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Abstract

Developing a living prosthetic breast to inhibit potential breast cancer recurrence

and simultaneously promote breast reconstruction would be a promising strategy for

clinical treatment of breast cancer after mastectomy. Here, a living prosthetic breast

in the form of injectable gelatin methacryloyl microspheres is prepared, where they

encapsulated zeolitic imidazolate framework (ZIF) nanoparticles loaded with small

molecules urolithin C (Uro-C) and adipose-derived stem cells (ADSCs). Taking advan-

tage of the acidic tumor microenvironment, the ZIF triggered a pH-sensitive drug

release in situ so that Uro-C can induce tumor cell apoptosis via reactive oxygen spe-

cies (ROS) generation. Meanwhile, the ADSCs proliferate in situ to promote tissue

regeneration. Using such a design, our data showed that the ADSCs maintained via-

ble and proliferate under the inhibitory effect of Uro-C in vitro. Through ROS genera-

tion, Uro-C also activated a suppressive tumor microenvironment in mice by both

re-polarizing M2 macrophages to M1 macrophages for elevated inflammatory

responses, and increasing the ratio between CD8 and CD4 T cells for tumor recur-

rence inhibition, significantly promoting new adipose tissue formation. Altogether,

our results demonstrate that the prepared living prosthetic breast with bifunctional

properties can be a promising candidate in clinic involving tumor treatment and tissue

engineering in synergy.
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1 | INTRODUCTION

As the most diagnosed and the leading causes of cancer death among

women worldwide, there were roughly 2.3 million new breast cancer

cases and 685,000 breast cancer deaths in 2020.1 Like any cancer,

one of the most imminent issues the breast cancer patients face

would be the risk of its recurrence after mastectomy and systemic

therapy.2 Furthermore, the patients also face psychosocial distress

postmastectomy due to the deformation of breast tissues,3 which

leads to common procedures of prosthetic breast reconstruction right

after the cancer therapy.4 This presents an opportunity to transform

breast reconstruction as part of the clinical procedures, resulting in

many incorporations of biomaterial-based strategies, including the

implantations of adipose-derived stem cell (ADSC)-loaded hydrogels,5

microsphere constructs,6,7 and/or smart materials like photothermal

scaffolds that inhibit breast cancer recurrence with both the increase

in temperature and the release of tumor-inhibiting molecules.8,9 How-

ever, studies rarely investigate material strategies that combine both

the promotion of tissue regeneration (eg, via ADSCs) and the inhibi-

tion of cancer recurrence. This could be attributed to the dose-

dependent toxicity or nonfavorable cell viability of conventional

anti-cancer small molecules (eg, doxorubicin10–12), which makes com-

bining drug release in conjugation of cell delivery difficult. Urolithins,

a natural intestinal metabolite which originates from ellagic acid or

ellagitannin-rich foods13 and is abundant in various tissues (including

breast), has shown to exhibit good bioavailability and ability to sup-

press oncogenes, an anticancer property.14–16 Its intrinsic biocompati-

bility not only makes it a promising anticancer small drug molecule,

but also a possible candidate as a cocktail therapy to inhibit tumor

recurrence while combining other bioactive materials to promote

breast tissue regeneration.

Based on the inspiring properties of urolithins, we proposed to

fabricate a pH-sensitive living prosthetic breast for postmastectomy

breast reconstruction using ADSCs for adipose regeneration, and uro-

lithin C (Uro-C) for pH-sensitive drug release that reacts to the acidic

tumor microenvironment (ie, pH 6.017,18). To achieve this, we

designed the pH-sensitive living prosthetic breast using a bottom-up

approach in the form of nanoparticle-encapsulated microspheres

(Scheme 1). Specifically, Uro-C is first loaded into the zeolitic imidazo-

late frameworks (ZIFs), a type of pH-sensitive metal-organic

framework,19 as a nanoparticle (denoted as U@ZIF). Then, these nano-

particles were mixed with pregel solution to form porous hydrogel

microspheres. The resultant microspheres were then used to load

ADSCs through coculturing, resulting in the final product—an inject-

able living prosthetic breast (Scheme 1). Our in vitro data show that

we successfully synthesized the Uro-C- and ADSC-loaded

SCHEME 1 Schematic illustration of fabrication and application of living prosthetic breast (U@ZIF-Gel#ADSCs), for inhibiting tumor
recurrence and reconstructing adipose tissues for effective breast cancer treatment postmastectomy
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microspheres (denoted as U@ZIF-Gel#ADSCs), with both the Uro-C

demonstrating an initial burst and later sustained release under pH

6.0, and the ADSCs maintaining their viability and proliferation in situ.

Our data also show that the release of Uro-C led to tumor cell apopto-

sis due to the increased reactive oxygen species (ROS) generation.

More importantly, the in vivo data demonstrate that our injectable liv-

ing prosthetic breast not only exhibited an inhibitory effect on the tumor

recurrence for 28 days in the C57BL/6J mice via the re-polarization of

macrophages from M2 to M1 subtypes and an increasing ratio between

CD8/CD4 T cells (both indicating tumor-killing activities at the tumor

microenvironment), but also supported and enhanced adipose regenera-

tion in the C57BL/6J mice in 2 months. All these data support that the

injectable living prosthetic breast could be a promising strategy for inhibit-

ing tumor recurrence and reconstructing adipose tissues for effective

breast cancer treatment postmastectomy.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis and characterization of U@ZIF

The first goal in the bottom-up design is to load Uro-C into the pH-

sensitive zeolitic imidazolate frameworks (U@ZIF) to enable in situ

tumor inhibition of our prosthetic breast. Figure 1a shows the sche-

matic diagram of synthesis of the U@ZIF nanoparticles. Specifically,

Zn2+ was dynamically combined with the “-NH” on the

2-methylimidazole to build up the ZIF frameworks. Meanwhile, the

free Uro-C was also mixed thoroughly alongside the ZIF frameworks

so that the Uro-C was encapsulated by the ZIF as the materials build

up and surround each Uro-C nanoparticle.20,21 To explore whether

the Uro-C was successfully encapsulated by the frameworks, the

ultraviolet (UV) spectra of Uro-C, ZIF, and U@ZIF were characterized

(Varioskan LUX, Thermo Scientific). Under wavelengths ranging from

300 to 500 nm (Figure 1b), the Uro-C group exhibited significant

absorbance peaks at 310 nm, but there was no obvious absorbance

peak on the ZIF group, the differing absorbance of Uro-C would allow

us to identify whether Uro-C is loaded into ZIF successfully. For the

U@ZIF spectra, a decrease in absorbance peaks was observed and can

be attributed to Uro-C being encapsulated by the frameworks. The

encapsulation efficiency (EE) of U@ZIF was calculated as
Wtotal urolithin C�Wunloaded urolithin C

