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ABSTRACT

Hematopoietic stem cell transplantation (HSCT) is extensively employed in the treatment of hematological
malignancies but is markedly constrained by the paucity of hematopoietic stem/progenitor cells (HSPCs). Recent
studies have found that marrow adipose tissue (MAT) acts on hematopoiesis through complicated mechanisms.
Therefore, the osteo-organoids fabricated in vivo using biomaterials loaded with recombinant human bone
morphogenetic protein 2 (thBMP-2) have been used as models of MAT for our research. To obtain sufficient
amounts of therapeutic HSPCs and healthy MAT, we have developed amphiphilic chitosan (AC)-gelatin as car-
riers of rhBMP-2 to the regulate type conversion of adipose tissue and trap hematopoietic growth factors. Unlike
medicine interventions or cell therapies, the traps based on AC not only attenuate the occupancy of adipocytes
within the hematopoietic microenvironment while preserving stem cell factor concentrations, but also improve
marrow metabolism by promoting MAT browning. In conclusion, this approach increases the proportion of
HSPCs in osteo-organoids, and optimizes the composition and metabolic status of MAT. These findings furnish an
experimental basis for regulating hematopoiesis in vivo through materials that promote the development of
autologous HSPCs. Additionally, this approach presents a theoretical model of rapid adipogenesis for the study of
adipose-related pathologies and potential pharmacological targets.

1. Introduction

interest as a critical component of the bone marrow hematopoietic
microenvironment in recent research. The mainstream view used to be

Hematopoietic stem cell transplantation (HSCT) is the treatment of
choice for numerous malignant hematological diseases [1-3]. However,
the limited number of hematopoietic stem cells curtails its widespread
use. Hematopoietic stem/progenitor cells (HSPCs) are mainly stored in
the bone marrow, and their function and proportion can be regulated by
multivariate factors, including cell types, cytokine levels, and matrix
stiffness [4]. Marrow adipose tissue (MAT) has garnered significant
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that the voluminous presence of MAT encroaches upon hematopoietic
space, and the bone marrow mesenchymal stem cells (MSCs) would lack
important hematopoietic growth factors after adipogenic differentiation
[5], thereby impeding hematopoiesis. Conventionally, adipose tissue
has been categorized into white adipose tissue (WAT), which serves as
an energy reservoir, and brown adipose tissue (BAT), which facilitates
energy dissipation. It has been observed that a decline in cells expressing

* Corresponding author. State Key Laboratory of Bioreactor Engineering, East China University of Science and Technology, Shanghai, 200237, PR China.
** Corresponding author. Key Laboratory for Ultrafine Materials of the Ministry of Education, East China University of Science and Technology, Shanghai, 200237,

PR China.

*** Corresponding author. Frontiers Science Center for Materiobiology and Dynamic Chemistry, East China University of Science and Technology, Shanghai,

200237, PR China.

E-mail addresses: daikai233@foxmail.com (K. Dai), biomatwj@163.com (J. Wang), liucs@ecust.edu.cn (C. Liu).

https://doi.org/10.1016/j.bioactmat.2024.08.032

Received 25 March 2024; Received in revised form 23 August 2024; Accepted 27 August 2024
2452-199X/© 2024 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:daikai233@foxmail.com
mailto:biomatwj@163.com
mailto:liucs@ecust.edu.cn
www.sciencedirect.com/science/journal/2452199X
http://www.keaipublishing.com/en/journals/bioactive-materials
https://doi.org/10.1016/j.bioactmat.2024.08.032
https://doi.org/10.1016/j.bioactmat.2024.08.032
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bioactmat.2024.08.032&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/

S. Deng et al.

uncoupling protein 1 (UCP1) within MAT correlates with bone marrow
aging [6,7]. Concurrently, Nishio et al. have illustrated that HSPCs
co-cultured with human embryonic stem cell-derived BAT, which
secrete hematopoietic cytokines such as colony-stimulating factors,
erythropoietin, and thrombopoietin, outperforms HSPCs alone [8].
However, WAT is often harmful to hematopoiesis because of the inhib-
itory effect on osteogenesis [9] and the excessive volume. In addition,
aging [10,11], obesity [12-14], leukemia [15,16] can also induce
abnormal MAT proliferation. Thus, through regulating the phenotypic
conversion and quantity change of MAT, function and number of HSPCs
are expected to be intervened directly in the marrow.

Recent reports indicate that MAT is different from BAT or WAT,
called yellow adipose tissue [17-19]. Further investigation has revealed
that MAT has more interactions with HSPCs and bone tissue, and
maintains normal hematopoietic function by secreting adiponectin,
leptin and stem cell factor (SCF) under certain circumstances [12,20].
For example, MAT can promote the regeneration hematopoiesis by
secreting SCF after irradiation [2]. SCFis known to effectively stimulate
cell growth, proliferation, and survival of stem cells by engaging c-kit
receptors, and it also supports the preservation of HSPC phenotypes;
moreover, it has been implicated in mitochondrial regulation [21],
promoting the conversion of white adipocytes into beige adipocytes
(UCP1%/CD137"). We previously constructed recombinant human bone
morphogenetic protein 2 (thBMP-2) triggered in vivo osteo-organoids
which possessed bone marrow-like structure and served as potential
HSPC sources for cell therapy [22]. However, these osteo-organoids,
created using gelatin sponges, frequently exhibited excessive fatty
infiltration and a reduced proportion of HSPCs. Given the aforemen-
tioned impacts of MAT on hematopoiesis, there is a pressing need to
develop SCF traps capable of diminishing WAT and augmenting UCP1™"
adipose tissue.

