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ABSTRACT: Diabetes, a prevalent chronic metabolic disorder, o

often leads to severe complications. Currently, existing
treatment methods may pose life-threatening risks due to poor
patient compliance and inaccurate dosing of subcutaneous
insulin injections. Hence, a biomimetic red blood cell (RBC)
membrane-coated  glucose-responsive  nanoplatform is K
developed for controlling insulin release. Functionalizing
nanoplatforms with RBC membrane can prolong the half-life of
nano-formulation in vivo mediated by the biomimetic immune
escape. Simultaneously, the cascade catalytic effect of
glucose oxidase (GOx) encapsulated in metal-organic
frameworks (MOFs) and hemoglobin (Hb) in the RBC Hh)ﬁ

membrane are able to not only facilitate glucose-responsive ~ oo

insulin release, but also eliminate the detrimental by-product

hydrogen peroxide (H,O,) resulting from the Hb mediated H,O, scavenging. Both in vitro and in vivo studies have
demonstrated the favorable glucose-responsive performances of this advanced nano-platform with a single intravenous
injection maintaining blood glucose balance in Type 1 Diabetes (T1D) mice for an extended duration without the
hypoglycemia risk. Therefore, this biomimetic insulin delivery system is poised to function as a strategy for the intravenous
insulin administration, offering a promising drug candidate for the self-adaptive long-term T1D treatment.
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1 Introduction

Diabetes is a prevalent metabolic disorder characterized by
hyperglycemia resulting from insulin resistance or inadequate
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insulin secretion by the pancreas [1, 2]. It is often accompanied by a
range of severe complications [3, 4]. Currently, the standard
diabetes treatment relies on regular blood glucose level (BGL)
monitoring and insulin injections. However, this continuous self-
administration, known as an open-loop insulin delivery system,
often results in poor compliance of patients and inadequate
regulation of blood glucose [5, 6]. Recent advancements in insulin
delivery systems, such as oral, transdermal, nasal, and pulmonary
methods, have improved drug absorption, stability, and patient
comfort [7-10]. However, these treatments continue to face
challenges in precisely regulating BGLs and may still result in
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serious side effects. Compared with a single insulin injection or
continuous basal release, the ideal strategy is to increase insulin
release during hyperglycemia and decrease it during hypoglycemia.
Smart glucose-responsive insulin delivery systems, which integrate a
glucose-sensing module with an insulin release module, represent a
promising solution [11, 12]. In particular, chemically regulated
smart glucose-responsive insulin delivery systems could facilitate
insulin release in response to BGLs.

Glucose oxidase (GOx) is a flavin-containing glucose-specific
enzyme capable of catalyzing glucose to produce hydrogen peroxide
(H,0O,) and gluconic acid in the presence of oxygen, leading to a
gradual decrease in local pH [13, 14]. A decrease in local pH can
accelerate the degradation of acid-sensitive carriers [15]. Therefore,
co-loading insulin and glucose oxidase into a pH-sensitive carrier
can facilitate insulin release under a hyperglycemia state [16].
Enzyme inactivation may occur during the preparation process,
and the elevated production of H,0, as a byproduct could
potentially compromise enzyme activity and have damage risks to
cell, tissue, or organs [17]. However, these are critical considerations
in the development of glucose-responsive insulin delivery systems.
Therefore, the selection of a pH-sensitive carrier that preserves
enzyme activity while eliminating the side-effect product H,O, is
crucial for achieving sustained glucose-responsive insulin release.

Metal-organic frameworks (MOFs) are commonly utilized as
nanocarriers for drug delivery and storage [18, 19]. These materials
are crystalline porous structures that self-assemble from organic
linkers and metal ions [20]. The rigid molecular structure and
adjustable pore size of MOFs allow them to maintain strong
biological activity even in severe environments and efficiently
encapsulate proteins within their interior cavities [21, 22].
Furthermore, most MOFs can disassemble in response to specific
stimuli such as acid, glutathione, adenosine triphosphate, etc.,
leading to sensitive drug release [17, 23-25].

