with 
ImageJ to assess changes in target protein expression.

2.23. Antibodies and Primers

Antibodies for the flow cytometric and immunofluorescence analyses 
used in this study are listed in Supplementary Tables 1 and 2

2.24. Statistical analysis and reproducibility

The statistical software GraphPad Prism (version 9.5.8) was utilized 
for conducting group comparisons through one-way analysis of variance 
(ANOVA), two-way ANOVA, and Tukey’s post hoc test. Differences be
tween groups were assessed using a two-tailed unpaired t-test. The data 
were presented as the mean ± standard error of the mean (SEM). Each 
experiment was repeated at least three times.

3. Results

3.1. Preparation, characterization, and biological functions of EJCDs

In this study, we successfully synthesized EJCDs with excellent 
immunomodulatory effects from donkey-hide gelatin using a hydro
thermal method (Fig. 1). Using TEM, we observed that EJCDs are uni
formly dispersed nanoparticles with a quasi-spherical morphology and 
an average particle diameter of 2.13 ± 0.635 nm, facilitating smooth 
penetration of biological barriers (Fig. 2A and B). High-resolution TEM 
analysis identified a lattice fringe spacing of 0.21 nm, which coincided 
with the (100) crystal plane of graphitic carbon (Fig. 2A). The CDs 
exhibit high stability in phosphate-buffered saline solution (Fig. S1). The 
zeta potential of EJCDs in deionized water, measured using a nano
particle size and zeta potential analyzer, was − 17.53 ± 0.6839 mV 
(Fig. 2C). We employed XPS to identify the elemental components and 
their chemical states on the surface of EJCDs. The primary elements 
detected were carbon, nitrogen, and oxygen, with energy peaks at 
approximately 284.39 eV, 399.24 eV, and 531.04 eV, respectively 
(Fig. 2D). The X-ray diffraction pattern of EJCDs exhibited a broad peak 
at 2θ = 22◦, indicating the amorphous nature of graphitic carbon on its 
(100) plane (Fig. 2E). Further examination of the surface components 
using FTIR revealed a broad absorption band at 3430 cm− 1 associated 
with stretching vibrations of O-H and N-H. Continuous peaks observed 
at 2940 and 2872 cm− 1 were indicative of symmetric and asymmetric 
stretching vibrations of C-H bonds, respectively. Peaks detected at 1661, 
1406, and 1088 cm− 1 corresponded to the stretching vibrations of C=C, 
C–N, and C–O bonds. The FTIR and XPS findings revealed the existence 
of amino acid-derived functional groups in EJCDs, encompassing amino, 
carboxyl, hydroxyl, and methyl groups that consist of elements such as 
C, O, and N. (Fig. 2F). Photoluminescence is a characteristic feature of 
CDs that makes them suitable for cell imaging and tracking. Under light 
excitation, CDs emit light, which facilitates cell labeling for tracking 
drug distribution to assess therapeutic effects. Three-dimensional fluo
rescence emission spectra revealed increased emission and excitation 
wavelengths attributed to the normal size distribution in EJCDs 
(Fig. 2G). Ultraviolet–visible absorption spectra revealed two weak ab
sorption bands near 271 nm and 330 nm corresponding to π–π* transi
tions of conjugated C=C bonds in the carbon core, as well as n–π* 
electronic transitions of surface functional groups such as C=O and C=N 
(Fig. 2H). The optimal excitation wavelength was 395 nm, with a 
maximum emission peak of 472 nm (Fig. 2I).

Stable cellular uptake of drugs is a fundamental prerequisite for 
therapeutic efficacy [30]. BM, the site of hematopoiesis, houses critical 
cells, HSCs, and progenitor cells (HSPCs), which are pivotal for pro
ducing red blood cells and replenishing peripheral immune cells. 
Initially, we demonstrated the high biological safety of EJCDs in 
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C57BL/6 mice and their BMCs (Fig. 3A–S2 and S3). In vitro CFU assays 
of BMCs treated with varying concentrations of EJs and EJCDs demon
strated a positive correlation between the concentration of EJCDs and 
the formation of burst-forming unit-erythroid (BFU-E) and CFU that 
generates myeloid cells (CFU-GMEE) colonies, exhibiting significant 
differences compared with the EJ group (Fig. 3B). The increase in 
5-ethynyl-2′-deoxyuridine (EdU)-positive cell counts indicates an in
crease in BMCs numbers, possibly due to EJCDs-induced proliferation of 
BMCs (Fig. 3C). To explore the impact of EJCDs on HSCs in vivo, we 
administered gradient concentrations of EJCDs to mice via intraperito
neal injection. Mouse CFU assays showed a proportional relationship 
between the concentration of EJCDs (at doses below 50 mg/kg) and the 
numbers of mouse BM-derived BFU-E and CFU-GMEE colonies. 
Furthermore, compared with an equivalent dose of EJs, the effects 
induced by EJCDs were significantly higher, likely due to their enhanced 
ability to penetrate biological barriers (Fig. 3D).