Wtotal urolithin C
�100% and found to be 45.2 ± 6.7%. After we

confirmed that the Uro-C encapsulation was successful, we character-

ized the physicochemical properties of both ZIF and U@ZIF nanoparti-

cles. Using dynamic light scattering (DLS), we measured their

hydrodynamic diameter, zeta potential, particle dispersion index (PDI),

morphology, crystal structure, and porosity. This allows us to under-

stand more in-depth on whether the drug-loading affects the struc-

ture of the ZIF nanoparticles. As shown in Figure 1c-e, there was no

noticeable difference in the hydrodynamic diameter between ZIF and

U@ZIF, with the Z-average diameter at 81.6 ± 0.7 and 81.2 ± 1.0 nm,

F IGURE 1 Synthesis and characterization of U@ZIF nanoparticles. (a) Schematic diagram of U@ZIF preparation. (b) UV spectra of urolithin C,
ZIF, and U@ZIF. Physicochemical properties of ZIF and U@ZIF in (c) hydrodynamic diameter, (d) zeta potential, and (e) particle dispersion index. (f)
Representative TEM images of U@ZIF. (g) Release behaviors of U@ZIF in phosphate buffered solution (PBS) at pH 7.4 and 6.0. The error bars are
based on standard errors of the individual samples (n = 3); ANOVA with Tukey's posttest. TEM, transmission electron microscopy; UV, ultraviolet;
ZIF, zeolitic imidazolate framework
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respectively. Additionally, both ZIF and U@ZIF exhibited positive zeta

potential at 16.7 ± 4.8 and 15.5 ± 2.3 mV without significant differ-

ence. For PDI, while the relatively higher difference between U@ZIF

(PDI: 0.11 ±0.01) and ZIF (PDI: 0.08±0.01) suggested that U@ZIF

was less homogeneous due to the intrinsic fluctuation in EE, but it

was still within the acceptable range for monodisperse particles (a PDI

less than 0.1 implies monodispersity22). In terms of morphology, trans-

mission electron microscopy (TEM) images show that both ZIF

(Figure S1) and U@ZIF (Figure 1f) exhibited the regular hexagon

shape. Altogether, our data indicate that the encapsulation of Uro-C

was successful and has caused limited influence on the physicochemi-

cal properties of U@ZIF.

After successful synthesis of U@ZIF nanoparticles, our next step was

to investigate whether the pH-triggered drug release mechanism can be

activated under the two simulated physiological conditions: body fluid

(pH 7.4) and tumor microenvironment (pH 6.0). The amount of Uro-C

released from U@ZIF was quantified by monitoring its absorbance at

365 nm (Varioskan LUX, Thermo Scientific). As shown in Figure 1g, the

release behavior of Uro-C was highly pH-dependent. At physiological

condition (pH 7.4), limited Uro-C was released from the U@ZIF, arriving

at 38.4 ± 2.5% after 24 hours. In contrast, 93.1 ± 5.1% Uro-C was

released from the U@ZIF in an acidic condition (pH 6.0). A burst release

properties can also be observed from the Uro-C release in acidic condi-

tion, which could be an advantageous feature to induce high stress for

tumor cell death. Furthermore, a relatively lower but sustained release

also retain over the remaining incubation period. These drug release pro-

files show that U@ZIF is a functional pH-sensitive drug carrier to assem-

ble the pH-sensitive living prosthetic breast.

2.2 | Fabrication and characterization of porous
hydrogel microspheres

Our next step was to synthesize porous hydrogel microspheres using

gelatin methacryloyl (GelMA) solutions mixed with U@ZIF nanoparti-

cles, so that ADSCs can be loaded to enable tissue regeneration.

GelMA was chosen as the microsphere material since in previous

studies, it was shown that the Arg-Gly-Asp (RGD) sequence in GelMA

can promote cell adhesion onto the surface of hydrogel micro-

spheres.23–28 These microspheres were prepared using a microfluidic

method as depicted in Figure 2a, and their porous structure was pre-

pared using a template sacrificing method by first mixing GelMA and

gelatin at different volume ratios, and then removing the gelatin from

the microspheres by washing them with deionized (DI) water in 45�C

thoroughly. This creates a beneficial structure for cell infiltration. The

resultant GelMA hydrogel microspheres were then cocultured with

the ADSCs to prepare the GelMA@ADSCs. We denote the different

volume ratios of GelMA and gelatin as follows: GelMA30 for 30%

GelMA mixed with 70% gelatin; GelMA50 for 50% GelMA mixed with

50% gelatin; GelMA75 for 75% GelMA mixed with 25% gelatin;

GelMA100 for 100% GelMA.

To evaluate whether the porous microspheres were synthesized

successfully in accordance to the volume ratios of GelMA and gelatin,

the microsphere groups GelMA30, GelMA50, GelMA75, and

GelMA100 were observed under a light microscope (Figure 2b). With

the increasing addition of gelatin (from GelMA100 to GelMA30), there

was an increase in the transparency of the porous hydrogel micro-

spheres due to the elimination of gelatin that led to the loose struc-

ture of the porous hydrogel microspheres. To further measure the

microsphere size, 100 microspheres for each group were randomly

selected and measured as shown in Figure 2c. The average diameters

of GelMA30, GelMA50, GelMA75, and GelMA100 were 193 ± 54 μm,

198 ± 82 μm, 160 ± 35 μm, and 219 ± 61 μm, respectively. To further

visualize the porous hydrogel microspheres, their morphology was

evaluated by scanning electron microscope (SEM, Sirion 200, FEI)

after freeze-drying. In Figure 2d, enclosing spherical structures with

barely any pore were observed for the GelMA100 group. With the

increase in ratio of gelatin (from GelMA75 to GelMA30), the micro-

spheres became more porous, and thus an increased surface area and

porosity for cell infiltration. In addition, the GelMA30, GelMA50, and

GelMA75 groups exhibited increasing swelling ratio after 30 minutes'

incubation in simulated body fluid (SBF) (Figure 2e) compared to the

GelMA100: the plateau swelling ratio of GelMA30, GelMA50,

GelMA75, and GelMA100 were 1189 ± 127%, 1235 ± 33%, 1246

± 225%, and 882 ± 128%, respectively, with GelMA100 having the

lowest swelling ratio; this shows that the removal of gelatin allowed

more room for the porous microspheres to swell.