Recently, biomimetic nanodrug carriers have been developed
utilizing cell membrane-coated nanoparticles [17, 26]. These
carriers offer advantages such as low immunogenicity, minimal side

Hb

RBC
O Ly —
Zn?* 2-MI Insulin GOx

effects, and excellent biocompatibility, all while preserving the
intricate surface structure and unique biological functions of cell
membrane [27-29]. Red blood cell (RBC) possesses a long half-life
in the circulation and excellent biocompatibility [30]. Consequently,
nanoparticles enveloped with RBC membrane can significantly
augment the retention of nanoparticles in vivo [31, 32]. CD47 is a
transmembrane protein highly expressed on the surface of RBC,
primarily serving as a self-protective mechanism to evade the
immune system. Its ligand, the signaling regulatory protein a
(SIRPa), is predominantly expressed in macrophages. When CD47
binds with SIRPa, it transmits a “do not eat me” inhibitory signal,
effectively halting macrophages from engaging in phagocytic
activity [33, 34]. Additionally, hemoglobin (Hb), the primary
component of RBC, is essential for oxygen transport and energy
metabolism. Specifically, Hb-containing peroxidase can catalyze the
decomposition of H,0,, thus reducing oxidative damage [35].
Compared with other cell membranes, nanoparticle coated with
RBC membrane is able to not only extend nanoparticle’s retention
time in vivo through CD47 but also scavenges H,O, via Hb for
further enhancing the therapeutic efficacy and safety.

Hence, in this study, a long-term and safe insulin controlled
release system was constructed based on dynamic BGLs (Fig. 1). To
establish a glucose-responsive insulin delivery system, GOx and
insulin are co-loaded into zeolite imidazole framework-8 (ZIF-8), a
widely used biodegradable MOF material known for its low toxicity
and pH sensitivity. In this design, GOx catalyzes the conversion of
glucose into gluconic acid and H,O,. The decrease of pH in the
microenvironment triggers the degradation of ZIF-8, leading to the
release of insulin. Subsequently, the functionalization of the RBC
membrane coating not only accomplishes the biomimetic
“endogenous” camouflage, but also decomposes the detrimental by-
product H,0, mediated by the Hb catalysis. Both in vitro and in
vivo studies have demonstrated the favorable glucose-responsive
properties of the nanoplatform, with a single intravenous injection
maintaining blood glucose balance in Type 1 Diabetes (T1D) mice
for an extended duration without the hypoglycemia risk. Therefore,
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Figure1 Illustration of the RBC membrane-coated nano-platform for long-term self-adaptive treatment in T1D.
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this biomimetic nanoplatform is poised to function as a strategy for
intravenous insulin administration, offering a promising drug
candidate for the self-adaptive long-term T1D treatment.

2 Materials and methods

2.1 Chemical and materials

Zinc nitrate hexahydrate (Zn(NO;),6H,0) was obtained from
Chron Chemicals (Chengdu, China). 2-Methylimidazole (2-MI)
and insulin were obtained from Sigma (USA). Fluorescein
isothiocyanate (FITC) was acquired from Aladdin (Shanghai,
China). GOx and glucose were obtained from J&K Scientific
(Beijing, China). The remaining chemicals and reagents were
acquired from commercial suppliers and used as supplied.

2.2 Synthesis of ZGI

2 mL of 2-MI (1.4 M) containing 1 mg insulin was stirred. Then,
2 mL of Zn(NO,),6H,0 (20 mM) containing 1 mg GOx was
added drop by drop and stirred for 1 h. Next, the product was
washed three times by centrifugation (10,000 rpm, 5min). The
product obtained after centrifugation was pure ZGL

2.3 Preparation of the RBC membrane

Firstly, the whole blood from the mice was centrifuged (1000 rpm,
5 min), and after that suspended in 0.25x PBS for a half-hour at
4 °C to induce the RBC membrane rupture. Then, the mixture was
centrifuged (10,000 rpm, 10 min) and collected the precipitate, and
washed with phosphate buffer saline (PBS) until the solution
without red color. After sonication for 10 min, the obtained
membrane was extruded 10 times through 400 nm polycarbonate
porous membrane. The RBC vesicles (RV's) were stored at 4 °C.