To investigate the cellular uptake of EJCDs in BMCs in vivo, we used 
flow cytometry to monitor the uptake of EJCDs in BMCs in vivo. The 
results showed that Indo-1 violet-A (Filter 450/50) was the optimal 
channel for detecting EJCDs, with BMCs reaching peak fluorescence 
within 1 h (Fig. 3E and S4). Given the excellent fluorescence stability of 
EJCDs, further monitoring of EJCDs distribution was conducted. C57BL/ 
6 mice received an intraperitoneal injection of EJCDs at 50 mg/kg. At 
various time intervals, the mice were euthanized, and major organs 
(such as liver, spleen, lungs, and kidneys) were harvested for in vivo 

imaging purposes. The results indicated that EJCDs primarily accumu
lated in the liver and kidneys (Fig. S5). The structural characteristics, 
small particle size, stability, high bioavailability, exploitation degree, 
and biological function of BMCs confirmed the potentially significant 
biological value of EJCDs.

3.2. Regulation of HSC proliferation and differentiation by EJCDs

The regeneration of blood cells, including erythrocytes and leuko
cytes, is a complex process involving the proliferation, differentiation, 
and migration of HSCs. Previous studies have confirmed that SCI affects 
hematopoietic function in humans and mice, resulting in post-injury 
anemia and dysregulation of the immune system [16,31–33]. To 
investigate the effects of EJCDs on HSC function following spinal cord 
injury, we established a C57BL/6 wild-type spinal cord contusion mouse 
model and utilized multi-color flow cytometry to observe these cells in 
the BM. We observed that after EJCDs administration, there was an in
crease in both the absolute number of LSK cells and long-term HSCs 
(LT-HSCs) in the femurs of mice, as well as their proportions relative to 
Lin− cells. The most significant increase occurred on day 3 (Fig. 4A–B 
and S6). To assess the reasons for changes in HSC numbers, we used 
BrdU to evaluate the proliferation of LSK cells and LT-HSC populations. 
Compared with vehicle-injected mice, those injected with EJCDs 
exhibited significantly enhanced proliferation of LSK cells and LT-HSCs. 
LSK cells proliferation continued until 14 DPI, whereas LT-HSC 

Fig. 1. Schematic Representation of EJCDs Modulating the Immune System to Repair Spinal Cord Injury in the Bone Marrow and Spleen. (Material 
Preparation): EJCDs were obtained from Ejiao through grinding and hydrothermal purification processes. EJCDs were administered intraperitoneally to C57BL/6 
mice with spinal cord injuries, where they modulate the immune system to alleviate local inflammatory cells infiltration, reduce inflammation levels, and promote 
neural repair and motor function recovery in the mice. (Bone Marrow): EJCDs increase the presence of FZD4 on the surface of lineage-negative, Sca-1 positive, c-Kit 
positive cells and exhibit a strong binding affinity to FZD4 via a specific peptide. This interaction facilitates the self-renewal of HSCs and MPPs, as well as regulating 
their differentiation trajectory by promoting erythroid differentiation while concurrently reducing myeloid differentiation. This decrease in white blood cells pro
duction impedes the migration of macrophages from the BM to the peripheral blood. (Spleen): EJCDs downregulate the expression of CCAAT enhancer binding 
protein β, decrease the secretion of inflammatory cytokines, reduce the differentiation of monocytes into macrophages, and lessen the migration of mature mac
rophages to peripheral blood. (Spinal Cord): Due to the dual modulation of the BM and spleen, the infiltration of macrophages and monocytes in peripheral blood 
decreases, while the proportion of anti-inflammatory macrophages and monocytes increases in the spinal cord, which protects residual neurons and promotes neural 
function repair.
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Fig. 2. Characteristics of EJCDs. A: TEM and high-resolution TEM images of EJCDs; B: Particle size distribution of EJCDs determined from TEM images; C: Zeta 
potential of EJCDs in aqueous solution measured using a nanoparticle size and zeta potential analyzer; D: Total X-ray photoelectron spectroscopy (XPS) spectrum, 
high-resolution C1s spectrum, high-resolution O1s spectrum, and high-resolution N1s spectrum; E: X-ray diffraction (XRD) patterns; F: Fourier-transform infrared 
spectroscopy (FTIR) spectrum of EJCDs; G: Three-dimensional fluorescence spectra of EJCDs; H–I: Optical properties of EJCDs: ultraviolet–visible absorption 
spectrum, fluorescence excitation spectrum (blue line), and emission spectrum (purple line).