2.3 | Characterization of ADSC loading efficacy of
porous hydrogel microspheres in vitro

Since different groups of porous hydrogel microspheres exhibited dif-

ferent porous structures and swelling behaviors, we then screened

their cell-loading capability by coculturing ADSCs in vitro. Figure 2f

shows the cell proliferation of the ADSCs cocultured in different

microsphere groups. After 1 day of coculture, there was no significant

difference in the absorbance of the ADSCs cultured with GelMA30,

GelMA50, GelMA75, and GelMA100. However, after 3 days and

5 days of coculture, the absorbance of ADSCs cultured with GelMA75

displayed higher values than the other three groups, indicating a more

favorable cell microenvironment for proliferation. We theorize that

the better performance of GelMA75 may be due to its balance in both

structural integrity for cell growth and porosity for cell infiltration. To

evaluate this hypothesis, we stained the day 1 samples of ADSCs in

GelMA30, GelMA50, GelMA75, and GelMA100 with 40 ,6-diamidino-

2-phenylindole (DAPI) and phalloidin to characterize its morphology

(Figure 2g). After 3D reconstruction (Figure 2g), the ADSCs exhibited

stretched morphology on microspheres of all groups, indicating that

the ADSCs were either infiltrated into or anchored onto the surface

of the microspheres. In addition, the F-actin staining shows that the

stress fibers on a single cell became progressively less stretched as

the GelMA content decreased, indicating that there was lesser cell

adhesion as the microspheres got looser. We also stained these

ADSCs and evaluated the cells quantitatively using flow cytometry

(CytoFLEX S, Beckman Coulter) for their population and viability. As

4 of 15 XU ET AL.
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shown in Figure 2h, on day 1, the GelMA75 already showed a signifi-

cantly higher living cell number than all the other groups (GelMA30,

GelMA50, and GelMA100), confirming its favorable microenviron-

ment to support ADSCs. For the cell loading efficiency, it is defined

the percentage of the cells loaded into the microspheres relative to

the total number of cells cocultured (e.g., including cells attached onto

the well plate, see Section 4.4 for further details). Here, we observed

that the GelMA30 group being slightly better than the GelMA75

group. However, since GelMA75 has the greatest number of living

cells (Figure 2h), this implies that apart from the GelMA75 micro-

spheres having more living cells, there are also more living cells that

are not attached to the GelMA75 microspheres, meaning that the

GelMA75 group is actually more favorable for ADSC viability (consis-

tent with the data that GelMA75 has the best proliferation in

Figure 2f). Additionally, GelMA100 appeared to have the least ADSC

viability, implying that a porous design is a better choice for our

F IGURE 2 (a) Preparation of porous hydrogel microspheres with different volume ratio between GelMA and gelatin for ADSC loading. The
investigation of GelMA30, GelMA50, GelMA75, and GelMA100 in (b) morphology under light microscopy. The diameter of (c) GelMA30 (ci),
GelMA50 (cii), GelMA75 (ciii), and GelMA100 (civ). The morphology of GelMA30, GelMA50, GelMA75, and GelMA100 in (d) SEM and (e) their
swelling percentages. (f) Quantification of ADSC proliferation in GelMA30, GelMA50, GelMA75, and GelMA100 after 1, 3, 5 days' coculture.
(g) Representative confocal images for day 1 culture of ADSCs-loaded GelMA30, GelMA50, GelMA75, and GelMA100 stained with phalloidin
(green) and DAPI (blue). The day 1 samples of the ADSC-loaded GelMA30, GelMA50, GelMA75, and GelMA100 were quantified by the (h) living
cell number and (i) cell loading efficiency with viability dye using flow cytometry. The error bars are based on standard errors of the individual
samples (n = 3 for (g), (h) and (i), n = 5 for the rest); ***P < .001, ANOVA with Tukey's posttest; *** indicates significance of the GelMA75 groups
compared to the GelMA100 groups. ADSC, adipose-derived stem cell; DAPI, 40 ,6-diamidino-2-phenylindole; GelMA, gelatin methacryloyl; SEM,
scanning electron microscope
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purpose. Considering the porosity and structure of GelMA75 that

resulted in better ADSC proliferation and viability, this microsphere

group was selected for the later in vitro and in vivo experiments.

2.4 | In vitro antitumor capability of hydrogel
microspheres

After evaluating the tissue regeneration capability in vitro, we system-

ically evaluated the ability of our living prosthetic breast to inhibit

tumor recurrence. As reported, the antitumor capability of Uro-C can

be attributed to that Uro-C increases the release of lactate dehydro-

genase and lipid peroxidation malondialdehyde, which stimulates the

generation of ROS and the depolarization of mitochondrial membrane,

causing calcium dyshomeostasis in cells leading to apoptosis.29 Based

on this mechanism, tumor recurrence can be inhibited by inducing

apoptosis using U@ZIF to quickly release the Uro-C under the acidic

tumor microenvironment.

To produce U@ZIF-Gel, we loaded U@ZIF into GelMA75 micro-

spheres by mixing the nanoparticles into the pregel solution prior to

microsphere fabrication. We first examined their drug release profile

to characterize their pH-sensitive property. As shown in Figure S2,

pH-triggered drug release was observed on the U-ZIF@Gel. At physio-

logical condition (pH 7.4), limited Uro-C was released from the

U-ZIF@Gel, arriving at 39.4 ± 0.1% after 15 days; in contrast, 82.9

± 1.7% of Uro-C was released from the U-ZIF@Gel in a tumor micro-

environment (pH 6.0), demonstrating a successful synthesis of the

pH-sensitive hydrogel microsphere for Uro-C release. We also evalu-

ated ADSC viability in U-ZIF@Gel by coculturing in normal growth

medium for 3 days, and its resulting cell viability (Figure S3) compared

to the samples without the U-ZIF@Gel microspheres was almost the

same—at around 100% viability (ie, the difference for the two groups

is not statistically significant).