Notably, it is available to influence HSPCs of the in vivo osteo-
organoids through materials [23] or pharmacological intervention in
adipose [24-26], while materials strategy for remodeling MAT is not
common [27,28]. We need a trap to prevent SCF loss and remodel the
adipose tissue through sustained release of effective constituents. Con-
jugated  linoleic acid (CLA) can regulate peroxisome
proliferator-activated receptors (PPARs) [29], inhibiting PPARy and
activating PPARa to reduce MSC differentiation into white adipocytes
[30-32]. Moreover, our previous research has indicated that sulfated
chitosan (SCS) exhibit the heparin-binding domain [33-35], and SCF, a
heparin-binding protein [36], can be theoretically trapped. Therefore,
we utilized CLA as a small molecule to regulate adipocytes, and com-
bined it with SCS to synthesize amphiphilic nanoparticles. Subsequently,
gelatin, the same composition as gelatin sponge, was used as the matrix
material, and nanoparticles were used as crosslinkers to synthesize
amphiphilic chitosan (AC) composites. After characterizing the material
properties of these composites, they were loaded with rhBMP-2 and
implanted subcutaneously into mice. After 3-5 weeks, the
osteo-organoids were harvested and evaluated by histomorphology,
cytology, and molecular biology, and consequently. The composites
were identified as multifunctional biomaterials with the ability to
regulate adipocyte metabolism and trap growth factors, thereby
increasing the proportion of HSPCs. Compared to other intervention
methods, this material has a simple composition but creates a suitable
microenvironment for HSPCs in a targeted, multi-angle, and effective
way. Adipose tissue is not only an important part of the hematopoietic
microenvironment, but also participates in metabolic pathways
affecting physiological or pathological processes [37-39]. Together,
these studies confirmed that the hematopoietic microenvironments of in
vivo osteo-organoids can be improved by material modification, and also
established a controllable adipogenesis model.
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2. Results

2.1. Component and structure of materials determine the biological
functions

We used ammonium persulfate as an initiator to cross-link self-
assembled CLA (Scheme 1A) to form CLA micelles (CLAm). The
controlled addition polymerization conditions allowed for about (10.0
+ 2.5)% of free CLA (Figure S 1) to remain in the micelles. Infrared
spectra analysis (Figure S 2) confirmed that the C=C double bond was
not completely reduced after cross-linking. To enhance the sustained
release ability of CLA and trap SCF, we modified SCS on the micelle
surface through a dehydration condensation reaction, forming AC
nanoparticles (Scheme 1A). Transmission electron microscopy (TEM)
images (Fig. 1A) showed that the AC surface was covered by SCS,
creating a caged structure that increased the specific surface area for
trapping factors while ensuring the release ability of small molecules
(Scheme 1B).

We cross-linked gelatin solutions using AC nanoparticles as cross-
linkers, followed by lyophilization to form scaffolds (Scheme 1A). Due to
micelle agglomeration, CLAm (112.6 nm in Fig. 1B) gelatin scaffolds
showed larger crosslinkers, as observed in SEM images (Fig. 1D); on the
contrary, AC nanoparticles (211.9 nm in Fig. 1B) acted as single nano-
particles as crosslinkers in AC-gelatin scaffolds because of the better
dispersion. This phenomenon was confirmed by the Tyndall effect
(Figure S 3A). Specific staining of SCS or lipids (Figure S 3C and D)
demonstrated the distribution of AC in the scaffold. Elemental analysis
revealed different sulfur content between gelatin scaffolds ((0.206 +
0.004)%) and AC-gelatin scaffolds ((0.438 + 0.001)%), confirming the
successful modification of SCS. MTT (thiazolyl blue tetrazolium bro-
mide) assay (Fig. 1C) and cell activity staining (Figure S 4) were con-
ducted to test the toxicity of the scaffold leach liquor, which confirmed
non-toxicities to MSCs. However, AC-gelatin showed obvious pro-
apoptotic effects on adipocytes, and the CLAm-gelatin group did not
show any cells due to excessive effects (Figure S 4).

Furthermore, fluorescence imaging (Fig. 1E) revealed that SCF was
clearly produced by adipocytes under normal culture conditions. How-
ever the AC-gelatin-degrading components, mainly SCS-gelatin aggre-
gates, showed a most concentrated presence of SCF with fewer mature
adipocytes, indicating the trapping effect to SCF. This phenomenon was
attributed to the controlled release of CLA in the nanoparticles, which
induced apoptosis in adjacent adipocytes. Additionally, SCS captured
both SCF secreted by live adipocytes and SCF on the surface of dead
adipocytes. Overall, AC-gelatin demonstrated adipocyte-killing effects
and maintained the concentration of SCF, regardless of adipocyte
apoptosis, both of which were sustained and controlled.