24 Preparation of RZGI

RZGI was prepared by coating the RBC membrane on the surface
of ZGI by extrusion. In brief, ZGI and RBC vesicles were mixed in
specific ratios and sonicated for 5 min. Subsequently, the mixture
was extruded through a 400 nm polycarbonate porous membrane
ten times consecutively to prepare RZGL

2.5 Characterizations of RZGI

The hydrated size and zeta potential of ZGI and RZGI were
measured using Malvern Nano-ZS Zetasizer (Zetasizer Nano ZS 90,
Malvern, UK). Transmission electron microscopy (TEM, Talos
F200S Thermoscientific, Czech) was introduced to examine the
morphology of nanoparticles. A fluorescence spectrophotometer
was used to determine the entrapment efficiency (EE) and drug
loading (DL) of RZGI (FL, RF-6000, Shimadzu, Japan).

Polyacrylamide gel electrophoresis (sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE)) was used for
characterizing membrane proteins. RBC membrane proteins were
collected and separated using a Bio-Rad electrophoresis system. The
samples were run for 25 min at 80 V and then for 60 min at 120 V.
Ultimately, the polyacrylamide gel was visualized by overnight
staining with SimplyBlue.

The presence of CD47 and Hb in the sample was assessed using
western blot. The polyacrylamide gel, obtained through the initial
preparation of SDS-PAGE, subsequently was electrically transferred
onto a polyvinylidene fluoride (PVDF) membrane. The membrane
will be initially incubated with primary antibodies and then
incubated with horseradish peroxidase-labeled IgG. Protein signals
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were quantified through enhanced chemiluminescence and
visualized using the ChemiDoc MP imaging system.

2.6 In vitro glucose-responsive drug release study

Firstly, insulin was modified with FITC to prepare insulin-FITC.
FITC (5 mg/mL) was added dropwise to a gently stirred insulin
solution (20 mg/mL) in 0.1 M calcium carbonate buffer,
maintaining a molar ratio of 4:1 for FITC to insulin. The mixture
was stirred for 3 h, followed by incubation without stirring for 0.5 h.
The reaction mixture was dialyzed using a dialysis bag (MWCO:
1000 Da) against PBS for 6 h, and freeze-dried to obtain the pure
insulin-FITC.

The drug release investigation from RZGI used the dialysis
method. 1 mL of RZGI (FITC-modified insulin, 1 mg/mL) was
added in a dialysis bag (MWCO: 14,000 Da). After that, the dialysis
bag was immersed in solution containing glucose with the varying
concentrations (0, 5, and 15 mM). At the predetermined intervals,
2 mL of the released solution was collected, and an equal volume of
fresh release medium was added. Finally, the cumulative drug
release profiles were calculated by measuring the fluorescence
intensity according to the pre-established standard curve.

2.7 Biocompatibility assessment

Cytotoxicity and hemolysis assays were employed to assess the
biocompatibility of ZGI and RZGI. For hemolysis evaluation,
100 puL of the diluted blood sample was incubated with the varying
concentrations of ZGI and RZGI in PBS. After incubation at 37 °C
for 1 h, the samples were centrifuged. The absorbance of the
supernatant at 540 nm was measured using a microplate reader.
For cytotoxicity evaluation, cell viability was calculated after co-
incubation with varying concentrations of ZGI and RZGI at 37 °C
for 24 h.

2.8 In vitro uptake by macrophages

RAW 264.7 cells were seeded into a 6-well plates. After 12 h, the
RAW 264.7 cells were treated with ZGI-FITC or RZGI-FITC for
1 or 3 h (at 100 pug/mL insulin-FITC). Then, the culture medium
was removed, and the cells were washed three times with PBS. The
confocal laser scanning microscopy (CLSM) captured the
fluorescent images. Fluorescence-activated cell sorting (FACS) was
used to assess the quantitative fluorescence intensity of the cellular

uptake.