Fig. 3. Biological Functions of EJCDs. A: Cell viability and death ratio in mouse BMCs treated with various concentrations of EJCDs for 24 h assessed using live/ 
dead staining. (n = 5); B: Number of BFU-E and CFU-GMEE colonies formed by 3 × 105 mouse BMCs cultured for 10 days with various concentrations of EJCDs. (n =
6); C: BMCs treated with 400 μg/ml EJCDs for 24 h, followed by incubation with 10 μM EdU for 24 h. EdU-positive (red) cells and Hoechst 33342-stained nuclei 
(blue) are detected. The proportion of EdU-positive cells in the BM cell population is measured. (n = 8). Scale bar, 200 μm; D: Number of BFU-E and CFU-GMEE 
colonies formed by 3 × 105 mouse BMCs extracted from mice 3 days post-intraperitoneal injection of various concentrations of EJCDs and cultured for 10 days. 
(n = 6); E: Proportion of Indo-1 violet-positive BMCs in mice after intraperitoneal injection of 50 mg/kg EJCDs, analyzed using flow cytometry.
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proliferation persisted until 7 DPI (Fig. 4C–F). Employing PET-CT 
scanning with 18F-FDG in murine subjects, we observed an elevation 
in 18F-FDG uptake within the vertebrae, femur, and sternum of 
EJCDs-treated mice compared with vehicle-treated mice, indicating 
enhanced metabolic activity in BMCs following EJCDs injection 
(Fig. 4G–H). To further quantify the effects of EJCDs on HSCs in mice 
post-SCI, Procr-2A-tdTomato mice, expressing red fluorescent protein 
(tdTomato) exclusively in HSCs and multipotent progenitor cells 
(MPPs), were used in this experiment. We discovered that on 3 DPI, both 
the count and BrdU incorporation in HSCs were significantly augmented 
in the EJCDs-treated Procr-2A-tdTomato mice, consistent with previous 
findings in the C57BL/6J mice (Fig. 4I–K).

HSCs possess the capability for multilineage differentiation. To 
provide additional insights into the effects of EJCDs on this diverse 
populations of cells, both in terms of their physical characteristics and 
functional consequences, we quantitatively analyzed changes in HSPCs 
population post-SCI in C57BL/6 mice using flow cytometry. Gating 
strategies were employed to distinguish separate cellular populations at 
various time intervals following the injury (Figs. S7 and S8). [21,34]. 
Compared with the vehicle group, both absolute values and percentage 
of megakaryocyte-erythroid progenitor (MEP) cells dramatically 
increased on days 3, 7, and 14 post-injury in the EJCDs group, reaching a 
peak on 3 DPI (Fig. 4L–M). Conversely, there was a pronounced decrease 
in absolute values and percentage of myeloid progenitor GMP cells on 3, 
7, and 14 DPI compared with those in the vehicle group and Ejs group 
(Fig. 4N–O and S9). BrdU uptake experiments indicated an enhanced 
proliferative capacity in common myeloid progenitor (CMP) and MEP 
cells populations within the EJCDs group, likely attributed to increased 
numbers and proportions of CMP and MEP, as demonstrated which flow 
cytometry data (Fig. S10). There was no discernible difference between 
the vehicle and EJCDs groups regarding common lymphoid progenitor 
(CLP) cells representing lymphoid progenitors (Fig. S11). MPPs exhibi
ted distinct profiles in differentiation potential and bias [29]. Flow 
cytometry analysis revealed an increase in MPP2 and MPP3 cell 
numbers within the EJCDs group, consistent with previous findings 
(Fig. S12). CFU assays depicted the functionality of HSPCs, including 
their proliferative capacity and differentiation potential. In BFU-E and 
CFU-GMME colony formation assays, the EJCDs group exhibited notably 
enhanced colony-forming ability, with the number and size of colonies 
markedly increasing, particularly CFU-GMME. This effect was particu
larly evident from 3 DPI to 7 DPI, indicating an acute response of EJCDs 
in regulating hematopoiesis after SCI (Fig. S13). Peripheral blood counts 
in mice indicated that EJCDs, exhibited enhanced erythropoietic activity 
compared with EJ and the vehicle group (Fig. S14). Simultaneously, the 
use of EJCDs did not significantly increase the susceptibility of mice to 
pathogens (Fig. S15). Coagulation function tests demonstrate that EJCDs 
do not impair the coagulation ability of mice, eliminating the risk of 
EJCDs-induced postoperative bleeding and thrombosis in mice 
(Fig. S16).

3.3. Effect of EJCDs on bone marrow myeloid Cell production and 
migration

Because of the short lifespan of monocytes post-SCI, the peripheral 
blood monocyte level is quickly depleted, mobilizing hematopoietic 
cells to maintain dynamic equilibrium within the body [35,36]. We 
analyzed the number and proportion of mature myeloid cells in the BM 
of C57BL/6 mice post-SCI, comparing the EJCDs-treated group with the 
vehicle control group. Utilizing high-throughput flow cytometry, it was 
observed that the EJCDs-treated group exhibited a decrease in monocyte 
count within the BM after SCI, while no significant variation was found 
in neutrophil count. These findings are consistent with previous out
comes. (Fig. 5A–B and S17). The percentage and number of macro
phages in the BM increased (Fig. 5C). Given the decrease in the number 
and proportion of monocyte precursors, GMP, and monocytes, we 
analyzed BrdU incorporation in macrophages to assess their 

self-proliferation. We found similar BrdU incorporation between mac
rophages and CD45+ leukocytes in both vehicle and EJCDs-treated 
groups (Fig. 5D and E), excluding the possibility that EJCDs promote 
the proliferation of resident BM macrophages.