2.2. Amphiphilic chitosan composites have material properties compatible
with biological functions

Since the mechanical properties of the material affect not only the
implantation surgery, but also the MSCs (e.g. viscoelasticity [40,41]) or
hematopoietic stem cells (HSCs; e.g. amphipathy [42,43]), we focused
on the properties of composite scaffolds and the wet hydrogels (i.e.,
scaffolds that absorb water as shown in Figure S 3B) to prepare for use as
carriers of rhBMP-2. AC-gelatin demonstrated the highest crosslinking
degree while CLAm-gelatin exhibited the lowest (Fig. 2A), influenced by
the size of the crosslinkers. Besides, contact angle experiments revealed
that AC-gelatin scaffolds displayed superior amphipathy (Fig. 2B). The
poor relaxation do harm to MSC adhesion [40,41], but low strength
causes a large degree of adipogenic differentiation [44,45], so stress
relaxation and rheological experiments were used to evaluate the
biomechanical level (Table 1) of wet hydrogels to select the materials
with the best properties. Either Gelatin or CLAm-gelatin group showed
worse creep resistance, or lower strength (Fig. 2C and D), and besides,
the cell adhesion ability (Figure S 5) of AC-gelatin was better than that of
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Scheme 1. Schematic of composite synthesis and mechanisms of action in vivo. (A) The structural formulae of conjugated linoleic acid (CLA), sulfated chitosan (SCS)
and nanoparticle of amphiphilic chitosan (AC), and steps of AC-gelatin scaffold synthesis; the pink circles or rings represent the acidic hydrophilic ends; the azury
ring represents the basic hydrophilic end; CLA-Na: sodium CLA. (B) AC-gelatin ameliorates the hematopoiesis of osteoid organs by reducing white adipocytes,
increasing brown adipocytes (UCP1" adipocytes), and trapping stem cell factor (SCF); HSPC: hematopoietic stem/progenitor cells.
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Fig. 1. Multiple biological functions in vitro determined by the material component and structure. (A) TEM images; the AC nanoparticles were negatively stained by
phosphotungstic acid; both scale bars are 200 nm. (B) Particle size distribution graph. (C) MTT assay for cytotoxicity; 2 x 10° mesenchymal stem cells (MSCs) per
wells, 3 days of incubation; the dashed line represents the 80 % rate; error bars: mean + SD, n = 3, number of wells. (D) SEM images. (E) AC aggregates (triangle)
successfully trap SCF, while CLAm-gelatin efficiently removes adipocytes in the fluorescence image; MSCs reaching 100 % confluence were induced into adipogenic
differentiation for 4 days, and then co-cultured with scaffolds for 4 days; Plin: perilipin, which was used to label lipid droplets, represented adipocytes here; all of the
scale bars are 200 pm. AC showed the ability to reduce adipocytes and trap SCF.

traditional gelatin sponge. Therefore, AC-gelatin is more suitable as an
rhBMP-2 carrier for the construction of in vivo osteo-organoids.

2.3. Amphiphilic chitosan increases the proportion of HSPCs in osteo-
organoids

After confirming functions of the composites in vitro and their
physical properties as implants, we further investigated the hemato-
poietic potential of these materials loaded with BMP in vivo (Fig. 3A).
Flow cytometry analysis (Fig. 3B) was performed on the marrow of
osteo-organoids constructed using different composites to understand
the contribution of different components. Compared with the other
materials, the proportion of LSK' (Lineage /Sca-17/c-Kit™) cells
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(Fig. 3C) was maintained at a higher level in AC-gelatin, but the pro-
portion of them decreased in Gelatin group because excess adipose tissue
occupied the hematopoietic space at 5 weeks. The results for HSCs were
similar to those mentioned above, but the proportion of CLAm-gelatin
group increased to close to that of AC-gelatin at 5 weeks (Fig. 3D),
because SCF produced from nascent adipocytes after the end of CLA
release is more conducive to the proliferation of HSCs. AC-gelatin also
had the effect of increasing the LSK™/CD150~/CD48~ multipotent blood
progenitors (Figure S 6). Furthermore, as for hematopoietic progenitor
cells (Fig. 3E), common myeloid progenitor (CMP) and megakaryocyte-
erythroid progenitor (MEP) cells also changed to varying degrees due to
the effect of the hematopoietic space and SCF, with AC-gelatin group
showing a higher proportion in aggregate. Overall, the AC-gelatin-
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Fig. 2. Material performances associated with biocompatibility and bioactivity. (A) Degree of cross-linking measured by swelling; n = 6. (B) The best amphipathy,
measured by contact angle (red numbers), of AC-gelatin; squalane was used as the test reagent of oil phase. (C) Stress relaxation and modulus measured (n = 6) by
compression testing; F: stress; Fiax: maximum stress. (D) Frequency sweep rheograms of wet hydrogels; G’: storage modulus; G”: loss modulus; |7*|: shear viscosity.
Error bars: mean + SD; **p < 0.01, ****p < 0.0001, ordinary one-way ANOVA.

Table 1

Material mechanics data of scaffolds.
Physical quantity Gelatin CLAm-gelatin AC-gelatin
Vi/% min~! 4.3 4.0 3.4
(tan 8)1 nz 0.1035 0.07873 0.05047
|G*| /Pa 252.3 758.9 865.0

v, relaxation rate; (tan 6); y, and |G*|; y,: loss tangent and shear modulus at the
frequency of 1 Hz.

constructed osteo-organoids showed longer term effects of HSC and
MEP-dominated progenitor cell proportions maintenance.

2.4. Composites regulate the metabolism of adipocytes in osteo-organoids

Considering the impact of MAT on hematopoietic function, our study
proceeded to examine the adipose tissue development during marrow
formation through histological analysis. Additionally, MAT was isolated
for molecular biology investigations to elucidate the metabolic processes
of adipocytes under various influences. Marrow was formed rapidly in
AC-gelatin, with noticeable blood vessel formation evident three weeks
post-implantation; the CLAm-gelatin composites were in the second
place (Fig. 4A). Scaffolds of CLAm-gelatin and AC-gelatin degraded fast
(Figure S 7) in simulated body fluid (SBF) due to the immediate release
of cross-linked gelatin fibers upon hydrolysis by the crosslinkers,
resulting in their good marrow formation. Meanwhile, the decrease of
material with marrow development reflected its gradual degradation
(Figure S 8). However, after 5 weeks of implantation, the Gelatin group
exhibited adipose tissue-filled marrow, while the MAT in the CLAm-
gelatin group was minimal (Fig. 4A). The phenomenon of Gelatin
group was because the material, without adipose reduction function,
was so soft [44,45] that MSCs tended towards adipogenic differentia-
tion. However, thanks to the biological activity of rhBMP-2, the level of
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osteogenesis in all groups was basically the same (Figure S 9). The sta-
tistical plot of the marrow thickness data (Fig. 4B and C), by whose
measurement points were uniformly selected, showed a higher degree of
pulpefaction and a more uniform thickness in AC-gelatin group.
Finally, the MAT of osteo-organoids at 5 weeks was isolated for
adipocyte metabolism-associated genes expression analysis (Fig. 4D):
AC-gelatin showed both lipolytic and adipogenic functions, as indicated
by significantly higher levels of Fabp4 (involved in lipolysis) and Adipoq
(involved in adipogenesis); the higher expression of PPARa compared
with PPARy suggested that adipose progenitors in AC-gelatin tended to
differentiate into UCP1™ adipocytes. The expression of UCP1 and CD137
(encoded by Tnfrsf9), important markers of brown or beige adipose
tissue, indicated a higher level of browning in AC-gelatin group; the
highest expression of Cidea (involved in maintaining normal adipose
metabolism) suggested that AC-gelatin materials had the best potential
to prevent insulin resistance. Notably, low levels of Pi16 (fibrosis-related
gene) and Vapb (statin metabolism-related gene) were observed in MAT,
indicating that MAT produced by these materials was not associated
with lesions. In summary, AC-gelatin promoted marrow formation and
regulated MAT renewal, metabolism and browning in the long term.