After confirming the favorable properties of U-ZIF@Gel for

ADSCs, we explored the in vitro tumor inhibition capability of

U-ZIF@Gel. First, the effectiveness of direct Uro-C incubation for the

inhibition of 4T1 cells was evaluated. After 24 hours of incubation,

significant inhibition effect was observed on the cell viability of 4T1

treated with 10 μM Uro-C, where this inhibition effect on the 4T1

cells was concentration-dependent (Figure 3a). We then investigated

the inhibitory effect of U-ZIF@Gel microspheres on the intracellular

ROS level and cell apoptosis. After coculturing the 4T1 cells with

either GelMA75, U-ZIF@Gel, or blank for 4 hours, we measured the

ROS level using DCFH-DA staining (Figure 3b-d). 4T1 cells treated

with the GelMA75 exhibited a similar peak shift as 4T1 cells with

blank treatment (denoted as control here), revealing that the

GelMA75 microspheres alone cannot increase the ROS generation in

the 4T1 cells. However, there was an obvious peak shift in the 4T1

cells treated with the U-ZIF@Gel, indicating that the U-ZIF@Gel can

increase the ROS generation in the 4T1 cells unlike other groups. This

was also visualized under the ZEISS LSM900 confocal microscope

(Figure 3c). A similar trend was observed with both the control group

and the GelMA75 group exhibited limited green fluorescence

(indicative of ROS level of the 4T1 cells) compared to the U-ZIF@Gel

group. We further quantified the DCFH-DA positive cells using flow cyto-

metry, and it revealed that there was 49.6 ± 10.6% positive cells among

the 4T1 cells treated with U-ZIF@Gel, in contrast to the 16.5 ± 4.7% pos-

itive cells for control and 22.1 ± 7.9% positive cells for GelMA75. These

results show that, rather than by the porous hydrogel microsphere

(GelMA75) itself, the pH-sensitive Uro-C release of U-ZIF@Gel is what

mainly responsible to induce ROS generation.

Since U-ZIF@Gel increased the intracellular ROS level, the cas-

cade effect of the increased intracellular ROS was further explored by

incubating 4T1 cells with U-ZIF@Gel for 24 and 48 hours, assessed by

cell counting kit-8 (CCK-8) (Figure 3e). After 24 hours of incubation, 4T1

cells treated with U-ZIF@Gel exhibited decreased cell viability (69.8

± 4.6%) compared to the 101.2 ± 4.1% for the GelMA75 group and 100

± 2.5% for the control group. After 48 hours of incubation, the cell viabil-

ity of 4T1 cells treated with U-ZIF@Gel dropped to 50.5 ± 3.8%, in con-

trast with the 109.2 ± 1.5% for the GelMA75 group and 112.9 ± 6.6%

for the control group. Furthermore, the mechanism behind the decreased

cell viability of 4T1 cells was explored by apoptosis analysis (Figure 3f-h)

using apoptotic marker annexin V and dead cell marker propidium iodide

(PI). Briefly, cells in early apoptosis presents an elevated annexin V fluo-

rescence but a low PI fluorescence (Q3 area); and cells in late apoptosis

presents an elevated fluorescence of both annexin V and PI (Q2 area).

After 24 hour's incubation, there was an obvious population shift towards

Q3 and Q2 in 4T1 cells treated with U-ZIF@Gel as shown in the figures,

revealing that there were more apoptotic cells in contrast with the results

of GelMA75 and control (Figure 3f). Furthermore, it also revealed that

7.0 ± 0.5% of 4T1 cells were at late apoptosis stage when treated with

U-ZIF@Gel, which was significantly more than the 1.1 ± 0.3% of late apo-

ptotic 4T1 cells in control and 0.9 ± 0.1% of late apoptotic 4T1 cells in

GelMA75. As for the early apoptosis stage, there was 28.0 ± 2.9% of cells

in the U-ZIF@Gel group, 11.4 ± 1.1% for the GelMA75, and 11.3 ± 0.9%

for the control. According to these results, we can conclude that U-ZIF@-

Gel successfully inhibited 4T1 cells' proliferation by increasing their intra-

cellular ROS level to induce cell apoptosis, demonstrating the efficacy of

Uro-C as a small molecule to inhibit tumor recurrence.

2.5 | In vivo regeneration ability of hydrogel
microspheres

Since we demonstrated that GelMA75 carried ADSCs with good cell via-

bility in vitro, we then investigated the in vivo regeneration effect of the

microspheres by subcutaneously injecting the ADSC-loaded GelMA75

and ADSC-loaded U@ZIF-Gel into the mice. Free ADSCs were also sub-

cutaneously injected into the mice as a control group. After 2 months, we

observed that there was no obvious tissue generation in the mice injected

with the free ADSCs (data not shown). In comparison, mice treated with

both GelMA75 and U@ZIF-Gel exhibited regenerated tissues, as shown

in Figure 4a. Quantification of the regenerated tissues by its weight and

size showed that the tissue weight of the GelMA75 group was 0.171

± 0.01 g, and the U@ZIF-Gel group was 0.173 ± 0.02 g (Figure 4b); for

tissue size, the GelMA75 group was 120.1 ± 9.6 mm3, and the

6 of 15 XU ET AL.
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U@ZIF-Gel group was 120.2 ± 15.8 mm3 (Figure 4c). The GelMA75 and

the U@ZIF-Gel groups showed comparable results of tissue weight and

size, indicating that the presence of Uro-C in the hydrogel microspheres

did not affect the regeneration ability of the hydrogel microspheres at

physiological environment.

Moreover, the structure of the regenerated tissues was investi-

gated by both hematoxylin and eosin (H&E) staining and immunofluo-

rescence staining. As shown in Figure 4d, the regenerated tissues

were located around the degraded hydrogel microspheres (ie, the site

of injection) in both GelMA75 and U@ZIF-Gel. This phenomenon indi-

cates that the hydrogel microspheres delivered the ADSCs to the

defect site for tissue regeneration. As shown in Figure 4e, similar

fluorescence intensity and area for uncoupling protein 1 (UCP-1) and

perilipin can be observed in both GelMA75 and U@ZIF-Gel, revealing

that both the hydrogel microspheres with Uro-C and without Uro-C

promoted the adipose formation without significant difference, dem-

onstrating the tissue regenerative ability of U@ZIF-Gel.