To verify whether the increased number of monocytes was associated 
with reduced migratory capacity, we examined the ratio of monocytes 
and macrophages in the peripheral blood at similar time points and 
compared it with that in the BM. There was a proportional relationship 
between cells in the peripheral blood and those in the BM. These pro
portional relationships are crucial for clinicians in diagnosing, treating, 
and monitoring hematological diseases [37–39]. The results showed an 
evident decrease in the proportion of peripheral blood macrophages 
within 3–7 DPI in the EJCDs-treated group. However, changes to 
monocytes were minimal (Fig. 5F–I). These results suggest that EJCDs 
may restrict the migration of macrophages from the BM. We assessed 
CCR2 expression in monocytes and macrophages in the BM. The pro
portion of CCR2-positive macrophages decreased in the EJCDs-treated 
group, explaining the main reason for the accumulation of macro
phages in the BM (Fig. 5J). We conducted an examination of the bio
logical functions of monocytes and macrophages in the BM after 
undergoing EJCDs treatment. Utilizing high-throughput flow cytometry 
analysis, we observed a rise in the expression levels of CD169+ ARG1+

within this particular subset of macrophages (Fig. 5K). This macrophage 
subtype contributes to the maintenance of HSCs in the BM [40,41]. 
Furthermore, we analyzed the expression of Ly6C in monocytes and 
observed a considerable rise in Ly6Chi monocytes in the BM of the 
EJCDs-treated group post-SCI (Fig. 5L). These cells, typically associated 
with acute inflammatory responses, are more likely to migrate to 
inflamed tissues and differentiate into macrophages or dendritic cells, 
which participate in immune responses and offer protection against 
neural injury [42]. These findings revealed that EJCDs exhibit note
worthy potential for regulating peripheral immune homeostasis post-SCI 
by inhibiting the outward migration of macrophages from the BM.

3.4. EJCDs inhibit local inflammatory responses after SCI and promote 
motor function recovery in mice

Considering the significant reduction in leukocytes and monocytes in 
the bloodstream of mice administered with EJCDs, we hypothesized that 
cell infiltration at the site of SCI would also be mitigated [35,43,44]. We 
employed high-throughput flow cytometry to examine different cell 
subpopulations in the spinal cord during the initial, subsequent, and 
transitional stages of the immune response following SCI, specifically on 
days 1, 3, and 14. The findings demonstrated that the EJCDs group 
exhibited a significantly reduced number of infiltrating white blood cells 
compared with the control group at various stages of the injury 
(Fig. S18). To eliminate the impact of spleen-resident monocytes and 
macrophages on the experimental results, we performed splenectomy on 
C57BL/6 mice 1 week before inducing SCI, followed by EJCDs treat
ment. The control group underwent splenectomy and received vehicle 
treatment (Fig. 6A). EJCDs reduce the proportion of monocytes and 
macrophages in the spinal cord at 3 DPI and 7 DPI, regardless of whether 
a splenectomy was performed (Fig. 6B and S19-20). Further analysis of 
the relationship between monocytes and macrophages revealed 
increased Ly6Clow monocytes in the spinal cord of EJCDs-treated mice. 
These non-classical patrolling monocytes express immunoregulatory 
cytokines, notably CD206 and interleukin-10 (IL-10) [45]. These cells 
voluntarily survey the vascular endothelium during inflammation and 
quickly return to the injury site; however, the number of Ly6Chi 

monocytes decreased (Fig. 6C and D). Similarly, IL10-positive cells in 
the spinal cord increased following SCI (Fig. 6E). As the differentiation 
of monocytes into macrophages occurred, there was a notable increase 
in the population of CD206+ macrophages, while a significant decrease 
was observed in the number of CD86+ macrophages within the spinal 
cord of C57BL/6 mice treated with EJCDs. (Fig. 6F and G).

Immunofluorescence staining revealed that EJCDs substantially 
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reduced the infiltration of INOS+ CD68+ myeloid cells and increased the 
proportion of ARG1+ and CD68+ myeloid cells (Fig. S21). Additionally, 
Catwalk gait analysis showed that EJCDs-treated mice exhibited 
enhanced motor function in the hind limbs, reduced overuse of fore
limbs, and enhanced gait regularity post-SCI, contributing to the re
covery of locomotor function (Fig. 6H and S22). Electrophysiological 
testing of the spinal cord’s internal electrical signal conduction sug
gested that the latency of the action potential was reduced and the 
amplitude increased in the EJCDs group compared to the vehicle group, 
indicating that EJCDs enhance the conduction of motor electrical signals 
after SCI (Fig. 6I). In addition, the therapeutic effects of EJCDs on SCI 
manifested in the recovery of urinary function and a reduction in the 
magnitude of the injury in the epicenter (Fig. S23). These findings 
revealed that EJCDs conspicuously regulate the peripheral immune 
system, reduce inflammatory responses in injury sites, and promote the 
recovery of motor functions.