2.5. Amphiphilic chitosan promotes apoptosis of mature adipocytes

To further verify that the sustained release of CLA in AC-gelatin is
responsible for the regulation of MAT, we analyzed the contribution of
the composite to the mature adipocytes by assessing apoptosis levels.
Apoptosis of adipocytes was identified by immunohistochemical images
(Figure S 10), which showed aspecific apoptosis in the Gelatin group and
adipocyte apoptosis in the other two groups. From the fluorescence
apoptotic images (Fig. 5A), we observed that the Gelatin group had
abnormally high apoptosis levels at 3 weeks, which was likely caused by
the immune response since the poor biocompatibility of the wet
hydrogels; more importantly, the sudden release of CLA in the CLAm-
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Fig. 3. The addition of AC increased the proportion of HSPCs. (A) Schematic of the constructing and sampling (blue arrows) of osteo-organoids; BMP: bone
morphogenetic protein. (B) Gating strategy for flow cytometry analysis of HSPCs. (C-E) Proportion of HSPCs in marrow of osteo-organoids by flow cytometry; LSK*:
Lineage /Sca-1"/c-Kit*; HSCs: hematopoietic stem cells; CMP: common myeloid progenitor; MEP: megakaryocyte-erythroid progenitor; GMP: granulocyte-monocyte
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gelatin group caused extensive apoptosis of adipocytes at 3 weeks,
including a portion of SCF producing ones; after 5 weeks, the release of
CLA ceased and the intervention effect was lost (Fig. 5B). In contrast,
adipose tissue in the AC-gelatin group underwent continuous apoptosis,
and the space of action was more concentrated than that of CLAm-
gelatin group (Fig. 5C). Therefore, it was deduced that AC-gelatin spe-
cifically killed adipocytes in contact with AC nanoparticles in vivo, and
this effect could be stably maintained for long, so sufficient adipocytes
with small lipid droplet were preserved to produce SCF, without occu-
pying excessive hematopoietic space.

2.6. Adipocytes shrank without SCF depletion through amphiphilic
chitosan

MAT in AC-gelatin was maintained stable in a small volume [24] by
the regulation mentioned above. To quantify the changes in adipocyte
size and SCF content influenced by different materials, we focused on
the mechanism of hematopoiesis improvement by the composites. We
investigated lipid droplet sizes and SCF expression in vivo through
fluorescence co-localization (Fig. 6A). Due to the rapid release of CLA,
the number of adipocytes in the CLAm-gelatin group was low at 3 weeks
(Figure S 11B). From the distribution data of lipid droplet area (Fig. 6B),
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the proportion of adipocytes with small lipid droplet in MAT of
AC-gelatin group was the highest at 3 weeks, corresponding to the
highest proportion of HSPCs at 3 weeks; similarly, the CLAm-gelatin
group had the highest proportion of adipocytes with small lipid
droplet at 5 weeks, which corresponded to the proportion of HSPCs in
the CLAm-gelatin group that increased to the same level as the
AC-gelatin group at 5 weeks.

SCF levels in the osteo-organoid marrow of the AC-gelatin group
remained consistently high (Fig. 6C) owe to the trapping function of
SCS, which was immobilized on the nanoparticles. In the Gelatin group,
SCF production from adipocytes increased with adipogenesis, but the
proportion of adipose tissue at 5 weeks was too large to make room for
hematopoietic cells (Fig. 3C and D); in the CLAm-gelatin group, the
production of adipose-derived SCF was low (Fig. 6C) due to controlled
adipogenesis until CLA depletion at 5 weeks. Combining these obser-
vations, AC-gelatin simultaneously reduced the volume of MAT and
captured SCF in vivo, so that SCF was no longer solely dependent on
adipogenesis (Fig. 6C).

LepR was used to trace the differentiation of MSCs [46] and identify
traditional MAT (Fig. 6A),and e.g., LepR" and Plin™ cells were consid-
ered adipocytes differentiated from MSCs in the marrow. It can be
inferred that the uncontrolled adipocyte-killing effects of the
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the direction of the red arrow in Fig. A; the arrow was placed to pass through at least three fluorescence spots, and the lengths of the arrow were kept consistent. The
concentrated fluorescence intensity demonstrated the ability of AC-gelatin to release CLA with locality in space and continuity in time.

CLAm-gelatin group led to abnormal adipogenic differentiation (i.e.,
adipogenic differentiation still occurs when PPARy is phosphorylated
resulting in inactivation, which can hinder the normal function of the
adipocytes.) of MSCs at 3 weeks; in contrast, the adipocyte-killing effect
of the AC-gelatin group was consistently maintained stable (Fig. 5),
which was more conducive to normal metabolism (Fig. 6D). Similarly,
the MAT of the Gelatin group at 5 weeks exhibited abnormal meta-
bolism, as indicated by the large proportion of adipose tissue in the
marrow cavity (Fig. 4A). Therefore, neither the adipocytes of the
CLAm-gelatin-3w group nor the Gelatin-5w group produced more SCF
than the AC-gelatin group (Fig. 6D). In short, AC achieves spatial sep-
aration of MAT from SCF by capturing SCF while reducing MAT without
causing abnormal metabolism.