29 H,0, catalytic activity

The peroxidase activity of Hb was assessed by incubating various
concentration of RVs, ZGI or RZGI with 2 mM ABTS and 0.1 mM
H,0,. After 1 h, the absorbance at 418 nm was measured. Various
concentrations of RVs, ZGI, or RZGI were incubated with 0.1 mM
H,0, for 1 h. Subsequently, ammonium molybdate was added.
Finally, after further incubation for 10 min, the absorbance at
350 nm was measured to calculate the scavenging ratio of H,O,.

To assess the degradation of H,0, by Hb in vitro, HUVECs were
incubated with ZGI or RZGI for 1 h. Subsequently, 2,7-
dichlorodihydrofluorescein diacetate (DCFH-DA) was added and
incubated for 40 min and observed under a fluorescence
microscopy. The fluorescence intensity was further quantified using
FACS analysis.

210 In vivostudy for T1D mice treatment

All of the mice feed and experimental agreement were carried out
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with the approval of the Laboratory Animal Welfare and Ethics
Committee of Chongqing University (IACUC Issue No.. CQU-
IACUC-RE-202312-003). An animal model of T1D was induced by
intraperitoneal injection of streptozotocin (STZ) [36, 37]. Briefly,
male C57BL/6 mice were fasted for 18 h, and then intraperitoneally
injected with 10 mg/mL of STZ solution (50 mg/kg). The BGLs of
mice were monitored by a blood glucose meter (OneTouch Verio
Flex). The model was considered to be successfully established
when the BGLs higher than 11.1 mM for the consecutive three
days. Each group consisted seven mice, and each mouse was treated
with an intravenous injection of PBS, and the free insulin, ZGI, or
RZGI with an equal insulin dosage of 2 mg/kg. Then, the BGLs
were monitored at the predetermined intervals. The intraperitoneal
glucose tolerance test (IPGTT) was used to assess the in vivo
glucose responsiveness of RZGI. After overnight fasting, the T1D
mice were intravenously injected with PBS, insulin, ZGI, or RZGI,
while the healthy mice were treated with a PBS injection. After
1.5 h, the mice were intraperitoneally injected with a glucose
solution (1.5 g/kg) and subsequently monitored the change
tendency of blood glucose levels (BGLs).

2.11 Statistical analysis

The data were shown as mean * SD. To assess potential differences
among the groups, a one-way analysis of variance (ANOVA)
followed by Tukey’s test was performed. *p < 0.05, **p < 0.01, **p <
0.001, and ***p < 0.0001 were used to indicate significance, or no
significance (ns).

3 Results and discussion
3.1 Preparation and characterization of ZGI and RZGI

According to the reported literatures with a slight modification [17,
38], GOx and insulin were effectively encapsulated within ZIF-8

crystals using a one-pot method. Subsequently, the RBC membrane
was coated on the surface of the ZGI through co-extrusion (Fig.
2(a)). From Fig. 2(b), the TEM images of ZGI and RZGI indicated
the uniform spherical morphology. Interestingly, for RZGI, the cell
membrane structures on the surface of nanoparticles were visually
observed, suggesting the well-defined structure with the favorable
cell membrane coating. Dynamic light scattering (DLS) was
employed to measure the hydrated diameters of ZGI and RZGI. As
shown in Fig. 2(c), the average diameters of ZGI and RZGI were
approximately 162.0 and 249.3 nm, respectively. Meanwhile, the
zeta potential of ZGI was -22.7 mV, while that of RZGI was
-32.8 mV (Fig. 2(d)). Additionally, the confocal microscopy images
showed that the Rho-modified GOx and FITC-modified insulin co-
encapsulated ZIF-8 could well co-localize, further confirming that
GOx and insulin were efficiently loaded into ZIF-8 (Fig. 2(e)).
According to the fluorescence spectrophotometer measurement,
the EE and DL of RZGI were 93.8% and 9.6%, respectively.