3.5. EJCDs suppress splenic immune Cell Output after SCI

The spleen serves two important functions, acting as a filter for red 
blood cells and playing a vital part in the functioning of the immune 
system. Furthermore, it contains a diverse array of immune cells that 
play crucial roles in both typical and atypical physiological circum
stances [46–48]. We investigated the immune relationship between the 
spleens of mice treated with EJCDs and those treated with vehicle 
control. Gross examination revealed no significant difference in the 
spleen weight; however, the spleen/body weight ratio was lower in mice 
treated with EJCDs than in mice treated with the vehicle (Fig. 7A). 
Under certain pathological conditions, HSCs can migrate from the BM to 
extramedullary organs for extramedullary hematopoiesis [49]. Flow 
cytometric analysis showed no significant differences in LSK cells and 
HSCs in the spleens and peripheral blood of EJCDs-treated mice and 
vehicle-treated mice (Fig. S24). Hematoxylin and eosin (H&E) staining 
showed an enlarged red pulp region in the spleens of mice treated with 
EJCDs, possibly due to a rise in the erythrocyte ratio (Fig. 7B). Flow 
cytometric analysis of immune cell numbers and proportions within the 
spleen at different time points showed a reduction in myeloid cell 
numbers in the EJCDs group, with no significant changes in lymphocytes 
(Fig. 7C and S25).

High-throughput nanostring transcriptome screening and multiplex 
protein sequencing were used to determine the molecular characteristics 
of splenic cells exposed to EJCDs to explore the effect of EJCDs on the 
spleen at genetic and protein levels in mice post-SCI. Mice were sacri
ficed on 3 DPI to extract the spleen when the peak difference in pe
ripheral immune levels occurred. The principal component analysis 
results revealed reproducibility among three biological replicates. They 
highlighted the differences between the groups (Fig. 7D), showing that 
the spleens exposed to EJCDs had unique expression characteristics. An 
unbiased analysis of the splenic cell transcriptome revealed that, 
compared with that in the controls, 855 transcripts were upregulated, 
and 2051 transcripts were downregulated in the EJCDs group. Gene set 
enrichment analysis (GSEA) revealed major changes in genes involved in 
the immune response pathways (Fig. 7F and S26). The GSEA findings 
revealed that, in comparison to the control group, there was a notable 

decrease in the expression of various immune-related pathways within 
the spleen among individuals receiving treatment. This suggests that the 
therapeutic intervention may exert inhibitory effects on immune func
tions specifically localized in the spleen (Fig. 7G). In the spleens of 
EJCDs-treated mice, CEBPB was significantly suppressed, as confirmed 
by RT-PCR, indicating that EJCDs achieve immunoregulation by inhib
iting the maturation and functionalization of monocytes (Fig. 7H). 
Multiplex assays analyzing cytokine levels in splenic cells showed re
ductions in key monocyte chemotactic and inflammatory factors, 
including CCL5, CCL19, CCL20, IL-16, and TNF -α (Fig. 7I and S27). 
Overall, these data illustrate that EJCDs reduce inflammatory responses 
at the injury site by suppressing the mobilization of myeloid cells within 
the spleen.

3.6. EJCDs modulate HSCs proliferation and differentiation through the 
FZD4-Wnt pathway to repair SCI

The activity of HSCs is regulated through a coordinated interplay of 
extrinsic and intrinsic signals [50]. To investigate the molecular differ
ences in BM HSCs induced by EJCDs, ELISA results showed a decrease in 
serum norepinephrine concentrations on 3 DPI in EJCDs-treated mice 
(Fig. S28). In the BM supernatant of mice treated with EJCDs, multiplex 
analysis revealed notable increases in CCL19 and CXCL12 and re
ductions in CXCL11 and IL-2 (Fig. S29). LSK cells were isolated from the 
femurs of mice on 3 DPI, coinciding with the peak of LSK cells activity. 
The principal component analysis demonstrated reproducibility among 
three biological replicates. It highlighted the differences between groups 
(Fig. 8A), indicating unique expression characteristics in the femoral 
LSK cells population exposed to EJCDs. Unbiased analysis of the LSK 
cells transcriptome indicated that there was an increase in 768 tran
scripts and a decrease in 2031 transcripts following EJCDs treatment in 
mice, as compared to the control group (Fig. 8B). According to the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) enrichment analysis re
sults, these genes indicated significant impacts on HSC lineage, 
porphyrin metabolism, and cytokine–cytokine receptor interaction 
(Fig. 8C).