2.6 | In vivo antitumor efficacy of hydrogel
microspheres

After confirming the tissue regenerative capability in vitro and in vivo,

we then evaluated the tumor inhibition efficacy in vivo. To establish a

F IGURE 3 (a) Effect of concentration of urolithin C on viability of 4T1 cells. (b) Intensity of DCFH-DA (a dye indicative of ROS level) of 4T1
cells treated with different formulations, measured by flow cytometry. (c) Representative confocal images of DCFH-DA distribution in the 4T1
cells treated with different formulations. (d) Quantification of DCFH-DA positive 4T1 cells. (e) Proliferation of 4T1 cells treated with different
formulations after 24 hours and 48 hours of incubation. (f) Effect of different treatments on apoptosis of 4TC cells assessed by flow cytometry.
Annexin V is an apoptotic marker and PI is a dead cell marker. Cells with fluorescence signals at the Q3 area imply they are in early apoptosis,
whereas the Q2 area implies the late apoptosis. Quantification of (g) late apoptotic cells and (h) early apoptotic cells. Unstained 4T1 cells were
denoted as Blank, 4T1 cells cultured with cell culture medium were denoted as Control, with GelMA75 denoted as GelMA75, and U@ZIF-Gel
denoted as U@ZIF-Gel. The error bars are based on standard errors of the individual samples (n = 3 for (d) and (g), n = 6 for (e)); ANOVA with
Tukey's posttest. GelMA, gelatin methacryloyl; PI, propidium iodide
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tumor recurrence model, U-ZIF@Gel was implanted into the surgery

area after we removed part of the subcutaneous tumors, mimicking

the situation of a postoperative breast cancer (Figure 5a). The tumor

growth was monitored by an In Vivo Imaging System (IVIS) on 7, 14,

and 28 days after implantation, and the mice treated with saline and

free Uro-C were denoted as control and urolithin C, respectively. As

shown in Figure 5b, on day 7, there was no obvious difference in the

tumor size, which indicated the successful establishment of the post-

operative breast cancer model in mice, and the remaining tumor was

still in development. On day 14, we observed that the tumor growth

was inhibited in mice treated with U-ZIF@Gel compared to those in

the Control and Urolithin C groups. After 28 days, tumors are devel-

oped in every group, and we attribute this partially to the burst

release properties of U-ZIF@Gel (Figure 1g) that may fall short in anti-

tumor ability for longer treatment period (albeit good performance ini-

tially), but mainly to the intentionally incomplete tumor removal that

induced tumor recurrence. Nevertheless, the mice treated with

U-ZIF@Gel exhibited a smaller area than those in the control and Uro-

lithin C group. As demonstrated by the IVIS results (Figure 5c-e), on

day 7 (Figure 5c) and day 14 (Figure 5d), there was no significant dif-

ference in the average photons per pixel among the three groups. On

day 28, both U-ZIF@Gel and Urolithin C groups displayed a lower

average photons per pixel than the control group, where the U-ZIF@

Gel group was significantly lower than the Urolithin C group, suggest-

ing an antitumor effect from the U-ZIF@Gel group. A similar trend

was observed in monitoring the tumor size and tumor weight of mice

(Figure 5f,g). After 28 days' implantation (Figure 5f), the average

tumor size was 991.1 ± 176.5 mm3 in control, 400.6 ± 45.7 mm3 in

the Urolithin C group, and 203.5 ± 63.0 mm3 in the U-ZIF@Gel group.

Consistently, the average tumor weight decreased from 0.5 ± 0.2 g in

the control group, 0.2 ± 0.1 g in the Urolithin C group, to 0.1 ± 0.1 g

in the U-ZIF@Gel group (Figure 5g). All these results evidenced that

the U-ZIF@Gel can enhance the antitumor efficacy of urolithin C,

which could be attributed to the local and burst release of urolithin

F IGURE 4 In vivo regeneration ability of hydrogel microspheres. (a) Macroscopic observation of regenerated adipose tissue. Quantification of
the regenerated adipose tissue by (b) weight and (c) size. (D) Representative H&E stained images of the regenerated adipose tissue. (e)
Representative immunofluorescence images of regenerated adipose tissue in UCP-1, perilipin, DAPI, and merge. DAPI, 40,6-diamidino-2-
phenylindole; UCP-1, uncoupling protein 1
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C. In practice, a complete suppression of tumors may also be achieved

by repeated administration of such therapy for prolonged release, or

by further adjusting the release properties of the microspheres.

Furthermore, the systemic biocompatibility of U-ZIF@Gel was

evaluated by both monitoring the body weight of mice during the

whole treatment progress, and collecting the main organs for H&E

staining, such as heart, liver, spleen, lung, and kidney after 28 days of

treatment. As shown in Figure 5h, mice's body weight in all groups

increased from day 0 to day 28, indicating the nontoxicity of the

treatment. Moreover, the mice treated with U-ZIF@Gel and urolithin

C exhibited a similar tissue structure as those treated with saline (con-

trol) in all main organs (Figure S4), revealing that the application of

U-ZIF@Gel and urolithin C in the whole therapeutic progress did not

cause detrimental change in the tissue structures.

Moreover, after 28 days' treatment, serum in mice was collected

and analyzed for their liver functions and their immune response. To

evaluate their liver function, we measured the serum level of alanine

transaminase and aspartate transaminase as shown in Figure S5, and

F IGURE 5 (a) Schematic diagram showing the application of U-ZIF@Gel microspheres for tumor treatment. The 4T1-bearing C57BL/6J mice
treated with different formulations were evaluated in (b) IVIS images after 7, 14, and 28 days, and the quantified results of IVIS images after
(c) 7 days, (d) 14 days, and (e) 28 days. The 4T1-bearing C57BL/6J mice treated with different formulations were assessed in the (f) tumor size,
(g) tumor weight, and (h) body weight. The ELISA results of (i) IFN-γ, (j) IL-10, and (k) TNF-α in the serum of 4T1-bearing C57BL/6J mice with
different treatments. The error bars are based on standard errors of the individual samples (n = 5); ANOVA with Tukey's posttest. ELISA, enzyme
linked immunosorbent assay; IFN-γ, interferon-γ; IL-10, interleukin-10; TNF-α, tumor necrosis factor-α
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their levels were similar in all the groups (U-ZIF@Gel, control, and

Urolithin C), implying that the whole therapeutic process did not

cause significant detrimental effects on the liver function of mice.