Given the inherent biological functions of RBC with the CD47
mediated immune escape, it was commonly accepted that the
therapeutic nanomaterials coated with RBC membrane might
attenuate the undesirable clearance by the immune system and
prolong the blood retention time in vivo [31, 34]. SDS-PAGE
analysis was employed to evaluate the protein retention of RBC
membrane. As shown in Fig. 2(f), compared with the mother RBC
membrane, RZGI demonstrated a nearly complete retention of all
proteins. Moreover, the expression of key proteins including CD47
and Hb, was assessed by western blot analysis. The western blot
result showed that CD47 and Hb were well retained on the surface
of RZGI, suggesting that the RZGI had a great potential for
retaining the biomimetic functions form RBC (Fig. 2(g)).

3.2 In vitro glucose-responsive drug release study

The release of insulin in response to glucose from RZGI depended
on the disintegration of ZIF-8 triggered by the acidic micro-
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Figure2 Synthesis and characterizations of nano-formulations. (a) The synthesis diagram of RZGI. (b) TEM images of ZGI and RZGI (scale bar was 200 nm). (c) The
hydrated diameters and (d) zeta potential of ZIF-8, ZGI, and RZGI. (e) CLSM images of ZGI, GOx stained with Rhodamine B (red), and insulin marked with FITC
(green) (scale bar was 1 um). (f) SDS-PAGE of proteins for RM, ZGI, and RZGL. (g) Western blot analysis of CD47 and Hb in RM, ZGI, and RZGI.
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environment (Fig. 3(a)), which was resulted from the GOx based
catalyzing the conversion of glucose into gluconic acid [17, 38].
Hence, after RZGI mixed with glucose solution at varying
concentrations, the pH value of the mixture was measured at
different time intervals. As shown in Fig. 3(b), for RZGI immersed
in a 15 mM glucose solution, the pH value dropped from 7.4 to
3.9 within 24 h. As the local pH eventually dropped, ZIF-8 was
tended to degrade for promoting the loaded insulin release for the
self-adaptive regulation of BGLs.

To assess the glucose-responsive release of insulin from RZGI,
insulin was labeled with FITC. The dialysis method was employed
to measure the release of insulin following the incubation of RZGI
with glucose solutions with the varying concentrations. As shown
in Fig. 3(c), the release content of insulin depended on both time
and glucose concentration. In the high-concentration (15 mM)
glucose solution, RZGI exhibited a fast insulin release with a
cumulative release rate up to 71.1% within 12 h, which was
extremely higher than that at low concentration (5 mM) of glucose,
ie., with a cumulative release rate to 41.4%. Even in the absence of
glucose, insulin was slowly released (10.3% in 12 h), indicating a
stable cargo encapsulation. Simultaneously, RZGI served as a
“smart” and controllable nano-delivery system, ie., the enhanced
release of insulin at high glucose concentration while the slow
release at low glucose concentrations, demonstrating the great
promising for the self-adaptive glucose regulation (Fig. 3(d)).
Furthermore, as the glucose specificity investigation, the enhanced
insulin release from RZGI was specifically triggered by glucose, but
not other sugars such as galactose, 3-lactose, and sucrose (Fig. 3(e)).
Meanwhile, the circular dichroism (CD) spectra result also
demonstrated that the released insulin from RZGI well maintained
the characteristic secondary structure of the native protein,
suggesting the effective conformation and activity preservation of
insulin (Fig. 3(f)).

3.3 In vitro biocompatibility assessment of RZGI

The biocompatibility of nanomedicine is a crucial property for
biomedical applications. The MTS assay was used to evaluate the
cytotoxicity of ZGI and RZGI. As shown in Fig. 4(a), after exposing

HUVEC:s to both ZGI and RZGI with a high concentration up to
200 pg/mL, the cell viability was exceeded more than 80%,
suggesting that neither ZGI nor RZGI exhibited the significant
cytotoxic. For nanomedicines administered in vivo, the favorable
hemolytic property is also crucial, as severe hemolysis could induce
the life-threatening risks. The results of the hemolysis test indicated
that both ZGI and RZGI with the high concentration up to 200
pg/mL showed the favorable low hemolysis less than 5% (Fig. 4(b)
and Fig. S3 in the Electronic Supplementary Material (ESM)),
confirming the superior biocompatibility of RZGI for potential
applications in vivo.