2.7. Amphiphilic chitosan composites contribute to the browning of MAT
and the metabolism of marrow

Based on the aforementioned tests, we confirmed AC-gelatin as an
active material with target biological properties. Finally, we investi-
gated the effect of AC-gelatin, compared with traditional gelatin sponge,
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as materials for constructing osteo-organoids on the subtypes of MAT
and the expression levels of other related proteins. MAT in the AC-
gelatin group exhibited a significantly higher degree of browning in
the osteo-organoids at 5 weeks (Fig. 7A and B). For total protein
(Fig. 7C) of whole marrow (without mature erythrocytes), the lower
expression of PPARy (mainly expressed in adipose tissue, and closely
related to adipocyte differentiation and insulin resistance.) indicated
that AC-gelatin material had a better ability of anti-adipogenesis
compared to gelatin sponge; the lower expression of CDK5 (a key
regulator of cell cycle progression that leads to phosphorylation of
PPARy) suggested a lower level of ectopic lipid deposition [26] in the
AC-gelatin group, which supported the function of ACin reducing insulin
resistance; the high expression of PCG-1a (a key factor in the thermo-
genesis of adipocytes, participating in adipogenesis and regulating
maturation.) at 5 weeks also corresponded to the browning of MATin the
AC-gelatin group.

Additionally, the differences in the expression of adipose-related
proteins (Fig. 7D) in the osteo-organoids compared with in the native
bone (tibiae were selected for its higher content of MAT [47].) were
further investigated. The results (Fig. 7E) showed that the expression of
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Fig. 6. SCF maintenance and inhibition of abnormal adipogenic differentiation from MSCs by AC composites. (A) Fluorescence colocalization imaging of osteo-
organoid marrow derived from the transgenic (Lepr <, R26 t9T°mato; g¢f Py mice with C57BL/6 backgrounds; LepR: leptin receptor, the marker of native bone
marrow-derived MSCs as well as adipocytes from MAT; the pair of images in each group belongs to the same section; all scale bars are 200 pm. (B) Frequency
distribution of lipid droplet size of osteo-organoid marrow in Fig. A; the area of the similar oval enclosed by Plin was counted; the smaller the adipocytes, the more
marrow cavity left for HSPC proliferation. (C and D) Quantitative analysis on SCF and LepR in Fig. A. The triangles point to the colocalization the corresponding
color; e.g., the white triangle represents the colocalization of the Plin, LepR and SCF; AC successfully reduced adipose and trapped SCF in vivo; the abnormal dif-
ferentiation of MSCs into adipocytes seldom produced SCF, while AC prevented this abnormality. Error bars: mean + SD; n = 3, number of mice; *p < 0.05, **p <

0.01, ***p < 0.001, two-way ANOVA.

most proteins in AC-gelatin group was basically equal to that in tibia
group. The proteins related to insulin resistance (promoted by DPPIV or
resistin while inhibited by adiponectin) were basically uniformly
low-expressed or high-expressed in the AC-gelatin group and the Tibia
group. The expression of pentraxin 2, a protein with anti-fibrotic po-
tential [48], was even higher in the AC-gelatin group than in the tibia
bone marrow; the significantly higher expression of IGFBP-3 in
AC-gelatin compared to the native bone suggests a role of MAT in pro-
moting tissue regeneration (Figure S 12); the immune-related proteins,
such as C-reactive protein and ICAM-1, were basically low expressed in
all groups. Therefore, it can be inferred that ACG had a stable tissue
regeneration function preventing tissue fibrosis caused by immune
dysregulation. In conclusion, AC-gelatin demonstrated the ability to
reduce adipose and promote browning of MAT, thereby improving the
metabolic level and tissue repair ability of the marrow in
osteo-organoids.

In summary, under the action of AC-gelatin, the adipose tissue was
modified, i.e., the shrink of lipid droplets (Figs. 4A and 6B), the
browning of adipocytes (Figs. 4D and 7A, B and C) and the cure of in-
sulin resistance (Figs. 4D, 6D and 7D and E). These are mainly attributed
to the sustained release of CLA in AC nanoparticles (Fig. 5 and Figure S
7), which upregulated PPARa and PCG-1a and increased UCP1™" adi-
pocytes generating enhanced metabolism and promoted lipolysis.
Additionally, the amphiphilic cytokine traps had the function of
capturing SCF (Figs. 1E and 6C) and the potential for soft tissue repair
(Figs. 4 and 7D and E and Figure S 12), which enhanced the hemato-
poietic regeneration of osteo-organoids (Fig. 3 and Figure S 6).

3. Discussion and conclusion

The results presented above demonstrate that the traps based on AC
are bioactive hydrogels capable of controllably reducing WAT, pro-
moting browning of adipocytes, and trapping SCF over an extended
period. Thereby these hydrogels increased the hematopoietic space,
improved marrow metabolism, prolonged the role of cytokines, and
finally ameliorated hematopoiesis. The action process of BMP-2 loaded
AC-gelatin implants in vivo is as shown in Scheme 1B: that is, with the
invasion from tissue fluid and cells, the matrix gradually disintegrates
and AC contact with mature adipocytes; subsequently, the effects on
HSPCs are prolonged by trapping SCF; at the same time, the regulation
of WAT promotes browning and reduces the direct or indirect (by
inhibiting osteogenesis) drain on hematopoietic space; finally, through
the combined action of SCF, hematopoietic space and UCP1" adipose
tissue, the proportion of HSPCs increases. Moreover, not only the pres-
ence of adipocytes, but PPARy on the surface of HSPCs has been also
found to affected hematopoiesis [49], and therefore, CLA, a regulator of
PPARs, also contributes directly to hematopoietic enhancement. How-
ever, the bone marrow hematopoietic microenvironment is multifacto-
rial and complex in its interactions [11,50-52]; thus, our studies have
primarily focused on the SCF and spatial considerations, in conjunction
with the active design properties of materials, to develop optimal bio-
materials for constructing osteo-organoids. These materials are simple to
synthesize and straightforward to manipulate, addressing the issue of
excessive fatty infiltration and limited hematopoietic function associ-
ated with abnormal metabolic levels [22] in traditional in vivo
osteo-organoids. Furthermore, these studies offer the potential to
enhance the functionality of osteo-organoids through material
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modification.