For the immune system, we evaluated their level in interferon-γ

(IFN-γ), tumor necrosis factor-α (TNF-α), and interleukin-10 (IL-10),

where the former two indicate the presence of inflammation, and

the latter indicate the presence of anti-inflammation. All of which

can imply the elevation of intracellular ROS in vivo. Indeed, previ-

ous studies have shown that the upregulation of these inflamma-

tory markers and the downregulation of the anti-inflammatory

marker indicate an immune response in the target microenviron-

ment that will induce apoptosis and hence an elevated intracellular

ROS stress/signaling.30–32 As shown in Figure 5i-k, mice treated

with U-ZIF@Gel exhibited up-regulated secretion of TNF-α and

IFN-γ and down-regulated secretion of IL-10, indicating the up-

regulated inflammation and activation of the immune system.

Thus, it can be concluded that the U-ZIF@Gel was activated by the

tumor microenvironment and led to enhanced inflammation and

tumor inhibition.

This conclusion was also supported by the flow cytometry analy-

sis in the tumor tissues (Figure 6a-d). The gating strategies for the

macrophages were described in Figure 6a: (1) The living cells were

selected, followed by the CD45 positive cells. (2) The CD11b positive

cells were selected, followed by the high expression of F4/80 cells.

(3) CD206 and CD80 positive cells were gated and quantified. First,

for the CD206 and CD80 markers, they were chosen since they rep-

resent an elevated expression of M2 macrophages and M1 macro-

phages, respectively. Conventionally, macrophages that are polarized

to M1 in tumor implies anti-tumor activities, and to M2 for tumor pro-

moting activities,33 and it has been shown clinically that a high

M1/M2 ratio improves overall cancer survival (and worsen for high

M2/M1 ratio).34,35 As shown in Figure 6b, the U-ZIF@Gel group

exhibited the highest CD80/CD206 ratio (5.2 ± 2.6) compared to the

0.7 ± 0.1 for the control and 1.2 ± 0.1 for the Urolithin C group, sug-

gesting a suppressive effect towards the tumor microenvironment.

The T cell population was also investigated in Figure 6c by gating the

living cells followed with the CD45 positive cells and CD3 positive

cells, then gating the CD4 positive cells and CD8 positive cells, the

F IGURE 6 (a) The gating strategies of M1 and M2 macrophages. (b) The ratio of M1/M2 macrophages in the tumor of 4T1-bearing C57BL/6J
mice treated with different formulations. (c) The gating strategies of CD4 and CD8 T cells. (d) The ratio of CD4/CD8 T cells in the tumor of
4T1-bearing C57BL/6J mice treated with different formulations. (e) Representative immunofluorescence images of CD8 (FITC) and CD4 (Cy3) in
the tumor of 4T1-bearing C57BL/6J mice treated with different formulations. FITC, fluorescein isothiocyanate
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conventional “helper” T cell marker and “killer” T cell marker respec-

tively, in which a sufficient amount of CD4-positive T cells is required

to mobilize CD8-positive T cells for immune responses. According to

previous studies, the normal CD8/CD4 ratio was around 0.5 in

healthy human and mice,36,37 and an abnormal CD8/CD4 ratio

(whether it be increasing or decreasing) can have different implications

depending on the context. For example, immunosenescence could mani-

fest an elevated CD8/CD4 ratio, but that accompanies with the loss of T

cell populations.38,39 In the case of cancer, an elevation of CD8 expres-

sion, CD4 expression, and CD8/CD4 ratio implies an inflammatory

tumor-killing microenvironment that is favorable to host survival.40–42 As

shown in Figure 6d, the U-ZIF@Gel group exhibited the highest

CD8/CD4 ratio (2.0 ± 0.2), followed by 1.2 ± 0.3 for the Urolithin C

group, and 0.4 ± 0.3 for the control group, suggesting the T cell popula-

tion was upregulated to respond to the tumor development when treated

with the U-ZIF@Gel and Urolithin C group.

Moreover, the changes in the tumor microenvironment were also

confirmed by immunohistochemistry (Figure 6e). For the CD8 and

CD4 double staining, where the green dots indicate the CD8 positive

T cells and the red dots indicate the CD4 positive T cells, it is clear

that U-ZIF@Gel had more CD8 positive T cells and CD4 positive T

cells in the tumor area compared to the other two groups, indicating a

more suppressed tumor microenvironment. Additionally, for the

CD206 and CD80 double staining (marker for M2 and M1 macro-

phages respectively), where the green dots indicate the CD80 positive

macrophages and the red dots indicate the CD206 positive macro-

phages, it was also apparent that the U-ZIF@Gel groups exhibited

more CD80 positive macrophages in the tumor area, revealing an ele-

vated inflammatory state. All these results revealed that the U-ZIF@

Gel porous hydrogel microspheres effectively carried ADSCs and

ensured the proliferation of ADSCs to promote the adipose formation

in vivo, all the while inhibited tumor recurrence in situ. Altogether, our

data suggest that this design could be a new generation of living pros-

thetic breast that simultaneously achieve tissue regeneration and anti-

tumor efficacy.

3 | CONCLUSION

In conclusion, we have prepared U@ZIF nanoparticle-loaded porous

hydrogel microspheres (U@ZIF-Gel), which carried ADSCs to promote

adipose regeneration and simultaneously inhibited tumor recurrence for

effective prognosis of breast cancer. The porous hydrogel microspheres

exhibited increased cell loading and viability, resulting in significant pro-

motion of adipose tissue formation. Meanwhile, the tumor therapy

exhibited limited side effects to the loaded ADSCs, with the pH respon-

sive urolithin C release to inhibit the tumor tissues and the tumor cells.