34 In vitro uptake by macrophages

Macrophages possessed the capability to recognize and clear the
foreign substances, including nanoparticles [33, 34]. Hence, the self-
biomimetic ability of the RBC membrane-coated nanoparticles to
evade recognition and clearance by macrophages was investigated.
Therefore, ZGI and RZGI were labeled with FITC and incubated
with macrophages. The fluorescence intensity of ZGI and RZGI
internalized by macrophages was observed by CLSM. As shown in
Fig. 4(c), the fluorescence intensity of the ZGI group was
consistently higher than that of the RZGI group. Furthermore, the
quantitative analysis using flow cytometry demonstrated that the
fluorescence intensity of ZGI co-cultured with macrophages was
1.5 times higher than that of RZGI (Figs. 4(d)—4(f)), suggesting the
effective immune escape of RZGI to prolong the blood circulation
for facilitating the long-term glucose management in vivo.

35 H,0, catalytic activity

GOx can catalyze glucose to produce the by-product H,0,, which
leads to the oxidative stress for exacerbating the oxidative damage.
Red blood cells with the abundant Hb as a peroxidase can degrade
H,0, into H,O and O,, reducing undesirable damage risks. Hence,
the RBC membrane coated nanoparticles could not only act as the
biomimetic “endogenous” camouflage, but also catalyze the
decomposition of H,0, mediated by Hb (Fig. 5(a)). As shown in
Fig. 5(b), the evaluation results of peroxidase activity indicated that
the absorbance of RZGI and RVs groups was increased with the
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Figure3 In vitro glucose-responsive insulin release of RZGI. (a) Schematic illustration of the glucose-responsive insulin release of RZGI. (b) pH changes tendency of
RZGI immersed in the various concentrations of glucose. (c) Insulin release profiles of RZGI. (d) The release rate of insulin from RZGI with the self-adaptive glucose
concentration. (e) Fluorescence spectra of RZGI incubated with glucose, galactose, B-lactose, and sucrose. (f) CD spectra of insulin before and after released from RZGL
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Figure4 (a) Cell viability of HUVECs treatment with ZGI and RZGI, respectively, at 12.5, 25, 50, 100, and 200 pg/mL insulin (n = 3). (b) Visual observation diagram
and statistical diagram of hemolysis results of RZGI at 12.5, 25, 50, 100, and 200 pg/mL insulin. (c) CLSM images of ZGI-FITC and RZGI-FITC incubated with RAW
264.7 cells, at 100 pg/mL insulin-FITC (scale bar was 50 um). (d) Quantification of ZGI-FITC and RZGI-FITC incubated with RAW 264.7 cells (n = 3). FACS results of
ZGl and RZGI uptake by RAW 264.7 cells at (e) 1 h or (f) 3 h. ns, no significance, and ***p < 0.0001.
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Figure5 H,0, catalytic activity of RZGI. (a) Schematic illustration of H,O, scavenging by Hb. (b) RVs, ZGI, and RZGI-mediated peroxidation of ABTS (at 12.5, 25, 50,
100, and 200 pg/mL insulin). (c) The catalysis ability of RVs, ZGI, and RZGI for H,0, (at 12.5, 25, 50, 100, and 200 pg/mL insulin). (d) Fluorescence spectra of
[Ru(dpp);]Cl, after RVs, ZGI, and RZGI incubated with H,O, (at 100 pg/mL insulin). (e) Fluorescence images of scavenging effects of H,O, with ZGI and RZGI for 1 h,

respectively, at 100 pg/mL insulin (scale bar was 100 pum). (f) FACS results of scavenging effects of H,O, with ZGI and RZGI for 1 h, respectively, at 100 pg/mL insulin. ns,
no significance, **p < 0.001, and **p < 0.0001.