It is worth mentioning that in addition to SCF, there are other factors
binding the heparin domain that are beneficial to the hematopoietic
microenvironment in different ways, such as fibroblast growth factors (a
heparin-binding protein with the potential to enhance hematopoietic
differentiation and induce browning of adipocytes [53-55]), vascular
endothelial growth factor [33,35,56] and granulocyte/macrophage
colony-stimulating factor [5,57,58]. Therefore, the trap itself has the
ability to capture various growth factors, which will be expected to
make contributions to tissue repair. Both bone marrow and adipose
tissue, as soft tissues rich in stem cells, play critical roles in regenerative
medicine. The significance of bone marrow in HSCT, immune recovery,
and stem cell therapy is well-established; meanwhile, the utility of ad-
ipose tissue in filling organ defects and plastic surgery [28,59] has been
gaining increased attention. Hence, osteo-organoids with a high pro-
portion of HSPCs, metabolically active adipose tissue, and an abundance
of high-quality stem cells [22,60] are urgently needed. The application
of AC-gelatin expands the regulation of MAT and hematopoiesis based
on original studies [2,12,50,61,62]. The amphipathic material proper-
ties conducive to the differentiation and self-renewal of HSPCs [42]
satisfy the favorable conditions required for the in vitro culture of human
HSPCs [43]. Moreover, the etiology of fatty infiltration is multifaceted
[63] with inflammation-induced adipocyte migration [39] and ectopic
lipid deposition [64] being particularly undesirable. Owing to the sul-
fonic groups, AC nanoparticles possess anti-fibrotic potential [48] dur-
ing tissue repair. Therefore, AC-gelatin, as a cytokine trap with moderate
viscoelasticity, ensures stem cell adhesion without promoting excessive
adipogenic differentiation. Furthermore, the ability of CLA to solubilize
vitamin A [65] and the drug loading capacity of CLAm [66], the role of
SCS in enhancing vascularization [35] and scavenging reactive oxygen
species [67], as well as the improved metabolic level by MAT browning,
all contribute to maintaining a youthful marrow state. The development
of AC-gelatin thus represents a significant step toward reversing
senescence.

From a foundational research perspective, not only the disease such
as insulin resistance [13,68,69], cardiovascular disease [13,70], endo-
crine disorders [13,71], and liver cirrhosis [68,72], but also the aging of
the bone marrow [38,64], is closely related to the metabolism of lipids.
Compared with traditional gelatin sponges, AC-gelatin scaffolds exhibit
superior strength and degradability, enabling the generation of larger
osteo-organoids without obvious fusion between material and tissue,
which facilitates the acquisition of ample adipose tissue for molecular
biology studies. Using AC-gelatin, a substantial amount of adipose tissue
with a healthy metabolic state can be obtained within one month.
Additionally, adipose tissue remodeled by AC-gelatin exhibits high
levels of browning, low insulin resistance, and reduced fibrosis pro-
cesses. And UCP1" adipose tissue, a unique subtype of adipose tissue
that expends energy in the form of heat production from lipids, is the key
to improve the metabolism and reduce WAT [27,73-75]. Thus adipo-
cytes in this microenvironment are capable of promoting regeneration,
enhancing metabolism, and resisting fibrosis. Collectively, these com-
posites demonstrate activity in tissue repair, indicating that the novel
matrix for osteo-organoids has potential applications in regenerative
medicine.

In conclusion, we have purposefully designed cytokine traps based
on AC to consider the multifaceted effects of MAT on hematopoiesis and
to construct osteo-organoids that regulate adipocytes to increase the
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Fig. 7. Changes, especially browning, in the expression of proteins about adipocyte metabolism in marrow induced by AC-gelatin composites. (A) Fluorescence
colocalization imaging of the UCP1™" adipocytes through represented by UCP1 and Plin (white triangles); all scale bars are 200 pm. (B) MAT browning promotion by
AC-gelatin at 5 weeks in statistics of Fig. A. (C) Protein expression tests of osteo-organoid and bone marrow by Western blotting; B-tubulin, a protein expressed stably
in adipocytes, was used as the internal reference. (D) Protein expression tests of whole marrow by protein microarray (Proteome Profiler Mouse Adipokine Array Kit,
R&D Systems) and the quantified data (E). Error bars: mean + SD; n = 2 (Fig. E, number of wells) or 3 (the others, number of mice); *p < 0.05, **p < 0.01, ****p <
0.0001, two-way ANOVA.
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proportion of HSPCs. AC-gelatin, with its dual role as a material struc-
ture and molecular function, represents a biological material with a
simple hierarchy and is produced through a convenient synthesis pro-
cess. This study presents a set of available methods for enhancing the
hematopoietic capacity of osteo-organoids by intervening in the devel-
opment of MAT, which may be applied to regenerative medicine related
to soft tissue repair or as a designable and efficient adipose production
model for the study of adipocyte-related pathophysiological processes
and the exploration of drug targets.