Moreover, the tumor recurrence can be controlled by implanting

U@ZIF-Gel for at least 28 days without any detrimental influence on

the structure and function of major organs including heart, liver, spleen,

lung, and kidney. Additionally, the U@ZIF-Gel microspheres induced

tumor cell apoptosis, re-polarized M2 macrophages to M1 macro-

phages, and increased the ratio between CD8/CD4 T cells in tumor

tissues. The U@ZIF-Gel porous hydrogel microspheres not only inte-

grate the advantages of controlled drug release and the capability to

deliver cells to the defect site, but also take advantage of the unique

physiological environment around and in tumor cells, making it a prom-

ising candidate for simultaneously inhibited tumor recurrence and pro-

moted tissue regeneration after the surgical resection of breast tumors.

We anticipate that under more advanced microsphere designs, this liv-

ing prosthetic breast can be even further improved to achieve a smarter

and more sustained release, bringing such an integrated therapeutic

strategy closer to clinical reality.

4 | EXPERIMENTAL SECTION

4.1 | Synthesis and characterization of ZIFs

The urolithin C-loaded zeolitic imidazolate frameworks (U@ZIF-8)

were prepared using a typical protocol of dissolution and centrifuga-

tion.43 Briefly, 4.41 mg zinc nitrate hexahydrate, 4.86 mg

2-methylimidazole, and urolithin C was respectively dissolved into

methanol. Then, these three solutions were mixed at room tempera-

ture for 10 minutes. Afterwards, the solution was centrifuged at

10,000g for 5 minutes, and the suspension was discarded to remove

the unloaded urolithin C and unreacted chemicals (zinc nitrate hexa-

hydrate and 2-methylimidazole). The precipitate was collected for the

following experiments.

The EE of U@ZIF-8 was calculated as the following formulation:

EE¼Wtotal urolithin C�Wunloaded urolithin C

Wtotal urolithin C
�100%,

where W denotes the amount of the corresponding materials (either

loaded or not loaded with urolithin C). Additionally, the hydrodynamic

diameter, zeta potential, and PDI of U@ZIF-8 was investigated by the

DLS (Mastersizer 3000E). The morphology of U@ZIF-8 was observed by

TEM (Talos F200X S). The porous and crystal structure of U@ZIF-8 was

explored by X-ray diffraction and Brunner Emmet Teller (BET). The UV

spectrum of urolithin C was explored by the Varioskan LUX (Thermo Sci-

entific). To characterize the release profile, the U@ZIF-8 was incubated

in the PBS at pH 6.0 and 7.4. At predetermined time points 30 minutes,

1, 3, 6, 12, and 24 hours, the suspension was collected and measured by

the Varioskan LUX (Thermo Scientific) at 365 nm.

4.2 | Preparation and characterization of porous
hydrogel microspheres

4.2.1 | Preparation of porous hydrogel
microspheres

Five percentage of GelMA solution and 2.5% gelatin solution were

mixed at different volume ratio (GelMA:gelatin: 100%:0%, 75%:25%,

50%:50%, and 30%:70%, denoted as GelMA100, GelMA75, GelMA50,
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GelMA30) to prepare the hydrogel solution. Then, microfluidics was used

to prepare the hydrogel microspheres. Specifically, paraffin containing 5%

Span 80 was used as the outer phase with the speed at 600 μL/min, and

hydrogel solution was used as the inner phase with the speed at 30 μL/min.

The final mixture was collected at �40�C bath. Afterwards, the mix-

ture was crosslinked under the UV light exposure (365 nm, 30 W) for

5 minutes to get the hydrogel microspheres. Then, the hydrogel

microspheres were washed with ether three times to remove the par-

affin, followed by washing with DI water three times at 45�C to

remove ether and gelatin. Finally, the hydrogel microspheres were col-

lected and stored at �20�C for the following experiments. The

U@ZIF-8 loaded hydrogel microspheres (U@ZIF-Gel) were prepared

similarly to the procedures above, except within the hydrogel solution,

5% of the GelMA solution was instead containing U@ZIF-8.

4.2.2 | Characterization of porous hydrogel
microspheres

After freeze drying, the morphology of the hydrogel microspheres

was observed by SEM (Quattro). The porous structure of hydrogel

microspheres was explored by the BET measurement. Additionally,

the hydrogel microsphere powder was weighted and recorded as W0.

Then, these hydrogel microspheres were immersed in SBF. At each

time point, the hydrogel microspheres were weighted and recorded as

Wt. The swelling percentage of the hydrogel microspheres was calcu-

lated by the following formulation:

Swelling percentage¼Wt

W0
�100%:

The drug release behavior of U@ZIF-Gel was explored by incubating

U@ZIF-Gel with PBS at pH 6.0 and 7.4. At each time points, the solu-

tion was refreshed and the concentration of urolithin C was measured

by the Varioskan LUX.

4.3 | Cell culture

ADSCs were cultured in OriCell Basal medium supplemented with

10% OriCell fetal bovine serum (FBS), and 1% penicillin-streptomycin

solution. 4T1 cells were cultured in Roswell Park Memorial Institute

(RPMI)-1640 supplemented with 10% FBS and 1% penicillin-

streptomycin solution. Cells were cultured at 37�C with 5% carbon

dioxide; the culture medium was refreshed every 2 days, and cells

were passaged when the cell density arrived at 90%.

4.4 | Preparation and characterization of ADSC-
loaded hydrogel microspheres

Before culturing with cells, the hydrogel microspheres were sterilized

under the Co-60 irradiation. Afterwards, 1 mg GelMA100, GelMA75,

GelMA50, and GelMA30 hydrogel microspheres were respectively

weighted and added into low-retention (low cell attachment) 96-well

plates (1 mg hydrogel microspheres for each well). ADSCs were

detached, centrifuged, and resuspended in culture medium (1 � 106

cells/mL). Then, 100 μL ADSC suspension was added into each well

and co-incubated with hydrogel microspheres, and cell culture medium

was refreshed every 2 days. The ADSC-loaded U@ZIF-Gel micro-

spheres (U@ZIF-Gel-ADSCs, i.e., hydrogel microspheres that also

include Uro-C loaded ZIF) were prepared similarly as described above.

After 1, 3, and 5 days' incubation, the cell viability was investi-

gated by the CCK-8, according to the manufacturer's instruction.