increased concentration, indicating an elevated peroxidase activity. H,O,. Moreover, because the oxygen could quench the fluorescence
Besides, the ZGI group exhibited nearly no peroxidase activity of [Ru(dpp)s]CL, incubation of RVs and RZGI with H,0, also
across various concentration. As shown in Fig. 5(c), the scavenging could quench the fluorescence of [Ru(dpp);]CL, further confirming

activity of H,0, by RZGI and RVs exhibited a concentration- that the Hb in RZGI could catalyze the H,0, decomposition to
dependent effect, whereas ZGI was demonstrated to be inactive to produce oxygen (Fig. 5(d)). In addition, the H,O, scavenging
scavenge H,0,, indicating that Hb containing into the RBC activity of RZGI was further assessed in HUVECs. As shown in Fig.
membrane could effectively scavenge the undesirable by-product 5(e), because the GOx catalysis produced H,O, imaging using
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DCFH-DA, a significant high green fluorescence was observed in
cells incubated with ZGI, indicating an elevated level of H,0O,
resulting from the glucose oxidation catalyzed by GOx. However,
the fluorescence intensity of cells incubated with RZGI was
significantly decreased, and the flow cytometry analysis also
corroborated these findings (Fig. 5(f)), which further confirmed
that the RBC membrane coating was able to effectively reduce the
byproduct H,O, and alleviate oxidative stress. Furthermore, as
shown in Fig. S4 in the ESM, RZGI exhibited sustained H,O,
scavenging ability, which could significantly enhance the safety of
the treatment.

3.6 In vivostudy of RZGI for T1D mice treatment

For in vivo study, compared with insulin and ZGI consumed out in
4 and 8 h, respectively, RZGI could significantly prolong blood
retention time, i.e., more than 9% of the relative fluoresce intensity
could be detected after 24 h (Figs. 6(a) and 6(b)). The relative
fluorescence signal intensity was calculated using the area under the
curve. As shown in Fig. S5 in the ESM, RZGI exhibited significantly
stronger fluorescence intensity compared with the insulin and ZGI
over the first 8 h, which was attributed to the anti-phagocytic effect
of CD47 retained on the RBC membrane. These results suggested
that RZGI could prolong blood retention time and provide the
sustained blood glucose regulation. Simultaneously, the in vivo
distribution results revealed that the ZGI and RZGI were primarily
distributed in the liver and kidney, with less accumulation observed
in the heart, spleen, and lung (Fig. S6 in the ESM).

Subsequently, to assess the therapeutic efficacy of RZGI in T1D
mice, STZ-induced T1D mice were intravenously administered
insulin, ZGI, and RZGI. As shown in Figs. 6(c) and 6(d), the BGLs
of mice treated with insulin decreased rapidly within the first 2 h,
but rapidly returned to the high BGLs within 8 h, possibly
attributing to the rapid diffusion of free insulin and the short half-
life in vivo. The BGLs of mice injected with ZGI remained within
the normal range for 8 h, followed by a gradual increase until
reaching hyperglycemic levels after 24 h. For the mice treated with
RZGI, the BGLs gradually decreased and remained within the
normal range for 24 h, with some mice even maintaining normal

BGLs until 2 day. As shown in Fig. S7 in the ESM, compared with
intravenous injection, subcutaneous administration in TD1 mice
demonstrated that ZGI and RZGI were less effective for regulating
blood glucose, which might be ascribed to the limited content of
nanoparticle delivering into the bloodstream, reducing their
capacity to regulate blood glucose. These results demonstrated that
RZGI was capable of improving the “smart” and sustained glucose-
responsive insulin release for efficiently self-adaptive management
of BGLs in vivo.

