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Long-acting glucose-responsive insulin is anticipated to reduce the frequency of injections via replacing both
rapid-acting and long-acting insulin. Sequential rapid glucose-responsive insulin release and instant absorption
are essential to the swift onset of action. Herein, we have developed injectable long-acting glucose-responsive
insulin formulations (GRIF) prepared from glucosamine-modified insulin aspart (ASP-Gp,) and phenylboronic
acid-modified poly-L-lysine (PLL-FPBA). The complex can form stable GRIF reservoir subcutaneously after in-
jection. Upon food intake, the elevated blood glucose (BG) triggers the release of monomolecular insulin aspart
(or ASP-Gp), which can be absorbed immediately to downregulate BG back to the normal range. Among the
diverse formulations investigated, GRIF prepared from two-glucosamine-modified insulin aspart and twice
weight of PLL-FPBA facilitates the best in vitro glucose-responsive insulin release performance. In type 1 diabetic
mouse and minipig models, GRIF exhibit notably swift onset of action and achieve superior BG control. In

addition, GRIF reveal no discernible signs of associated toxicity in the studied animals.

1. Introduction

Diabetes affects upwards of 537 million people worldwide, and is
projected to exceed 783 million by 2045 [1]. Insulin replacement
therapy is an integral part of the treatment for type 1 and advanced type
2 diabetes mellitus [2,3]. Currently, a combination of mealtime and
basal insulin formulations is employed to align with the body’s daily
pulsatile insulin requirements heavily relied on meal intake [4]. While
recombinant human insulin has traditionally been used for mealtime
injections, it necessitates administration approximately 30 min before a
meal and is associated with an increased risk of postprandial hypogly-
cemia due to delayed absorption [5,6]. Rapid-acting insulin, such as
insulin aspart, can be administered immediately prior to a meal, quickly
exerting its blood glucose (BG)-regulating effect as it is rapidly absorbed
after injection [7-9]. In contrast, long-acting insulin, like insulin glar-
gine, is absorbed slowly and can only meet the requirement of basal

insulin [10]. Consequently, individuals with diabetes often require three
to four daily injections, placing a significant burden on their daily lives
[11]. An insulin formulation that can be absorbed quickly during
mealtime, with gradual and slow insulin release during the fasting time,
can address this issue.

In healthy individuals, the management of blood insulin levels is
tightly and safely managed by p-cells, which can sense BG levels and
secrete insulin rapidly during the meal and slowly during the fasting
time [12,13]. To replicate this natural mechanism, various glucose-
responsive insulin formulations (GRIF) have been devised utilizing
glucose oxidase [14-21], phenylboronic acid [22-37], and glucose-
binding molecules [38-44]. While recombinant human insulin is
commonly employed in these GRIF, its slow absorption rate due to the
formation of hexamers can impede the efficiency of glucose-responsive
BG regulation, especially during the meal. In contrast, rapid-acting in-
sulin, like insulin aspart, provides a rapid onset of action and shortened
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duration following subcutaneous injection, potentially enabling GRIF to
control BG levels precisely [7,45,46]. In addition, as the incorporation of
rapid-acting insulin into GRIF remains elusive, how to endow the rapid-
acting insulin-integrated GRIF with superior glucose-responsive insulin
release performance needs to be explored.

In this study, we have developed GRIF from positively-charged 4-car-
boxy-3-fluorophenylboronic acid-modified poly-L-lysine (PLL-FPBA)
and negatively-charged insulin aspart. Insulin aspart is further modified
with glucosamine (designated ASP-G,) to enhance the stability of the
GRIF via introducing glucose-responsive phenylboronic ester bonds
between insulin (without specific notation, the term insulin indicates
both ASP-G, and unmodified insulin aspart) and PLL-FPBA (Fig. 1a).
Under normoglycemic conditions, insulin tightly binds to PLL-FPBA,
resulting in slow insulin release to provide basal insulin for fasting BG
control. Under hyperglycemic conditions, the elevated glucose concen-
tration enhances the level of glucose binding to 4-carboxyl-3-fluorophe-
nylboronic acid (FPBA) moieties on PLL-FPBA, triggering the
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dissociation of the phenylboronic ester bond and reducing the positive
charge density of PLL-FPBA. This leads to decreased stability of GRIF
and enhanced insulin release, thereby exerting a promoted BG-
regulating effect. In streptozotocin (STZ)-induced type 1 diabetic
(T1D) mice and minipigs, the GRIF composed of ASP-G;, and PLL-FPBA
outperforms other formulations by effectively regulating hyperglycemia
and providing a BG-regulating effect for longer than one day. Impor-
tantly, GRIF exhibited a swift onset of action in comparison to insulin
glargine and rapid BG-responsive insulin release in diabetic minipigs. Of
note, no discernible signs of toxicity were observed in the treated
animals.