4. Experimental section
4.1. Material preparation and osteo-organoid construction

The AC-gelatin composite was cross-linked using CLAm, SCS (syn-
thesized in bulk in laboratory [35]), and gelatin via EDC/NHS coupling
chemistry. In brief, CLA was added to carbonate buffer (pH 10.5) and
stirred until it self-assembled; then, ammonium persulfate was added
into the stirring emulsion (2.5 % (V/V)) as an initiator to a concentration
of 1 mg/mL, and the reaction was carried out overnight at room tem-
perature; after removal of impurities by dialysis, the emulsion was
frozen and lyophilized to obtain the micelle powder as CLAm. Subse-
quently, 2.45 mg/mL SCS solution, containing 2.5 mg/mL NHS, was
mixed with 7 mg/mL CLAm emulsion, containing 25 mg/mL EDC, in a
2:1 vol ratio, and the reaction was carried in shaker (80 rpm) for 30 min
at 37 °G; finally, the above mixture was mixed with 100 mg/mL gelatin
solution in a 3:2 vol ratio, and the composite hydrogel was obtained
after cross-linking at 4 °C for 48 h. Through removing the composition of
SCS or CLAm in the reactant system, CLAm-gelatin or gelatin hydrogels
were obtained accordingly.

To obtain scaffolds for constructing osteo-organoids, the composite
hydrogels were frozen and lyophilized, followed by repeated washing in
sterile water to remove catalysts. Having absorbed water, the scaffolds
were frozen at —20 °C until used. The scaffolds were lyophilized and cut
into sizes of 10 mm x 5 mm x 5 mm, and then 30 pL rhBMP-2 (1 mg/mL;
Shanghai Rebone Biomaterials Co.) was added. Then the BMP-loaded
scaffolds were frozen and lyophilized and implanted into the back of
mice. After a certain period of time, the osteo-organoids were obtained
from mice. Similarly, osteo-organoids derived from gelatin sponge
scaffolds were also constructed by the same methods.

4.2. Animal model

For these studies, the C57BL/6 (wild type) mouse strain (8 weeks,
males) was selected. All mice were purchased from and housed in
Shanghai Shengchang Biotechnology Co., Ltd. at 22-23 °C on a 12 h
light/dark cycle with free access to water and food, as indicated. A
multifluorescent reporter mouse line was constructed by crossing Lepr
Cre; R26 1Tomato mice with Scf SFF mice [2]. All experimental procedures
were approved by the Animal Care and Use Committee of the East China
University of Science and Technology (approval No. ECUST-2022-053).
All efforts were made to minimize animal suffering.

4.3. Characterization of materials

4.3.1. Mechanical characterization

All mechanical tests were performed using wet hydrogels, which
were prepared as cylindrical specimens (¥20 mm x 5 mm). Unconfined
compression tests were then performed on specimens at deformation
rates of 1 mm min ", until 30 % compressive strain; then maintained for
10% s and the corresponding stress was measured over time (stress-
relaxation test). Meanwhile, the initial elastic modulus was quantify
during the first 10 s. Next, we defined the relaxation rate (v;) as the ratio
of the maximum amount of stress drop to the time consumed to quantify
the stress-relaxation behavior. Hydrogels were discarded after each test.
Frequency sweep of rheology was performed from 0.1 to 100 rad s~ ! at
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1 % strain and 37 °C, and storage and loss moduli were measured to
obtain the composite viscosity curve. In addition, the loss tangent (tan &)
and shear modulus (|G*|) at 1 Hz were selected as the viscoelastic
indices of the hydrogel by observing the dynamic measurements.

4.3.2. Spectroscopy characterization

To confirm the successful crosslinking, infrared spectroscopy was
used to detect CLA micelles before and after crosslinking. CLA-Na was
used for the sample before cross-linking in order to maintain the micelle
morphology.

Ultraviolet (UV) spectrophotometry was used to further confirm the
uncrosslinked CLA content, and 90 % (V/V) ethanol was used as the
solvent. Based on the UV spectrogram, detection wavelength was set at
229 nm (Figure S 1A), and different concentrations of CLA were dis-
solved in solvent to obtain the standard curve (r =~ 0.9991; Figure S 1B).
Different masses of CLAm were then ultrasonically dispersed in the
solvent and centrifuged through 1 kDa ultrafiltration tubes at 3000xg
for 30 min, that is, the solution was tested for absorbance.

4.3.3. Microscopy characterization

CLAm and AC, purified by dialysis method, were added onto the
copper mesh to prepare the sample, and recorded by TEM (JEM-2100;
JEOL, JPN). After the scaffolds snapped off using liquid nitrogen, their
cross-sections were photographed by SEM (G4 UC; Helios, GER).

Slice samples of scaffolds were photographed using an all-in-one
fluorescence microscope after sequential staining with oil red O and
toluidine blue. For the tissue section samples, confocal microscopy was
used.

4.3.4. Other properties of materials

For particle size testing, CLA-Na was dispersed in water vs. CLAm
and AC in carbonate buffer to prepare samples (pH = 10.5). For the
contact angle test, the scaffolds were prepared as ¥20 mm circular
samples; squalene, a biocompatible organic molecule without hydro-
philic groups, was used as the test reagent for the oil phase. For the water
absorption experiment, the scaffold was weighed in mass (m) after water
absorption for 48 h at room temperature, and then lyophilized for 48 h
and reweighed in mass (mp), and the water absorption coefficient (Q)
was calculated using the following equation.

m-moy
moy

Q (€8]

4.4. Biological characterization in vitro

4.4.1. Degradation experiments

A sterile @15 mm x 5 mm cylindrical sample (Gelatin, CLAm-gelatin,
or AC-gelatin scaffold) was divided into two parts and placed into a 15
mL centrifuge tube. Next, 10 mL of simulated body fluid was added to
each tube. The tubes were then placed on a constant temperature shaker
at 37 °C and 80 rpm until sample degradation. For obtaining the leach
liquor, in brief, each of the above sample, divided into four parts, was
shaken under the same conditions for 48 h, but the buffer was changed
to 5 mL of minimal essential medium o (Gibco). After centrifugation at
3000xg for 5 min to remove sediment, the supernatant was supple-
mented by other components to prepare the culture medium.