Moreover, IPGTT was employed to assess the dynamics of
insulin release in vivo. As shown in Fig. 6(e), the BGLs of mice
returned to normal at 1.5 h after treatment with insulin, ZGI, and
RZGI. Subsequently, following an intraperitoneal injection of a
glucose solution (1.5 g/kg), the BGLs of mice were further
monitored. After the injection of a glucose solution in healthy mice,
the BGLs gradually increased to 84 mM after 0.5 h and rapidly
returned to normal levels within 1.5 h. However, the BGLs of T1D
mice treated with insulin rapidly rose to 13.6 mM within 0.5 h and
remained in a hyperglycemic state. Notably, the BGLs of T1D mice
treated with ZGI and RZGI increased to 11.1 and 10.5 mM,
respectively, within 0.5 h, and then gradually decreased to a
normoglycemia state. Afterward, the glucose response of mice to
the various treatments was assessed by calculating the area under
the BGLs curves for each group. As shown in Fig. 6(f), compared
with insulin treatment, both ZGI and RZGI improved the
responsiveness of IPGTT, exhibiting a similar responsiveness to
that of healthy mice. In addition, the long-term IPGTT results
showed that both ZGI and RZGI improved responsiveness
compared with insulin treatment (Fig. S8 in the ESM). The superior
effect of RZGI could be attributed to the RBC membrane coating,
which prolonged blood retention time in vivo.

Investigating the potential toxicity of nanomedicines in vivo is
crucial, including the assessment of parameters such as body
weight, blood routine, and histopathological evaluation. The weight
of mice did not exhibit significant changes in this experimental
investigation, indicating that ZGI and RZGI did not induce any
apparent side effects on the weight of mice (Fig. S9 in the ESM). To
further validate safety in vivo, organ sections from mice were
isolated, stained with hematoxylin and eosin (H&E), and examined
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Figure 6 In vivo study of formulations for T1D mice treatment. (a) Fluorescence images and (b) quantification analysis of insulin-FITC, ZGI-FITC, and RZGI-FITC. (c)
and (d) BGLs of T1D mice after treatment with PBS, free insulin, ZGI, and RZGI. (e) The IPGTT test of free insulin, ZGI and RZGI in healthy mice and T1D mice. The
red arrow indicates the time of IPGTT injection. (f) The IPGTT responsiveness was calculated for the area under the curve between 1.5 and 3.5 h. **p < 0.001.
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Figure 7 H&E staining of the main organs in mice (scale bar was 100 pm).

for histological morphology. As shown in Fig. 7, the treatment
groups did not show any apparent pathological signs in terms of
tissue morphology, inflammation, and structure. In addition, there
was no significant differences in blood routine between the
treatment groups and the PBS group (Fig. S10 in the ESM). The
above mentioned analyses further demonstrated that ZGI and
RZGI exhibited good biocompatibility without any apparent side
effects.

4 Conclusions

In summary, we have constructed a biomimetic insulin delivery
system comprising the GOx and insulin co-loaded ZIF-8 with the
surficial RBC membrane coating, enabling glucose-responsive
insulin release for the self-adaptive BGLs management. The RBC
membrane coating not only provided “endogenous” biomimetic
functions for prolonging blood circulation time, but also catalyzed
the decomposition of the undesirable by-product H,0, mediated by
Hb from the RBC membrane. The resulting biomimetic insulin
delivery system, RZGI, exhibited a favorable performance, such as
the well-defined nano-formulation with uniform size, negative
charge, glucose-responsive insulin release, H,O, catalytic activity,
and immune escape in vitro. Besides, in vivo studies also confirmed
that RZGI with a single intravenous injection could sustain blood
glucose balance in T1D mice for an extended duration without the
risk of hypoglycemia. Hence, this biomimetic insulin delivery
system is a great promising candidate as an intravenous insulin
nano-formulation for self-adaptive long-term T1D management.

Electronic Supplementary Material: Supplementary material
(TEM images of ZIF-8; standard curve of the fluorescence intensity
in different concentrations of insulin-FITC; hemolysis results of
ZGI; additional FACS results; relative fluorescence intensity of
insulin-FITC, ZGI-FITC, and RZGI-FITC in blood after injection;
fluorescence signal accumulated in main organs after injection
insulin-FITC, ZGI-FITC, and RZGI-FITC; subcutaneous
administration results; fluorescence intensity of long-term IPGTT;
weight changes of mice during treatment; blood routine of mice
with different treatments) is available in the online version of this
article at https://doi.org/10.26599/NR.2025.94907078.
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All data needed to support the conclusions in the paper are
presented in the manuscript and the Electronic Supplementary
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