Additionally, in LSK cells derived from SCI mice, there was a notable 
upregulation of FZD4 (Fig. 7D), a critical component of the Wnt 
signaling pathway, serving a crucial function in cell proliferation, dif
ferentiation, and development [51–53]. Flow cytometry also showed an 
increase in FZD4 expression in LSK cells collected at 3 DPI treatment 
with EJCDs (Fig. 8E). Prior research has established the involvement of 
FZD4 in HSC development [54–57]. We then used an effective FZD4 
antagonist, FzM1, to block its activity in HSCs both in vitro and in vivo. 
CFU assays revealed that FzM1 reduced the number and clone size of 
BFU in vitro and in vivo (Figs. S30 and S31). In C57BL/6 mice post-SCI, 
FzM1 eliminated the increase in HSCs numbers and their proliferation in 
the BM induced by EJCDs (Fig. 8F and S32), altered the immune cell 
homeostasis in the BM and peripheral blood (Fig. 8G–S33 and S34), and 
increased the numbers of myeloid progenitors and Ly6Clow monocytes 
(Fig. 8H). Moreover, FzM1 reduced the infiltration of Ly6Clow mono
cytes at the injury site, but had no significant effect on the polarization 
phenotype of the infiltrating macrophages (Fig. 8I–J and S35). FzM1 
induced local immune state changes that led to worse motor function 

Fig. 4. EJCDs Promote the Proliferation of HSCs and Regulate their Lineage Differentiation After SCI. A–B: Impact of EJCDs treatment at various time points 
post-SCI on hematopoietic progenitor cell numbers. A: Frequency and absolute numbers LSK cells of within the Lin− cells determined (1 DPI and 3 DPI: n = 8; 7 DPI 
and 14 DPI: n = 6); B: Frequency and absolute numbers of LT-HSC within Lin− cells measured (1 DPI and 3 DPI: n = 8; 7 DPI and 14 DPI: n = 6); C–F: Effects of EJCDs 
administration at various time points post-SCI on HSC proliferation. C: BrdU incorporation in LSK cells at different time points; D: Frequency and absolute numbers of 
BrdU-positive LSK cells (1 DPI and 3 DPI: n = 8; 7 DPI and 14 DPI: n = 6); E: BrdU incorporation in LT-HSC cells at different time points; F: Frequency and absolute 
numbers of BrdU-positive LT-HSC cells (1 DPI and 3 DPI: n = 8; 7 DPI and 14 DPI: n = 6); G–H: 18F-FDG-PET/CT imaging to assess BM metabolism. G: PET-CT 
Imaging of Mice. H, Uptake of 18F-FDG in the sternum, femur, and vertebrae (n = 3); I–K: Procr-2A-tdTomato mouse model of SCI, where tdTomato expression 
is restricted to HSCs and MPPs. I: Flow cytometry image showing tdTomato+ BMCs on 3 DPI. J: Bar graph displaying the frequency of tdTomato+ BMCs. K: Bar graph 
showing BrdU incorporation in tdTomato+ BMCs (n = 6); L–O: Effects of EJCDs administration at different time points post-SCI on HSC lineage changes. L: MEP, 
GMP, and CMP at different time points; M: Proportions of MEP, GMP, and CMP on 3 DPI. N: Absolute number and frequency of GMP at different times; O: Absolute 
number and frequency of MEP at different times (1 DPI and 3 DPI: n = 8; 7 DPI and 14 DPI: n = 6). ****p < 0.0001.
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recovery and spinal cord electrophysiological capacity in mice, 
compared to EJCDs (Fig. 8K-L and S36-37). Western blot results showed 
that FzM1 increased glial scar formation (GFAP) while reducing the 
expression of neurofilaments (NF200) and myelin proteins (MBP) 
(Fig. S38). We identified the two peptides, MGPAGPQ and MGPAGPAG, 
with the highest EJCDs content using LC-MS/MS analysis. Subsequently, 
employing AutoDock Vina software, we computationally determined 
that these two peptides exhibit a robust binding affinity to FZD4 on the 

cellular membrane (Fig. 8M). The results showed that post-SCI in mice, 
EJCDs enhance HSC proliferation through the FZD4–Wnt pathway, 
promoting differentiation towards the MEP lineage while reducing the 
mobilization of monocytes and macrophages in the BM. This reduction 
in local immune cell infiltration and early inflammatory response sub
sequently improves motor function recovery post-SCI.

Fig. 5. EJCDs Regulate Bone Marrow Microenvironment Homeostasis. A: Flow cytometry plots showing gating strategies for BM monocytes, macrophages, 
neutrophils, Ly6Clow monocytes, and Ly6Chi monocytes; B–C: Effects of EJCDs administration at different time points post-SCI on myeloid cell numbers in the BM. B: 
Frequency and absolute numbers of monocytes determined (1 DPI, 3 DPI and 7 DPI: n = 8; 14 DPI: n = 6); C: Frequency and absolute numbers of macrophages 
determined (1 DPI, 3 DPI and 7 DPI: n = 8; 14 DPI: n = 6); D–E: Proliferation of myeloid cells on 3 DPI in the experimental and control groups. D: BrdU incorporation 
in macrophages measured (n = 8); E: BrdU incorporation in CD45+ cells measured (n = 8); F–I: The experimental and control groups at different time points after 
spinal cord injury, BM mononuclear cells, and macrophage migration. F–G: Experimental and control groups after SCI at a specific time point: the absolute number of 
white blood cells in the peripheral blood (n = 6); H–I: The number of leukocytes in the BM/peripheral blood at specific time points after spinal cord injury in the 
EJCDs and vehicle groups (n = 6); J: Expression of CCR2 in macrophages in the BM on 3 DPI in the experimental and control groups (n = 5); K: Expression of CD169 
and ARG1 in macrophages in the BM on 3 DPI in the experimental and control groups (n = 6); L: The frequency and total count of Ly6Chi mononuclear cells in the BM 
at various time intervals following spinal cord injury (1 DPI, 3 DPI and 7 DPI: n = 8; 14 DPI: n = 6).