1 � 105 cells cultured in the 96-well plate was used as the negative

control. The suspension was measured by the Varioskan LUX at

450 nm. After 3 days' incubation, the hydrogel microspheres were

stained with phalloidin and 2-(4-amidinophenyl)-6-indolecarbamidine

dihydrochloride (DAPI), and the morphology and distribution of

ADSCs on the hydrogel microspheres were observed by a confocal

microscope (LSM900, ZEISS). Additionally, after 3 days' incubation,

the hydrogel microspheres were collected and gently washed with

PBS to remove any unattached ADSCs. Then these hydrogel micro-

spheres were incubated with 0.25% trypsin-ethylene diamine tetraa-

cetic acid to detach the ADSCs, followed by filtering with 40 μm cell

strainer to remove the hydrogel microspheres. Finally, these detached

ADSCs were stained with Zombie NIR Fixable Viability Kit and

detected with a flow cytometer (CytoFLEX S, Beckman Coulter). For

the day 1 culture, the living cell number and the cell loading efficiency

were also quantified using flow cytometer. To measure the cell load-

ing efficiency, we also collected ADSCs that are not loaded onto the

microspheres by detaching ADSCs from the well plate and collecting

ADSCs detached from the microspheres during the washing process.

We denote the amount of ADSCs loaded onto the microspheres as

Ngroup, and the total amount of ADSCs collected as Ntotal. The cell

loading efficiency is then calculated as follows.

Living cell percentage¼Ngroup

Ntotal
�100%:

4.5 | In vitro antitumor efficacy of hydrogel
microspheres

1 � 104 4T1 cells were seeded on the 96-well plates with the addition

of urolithin C, GelMA75, and U@ZIF-Gel hydrogel microspheres,

respectively, and 4T1 cells without any treatment were denoted as

control. After 24 hours' incubation, the cell viability was evaluated by

the Varioskan LUX at 450 nm, and the cell viability was calculated by

the following formulation:

Cell viability¼Aexperimental groups

Acontrol
�100%:

1 � 105 4T1 cells were seeded on the 12-well plates treated with

GelMA75, U@ZIF-Gel hydrogel microspheres, or without any
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treatment (denoted as control) for 4 hours, and then the cells were

incubated with DCFH-DA probe for 20 minutes. Then, cells were

washed and detached, followed by analysis in the ROS by flow cyto-

metry for fluorescein isothiocyanate (FITC) positive events. In addi-

tion, after 4 hours' treatment, cells were incubated with DCFH-DA

probe for 20 minutes followed by washing with PBS and staining

with DAPI, and then the cells were observed by a confocal micro-

scope (ZEISS). 1 � 105 4T1 cells were seeded on the 12-well plates

treated with the GelMA75, U@ZIF-Gel hydrogel microspheres, or

without any treatment (denoted as control) for 24 hours, and then

the cells were detached and co-stained with the annexin-FITC and

PI for 30 minutes, according to the manufacturer's instruction

(88-8005-74, Thermo Fisher). Cells were then analyzed in the apo-

ptosis by flow cytometry.

4.6 | In vivo antitumor efficacy of hydrogel
microspheres

Six-week-old C57BL/6J mice were purchased from JOINN Labo-

ratories (No. 202114550, Suzhou, China). Animal experiments

were approved by the Animal Ethics and Welfare Committee

(AEWC) of Zhangjiagang TCM Hospital Affiliated to Nanjing Uni-

versity of Chinese Medicine (Approval date: 2020-05-20,

Approval No: AEWC-20200516). Briefly, 5 � 106 4T1 cells were

subcutaneously injected into the mice under the anesthesia on

day 7. After 7 days, mice were randomly divided into three groups,

and half of the tumor was removed by surgery under anesthesia

and analgesics on day 0. After 7 days, mice were intravenously

injected with saline every 2 days (denoted as Saline), with uro-

lithin C (0.1 mg/g) (denoted as urolithin C), and with U@ZIF-Gel

hydrogel microspheres (denoted as Gel). The tumor growth was

recorded by the IVIS system (IVIS Lumina III, PerkinElmer) on days

7, 14, and 28. The tumor volume and body weight of mice was

also recorded, and the tumor volume was calculated by the follow-

ing formulation: V¼ Length�Width2

2 .

On day 28, mice were euthanized by CO2. Major organs, such as

heart, liver, spleen, lung, and kidney, were collected and processed

with H&E staining. Blood was collected with the addition of heparin

sodium, and serum was isolated by the centrifugation (900g) at 4�C

for 15 minutes. Then, the concentration of IL-10, TNF-α, and IFN-γ in

the serum was evaluated by the enzyme linked immunosorbent assay.

Tumor was first isolated and weighted, then cut into two parts.

Half of the tumor was processed with the immunofluorescence stain-

ing (CD80, CD206, CD4, and CD8). The remaining tumor was

digested into the single cell suspension. Specifically, tumor was cut

into small pieces and incubated in RPMI-1640 medium containing

1 mg/mL collagenase type I, 0.1 mg/mL deoxyribonuclease, and

2 U/mL hyaluronidase for 30 minutes with constant vibration.

Afterwards, the tumor tissues were smashed and filtered with 70 μm

cell strainer to prepare the single cell suspension. The cell suspension

was first blocked with the CD16/32 for 15 minutes at 4�C, followed

by staining with Zombie NIR Fixable Viability Kit for 15 minutes at

4�C. Then cells were respectively stained with CD45, CD11b, F4/80,

CD80, and CD206 for the macrophage subtype, and CD45, CD3,

CD8, CD4, CD25, and FOXP3 for the T cell subtypes.

4.7 | In vivo tissue regeneration of hydrogel
microspheres

ADSCs were respectively co-cultured with GelMA75 and U@ZIF-Gel

hydrogel microspheres for 7 days. Then, these ADSC-loaded

microspheres were subcutaneously injected into the right back of

C57BL/6J mice. Mice subcutaneously injected with free ADSCs

were regarded as the control group. After 2 months, the tissues

around the right back of C57BL/6J mice were collected and

weighted. Afterwards, the tissues were processed with H&E stain-

ing and immunofluorescence staining (uncoupling protein

1, UCP1-Cy3, and Perilipin-FITC).

4.8 | Statistical analysis

All results are representative of data generated in three indepen-

dent experiments unless otherwise stated. All numerical values

were expressed as the mean ± SD. For multiple comparison, statis-

tical analysis was performed using one-way ANOVA followed by a

Bonferroni posttest. For individual comparison, statistical analysis

was performed using two-tailed t-test. Data analysis was per-

formed using SPSS 22.0 software and considered statistically sig-

nificant at P < .05.
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