4.4.2. Cell experiments

The cells were MSCs derived from osteo-organoids constructed by
rhBMP-2 loaded gelatin [76,77]. For cell attachment experiments, either
gelatin sponge or AC-gelatin was placed in 4 °C culture medium
(CM-M131; Wuhan Procell Life Science&Technology Co.) until the
materials sank; the wet hydrogels were placed in well plates, and the cell
suspension was dropped onto the top surface of the hydrogels. After 8 h,
the medium was changed, and the hydrogels were incubated for 72 h,
followed by fixation with 1 % paraformaldehyde for 1 h. Finally, cells on
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the hydrogel were stained sequentially with phalloidin-FITC and DAPI,
and were ready for imaging analysis.

For transwell co-culture experiments, an equal amount of scaffolds
was placed in a chamber and placed on 100 % confluent adherent MSCs.
Both the cells and the materials were immersed in adipogenic differ-
entiation induction medium. After 2 weeks of incubation following the
instructions of the kit (Mesenchymal Stem Cell Adipogenic Differentia-
tion Medium; Cyagen Biosciences Inc.), the medium was removed, and
the immunofluorescence staining of perilipin and TUNEL staining were
performed according to requirements. The images with the most obvious
phenomenon in six repeated trials were used for the presentation of the
results.

4.5. Histological characterization

Once after removal from the body, the osteo-organoids were fixed in
4 % paraformaldehyde for 4 h, and then incubated in EDAT decalcifi-
cation solution (Servicebio) until bone softening. Finally, the tissues
were dehydrated, embedded and used for the preparation of slice sam-
ples. For hematoxylin-eosin staining, the samples were 4-pm paraffin
sections, and the imaging instrument was an inverted microscope
(DMi8; Leica, GER). The samples were 60-pm frozen sections for
immunofluorescence or 6-um frozen sections for TUNEL assay, and the
imaging instrument was a confocal microscope (A1R; Nikon, JPN).

Sections from the coronal sagittal plane were selected. The area with
the average density and quantity of adipose was used to normalize the
entire osteo-organoids. For apoptosis images, since the specific location
of each adipocyte cannot be well determined, the area with the highest
adipose density and quantity was used to represent the entire osteo-
organoid. Each lipid droplet was marked by circles based on fluores-
cence signals, followed by cell counting (mature adipocytes and LepR ™"
cells) and area calculations (SCF and marrow) using ImageJ software.

Marrow thickness was measured as follows: from the cortical bone to
the interface between tissue and material, the measured area was sub-
jected to “Local Thickness” (ImageJ) and 40 points were uniformly
taken.

4.6. Molecular biologic characterization

4.6.1. Quantitative real-time PCR

To extract total RNA from the MAT of osteo-organoids, the following
procedure was followed. Osteo-organoids were fully ground using a
digestive enzyme mixture [62,77] at 37 °C and the supernatant was
centrifuged at 300xg for 5 min. After washing and centrifugation at 4 °C,
800xg for 10 min, the separated pellets and fats were dispersed using 1
mL Trizol (Takara), and the mixture was lysed on ice for 5 min. Finally,
the procedure of the kit was continued. A real-time PCR instrument
(CFX96; USA) was used for qPCR testing.

4.6.2. Quantitative and semi-quantitative analysis of protein

To extract total protein from the marrow of osteo-organoids, the
following procedure was followed. Osteo-organoids were rapidly
ground with red cell lysis buffer (Beyotime) at 4 °C and the supernatant
was removed after centrifugation at 800 xg for 5 min. Then the separated
pellets and fats were dispersed using RIPA (radio immunoprecipitation
assay; Beyotime) lysis buffer (with 1 % (V/V) phenylmethyl-sulfonyl
fluoride), and the mixture was lysed on ice for 5 min. Finally, the sus-
pension was centrifuged (5424 R; eppendorf, GER) at 15000 rpm for 20
min to obtain protein solution.

The following steps were continued: protein denaturation, electro-
phoresis, membrane transfer, antibody incubation, and imaging. The
above protein solution was used as the sample for western blotting and
protein microarray.

The osteo-organoid was fully ground in a phosphate buffered saline
solution at 4 °C, then centrifuged at 3000 x g for 5 min. The supernatant
obtained was used as the sample for enzyme-linked immunosorbent
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assay (ELISA), and then the experimental operation followed the in-
structions in the Quantikine ELISA Kit (R&D Systems).

4.7. Flow cytometry

For sample preparation, osteo-organoids were fully ground with cell
staining buffer (BD) and the supernatant was removed after centrifu-
gation at 300xg for 5 min. Then the separated pellets were dispersed
using red cell lysis buffer for 5 min and centrifuged again. After washing
the cells with staining buffer, they were stained using fluorescent anti-
bodies and analyzed by flow cytometry.

The cell aliquots were incubated using phycoerythrin (PE) conju-
gated CD150, PE-Cy7 (Cyanine 7) conjugated c-Kit, Alexa Fluor 700
(AF700) conjugated stem cell antigen-1 (Sca-1), Brilliant Violet 510
(BV510) conjugated CD48 (BioLegend); BV605 conjugated CD16/32,
BV421 conjugated CD34, peridinin-chlorophyll-protein (PerCp)-Cy5.5
conjugated Lineage (BD), and allophycocyanin (APC)-Cy7 conjugated
Live/Dead (eBioscience) for 30 min at 4 °C temperature in the dark.
After washing the cells with staining buffer, they were resuspended and
prepared for testing. The flow cytometry analysis was operated on
CytoFLEX LX flow cytometer (Beckman Coulter). The data were
analyzed using FlowJo X (Three Star).

4.8. Statistical analysis

Statistical analyses were performed using GraphPad Prism software
(version 8.0; GraphPad, La Jolla, CA, USA). The statistical significance of
differences between groups was calculated by one-way ANOVA followed
by Tukey’s multiple comparison test, or two-way ANOVA followed by
Bonferroni’s multiple comparison test as indicated. p and n-values for
the statistical tests are provided in the respective figure legends; the p-
value less than 0.05 was considered statistically significant.
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