J. Li et al.                                                                                                                                                                                                                                         Bioactive Materials 45 (2025) 534–550 

543 



4. Discussion

In this study, we developed a novel and promising therapy for SCI 
that targets immune dysregulation in the spleen and BM, unlike con
ventional treatments that primarily focus on alleviating symptoms at the 
injury site [58–60]. The BM, which houses the HSCs, stands at the apex 
of all immune cells in the body while the spleen serves as the principal 
reservoir for these immune cells. Existing research indicates that 
post-SCI anomalies in nerve conduction and hormone levels lead to 
systemic immune system and immune organ dysfunction [15,61]. Im
balances in immune organs result in the excessive activation of in
flammatory cells following SCI, exacerbating secondary damage and 
further impairing neural function. The interplay between neural func
tion impairment and persistent immune cell infiltration creates a vicious 
cycle, aggravating early motor function deficits post-SCI. Current 
treatments, such as corticosteroids or cell transplantation, target 

inflammatory responses at the injury site but fail to disrupt this cycle 
[62,63]. Our findings suggest that regulating the primary sources of 
infiltrating myeloid cells post-SCI, namely the BM and spleen, can 
significantly enhance recovery.

In recent years, the application of nanotechnology in biomedicine 
has garnered extensive attention, particularly CDs, due to their prepa
ration process, structure, and physicochemical properties [64,65]. With 
their small particle size, simple purification techniques, and ease of 
post-modification, CDs can effectively deliver drugs across the 
blood-brain barrier to lesion sites, enhancing their efficacy in the central 
nervous system and hematopoietic cells [66–69]. Previous studies have 
demonstrated that donkey-hide gelatin, known as EJs, can modulate the 
immune system by enhancing HSCs proliferation and improving the BM 
microenvironment [70–72]. However, the practical application of this 
compound in clinical settings has been constrained due to its limited 
water solubility and low bioavailability. Our study reveals that by 

Fig. 6. EJCDs Promote Functional Recovery After SCI. A: Schematic illustration of EJCDs-induced functional recovery after SCI; B: Frequency of monocytes and 
macrophages as a percentage of all live cells in the spinal cord 3 DPI (n = 6); C–D: Frequency of Ly6Chi and Ly6Clow monocytes within all live spinal cord cells on 3 
DPI (n = 6); E: Frequency of IL-10+ cells among all myeloid cells in the spinal cord on 3 DPI (n = 6); F–G: Frequency of CD206+ and CD86+ macrophages within all 
live spinal cord cells on 3 DPI (n = 6); H–I: Assessment of motor function recovery 6 weeks post-SCI, H: Evaluation of hindlimb functional recovery in mice using 
Catwalk Gait Analysis (n = 6); I: Electrophysiological assessment measuring motor-evoked potential conduction amplitude and latency in the spinal cord (n = 6). 
Fig. 6A created in BioRender. Hongda Wang (2024). https://BioRender.com/z78z546.
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preparing EJCDs from EJ, their ability to promote HSC proliferation and 
shift differentiation towards erythroid cells is further enhanced. Three 
days post-SCI, EJCDs significantly reduce the number of inflammatory 
cells in peripheral blood and at the injury site and lower the spleen’s 
inflammation levels.

The superior performance of EJCDs compared to EJs can be attrib
uted to several factors. First, EJCDs possess hydrophilic functional 
groups, which significantly enhance their dispersion and stability in 
aqueous solutions. This improved solubility and uniform distribution in 
the body allows EJCDs to more effectively enter the bloodstream. 
Additionally, the nanoscale structure of EJCDs facilitates their passage 
through complex biological barriers, such as the blood-brain barrier 
(BBB). Although this study does not directly address the effects of EJCDs 
on the nervous system, this characteristic of CDs is particularly valuable 
in the treatment of central nervous system-related disorders. Finally, due 
to their small particle size and large surface area, EJCDs offer more 
active sites for interaction with target molecules, enhancing their ac
tivity and stability within the body. These structural advantages 
contribute to the improved therapeutic efficacy of EJCDs over EJs. 
EJCDs have shown outstanding effects as a novel immunomodulatory 
drug and in the treatment of SCI. However, their delivery method still 
needs improvement. Utilizing the hydrophilicity of EJCDs to develop 
various polymer carriers or hydrogel carriers for their controlled release, 
and optimizing the dosage and delivery methods, will be the focus of our 
future research.

HSCs, located at the highest point of both the blood system and 
immune cells, exhibit two essential characteristics: the ability to 
regenerate themselves and transform into myeloid and lymphoid cells. 
Current studies also indicate that BM hematopoiesis plays a role in the 
onset and repair of degenerative and traumatic diseases of the central 
nervous system. In the late stages of SCI, the failure of BM HSC function 
results in a decreased production of mature lymphocytes, increasing the 
risk of infection and mortality in patients [16]. Our study focused on the 
early stages of SCI, where myeloid cells extensively infiltrate the injury 
site. Promoting HSC differentiation towards erythroid cells, reduced the 
production of myeloid cells. Additionally, our results showed a marked 
inhibition of myeloid cell migration from the BM, likely due to the 
downregulation of CCR2 expression, which is crucial for their migration 
to inflammatory sites. CD169+ and ARG1+ macrophages are able to 
maintain a stable internal environment for HSCs in the BM [40,41], but 
the function of macrophages in the BM is not well defined.

This study has some limitations. First, while we found that EJCDs 
have the ability to regulate the proliferation and differentiation of BM 
HSCs after SCI in mice and promote motor function recovery, EJCDs do 
not possess BM-targeting capabilities. Therefore, their effects on other 
tissues and organs, such as the FZD4-Wnt signaling pathway in non- 
target tissues, remain to be explored. Second, our study identified 
FZD4 as a molecular switch regulating hematopoietic function in mice, 
but FZD4 may not be the only critical factor in the interaction between 
EJCDs and the hematopoietic system in SCI. The roles of other molecules 
warrant further investigation. Third, the study would benefit from 
implementing methods to trace the migration of HSCs and their differ
entiated progeny, such as using Fgd5-CreER/tdTomato mice and two- 
photon in vivo imaging. Lastly, enhancing the targeting ability of 

EJCDs specifically toward HSCs or developing biological carriers for 
EJCDs delivery could mitigate or eliminate potential off-target effects on 
other tissues or organs.

The therapeutic effects of EJCDs are likely mediated through their 
impact on key signaling pathways, such as the FZD4–Wnt pathway, 
which regulates cells proliferation and lineage determination [73,74]. 
Our findings demonstrated that modulating FZD4 influences cell fate 
decisions and ameliorates post-traumatic pathological immune re
sponses. This study expands the understanding of this pathway in SCI 
recovery and its potential application in other central nervous system 
diseases. Furthermore, we screened high-affinity peptides within EJCDs 
for FZD4, providing new insights into the effects of EJCDs on HSCs.

5. Conclusion

This study revealed that CDs enhance the efficacy of precursor bio
logical treatments, achieving broader therapeutic effects. To this end, 
immunomodulatory EJCDs were engineered to modulate the disordered 
hematopoietic system following SCI, regulate HSC lineage differentia
tion, and thus impact downstream mature immune cells, providing 
therapeutic benefits. The results revealed that EJCDs can suppress local 
inflammatory cell infiltration after SCI, alleviate secondary damage, 
protect residual neurons, and promote neurological function recovery. 
Due to their inherent nanostructure, the mechanisms underlying these 
outcomes are multifaceted: 1) EJCDs control the proliferation and dif
ferentiation of HSCs in the BM of mice post-SCI via the FZD4–Wnt 
signaling pathway, influencing the generation and mobilization of new 
myeloid cells; and 2) EJCDs downregulate the expression of CEBPB in 
the spleen of mice, reducing the mobilization of splenic myeloid cells 
and thus attenuating the inflammatory response at the injury site. This 
strategy of modulating the functional state of systemic immune organs 
to affect local immune homeostasis at the injury site represents a 
promising potential therapeutic approach for treating SCI.
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Fig. 7. EJCDs Suppress Splenic-Origin Immune Responses A: Observation of macroscopic spleen metrics on 3DPI. Left: Representative gross image of a mouse 
spleen, scale bar 0.5 cm. Right: Graph illustrating the weight of the spleen and its proportion to overall body weight (n = 19); B: Observation of macroscopic spleen 
metrics on 3DPI. Left: Representative image of mouse spleen slices stained with hematoxylin and eosin, scale bar 0.5 cm. Right: Graph depicting the proportion of red 
and white pulp in the spleen (n = 5); C: Proportions of myeloid cells, monocytes, macrophages, and neutrophils in viable splenic cells of the experimental and control 
groups at 1 DPI, 3 DPI, and 14 DPI (1 DPI and 3 DPI: n = 8; 14 DPI: n = 6); D–G: Transcriptomic changes in mouse spleen on 3 DPI: Comparison between spleens from 
EJCDs-treated and control mice. D: Principal component analysis showing the first and third components of all samples. E: Number of differentially expressed genes 
in the spleens of EJCDs-treated and control mice, adjusted for multiple hypothesis testing (p < 0.05 and |log2(fold change) | > 1). F: Results of GSEA Hallmark 
analysis indicating enriched gene sets. G: Enrichment plot analysis from GSEA Hallmark depicting immune-related pathways in spleen, displaying the profile of the 
enrichment score as it progresses and indicating the location of members belonging to a gene set in the list that has been ranked (n = 3, each comprising spleens from 
five mice); H: Expression results of TNF pathway genes measured using RT-PCR (n = 3); I: Expression of chemokines and inflammatory factors in mouse spleen 
assessed using mouse chemokine assays (n = 3, each comprising spleens from five mice).
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