2. Results and discussion
2.1. Preparation and analysis of the GRIF

PLL-FPBA was prepared from poly-L-lysine and FPBA (Fig. S1) [47].
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Fig. 1. Dual glucose-responsive insulin formulations (GRIF) for insulin analog delivery. (a) Schematic and glucose-responsive mechanism of the GRIF composed of
glucosamine-modified insulin aspart (ASP-G,) and phenylboronic acid-modified poly-.-lysine (PLL-FPBA). The formulations consist of positively charged PLL-FPBA
and negatively charged ASP-G, under a physiological environment (pH = 7.4). The glucosamine moiety in ASP-G, can form reversible covalent interactions with the
cis-diol structure in PLL-FPBA. In hyperglycemic conditions, the free glucose in the plasma and tissue competes for FPBA and decreases the positive charge of PLL-
FPBA, which leads to the dissociation of ASP-G, and PLL-FPBA, and ASP-G, can rapidly normalize blood glucose (BG) levels. (b) Representative image of
fluorescence-labeled GRIF. Insulin aspart and PLL-FPBA were labeled with Rhodamine B (RhB) and Cy5, respectively. RhB-insulin aspart and polymer were mixed in
equal weight to obtain L,-ASP shown in red, while insulin aspart and Cy5-polymer were mixed in equal weight to obtain L;-ASP shown in blue. (c¢) Fluorescence
images of GRIF (L;-ASP-G5). RhB-labeled ASP-G, and Cy5-labeled PLL-FPBA were shown in red and blue, respectively. Scale bar, 100 pm. (d) Representative SEM
image of L;-ASP-G,. Scale bar, 3 pm. (e, f) Representative TEM images of L,-ASP-G, (e) and L,-ASP-G, (f). The GRIF images are gradually enlarged from left to right,
and the scale bars are 1 pm, 0.5 pm, and 0.2 pm, respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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The chemical structure of the obtained polymer was verified by 'H NMR
(Fig. S2). Then, glucosamine was reacted with disuccinimidyl succinate
and insulin aspart sequentially to generate glucosamine-modified insu-
lin aspart (Fig. S3). The obtained glycosylated insulin analogs were
purified by liquid chromatography (Fig. S4). The obtained insulin ana-
logs had one, two, or three glucosamine moieties and insulin analogs
were named ASP-Gj, ASP-G,, and ASP-G3 accordingly (ASP: insulin
aspart; Gp: the n indicated the number of glucosamine moiety in each
insulin aspart analog) (Fig. S5). Their secondary structures were
retained as confirmed by circular dichroism spectra (Fig. S6). Size-
exclusion chromatography was used to confirm the monomeric state
of modified insulin (Fig. S7). The modification sites of glucosamine to
insulin aspart were further validated (Figs. S8-S10).

The GRIF were prepared via mixing acidic PLL-FPBA and ASP-G,
aqueous solutions of varied ratios. After instantly modifying the pH to

[
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nearly 7.4 by NaOH aqueous solution, a flocculent precipitate formed
immediately (Fig. 1b). The overlap of fluorescence of RhB-labeled ASP-
Gy (indicated as red) and that of Cy5-labeled PLL-FPBA (indicated as
blue) confirmed the encapsulation of ASP-G; in GRIF (Fig. 1c). GRIF
were micro-sized flocculent precipitates (Fig. 1d-f). This size was small
enough for injection with the generally used insulin syringe. Six GRIF
were obtained by varying the ratio between PLL-FPBA to ASP-Gy,
including Ll-ASP-Gl, Ll-ASP-Gg, L1-ASP-G3, Lg-ASP-Gl, Lz-ASP-Gg, and
Ly-ASP-Gg3 (L;: equal weight of PLL-FPBA to ASP-Gy,; Ly: twice weight of
PLL-FPBA to ASP-Gy).

2.2. In vitro insulin release study

The glucose-responsive insulin release ability of L;-ASP, Ly-ASP, Li-
ASP—Gl, Ll—ASP—Gz, Ll—ASP—Gg, Lz—ASP—Gl, Lz—ASP—Gz, and Lz—ASP—Gg
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Fig. 2. In vitro glucose-responsive ASP-G,, release. (a, b) Glucose-responsive insulin aspart release from L;-ASP (a) and Ly-ASP (b). (c, d) Glucose-responsive ASP-G;
release from L;-ASP-G; (c) and Ly-ASP-G; (d). (e, f) Glucose-responsive ASP-G, release from L;-ASP-Gj, (e) and L,-ASP-G; (f). (g, h) Glucose-responsive ASP-G3 release
from L;-ASP-G3 (g) and L,-ASP-G3 (h). (i) Comparison of glucose-responsive rate when the GRIF in (a) and (b) were exposed to 100 mg/dL and 400 mg/dL glucose
solution. (j) Comparison of glucose-responsive rate when the GRIF in (c) and (d) were exposed to 100 mg/dL and 400 mg/dL glucose solution. (k) Comparison of
glucose-responsive rate when the GRIF in (e) and (f) were exposed to 100 mg/dL and 400 mg/dL glucose solution. (1) Comparison of glucose-responsive rate when the
GRIF in (g) and (h) were exposed to 100 mg/dL and 400 mg/dL glucose solution. Data are presented as means + SD (n = 3).
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was evaluated in vitro. Standard curves of insulin aspart and ASP-G,
were established by using the Bradford assay reagent (Fig. S11). In PBS
solution (pH = 7.4), PLL-FPBA was virtually insoluble, showing essen-
tially no background signal (Fig. S12). The encapsulation efficiency of
insulin aspart and ASP-G;, in all GRIF was above 85 % (Fig. S13). The
insulin aspart release of the GRIF was assessed in PBS (pH = 7.4) with
glucose (0, 100, 200, and 400 mg/dL). Insulin aspart release from all
GRIF can be accelerated after the introduction of glucose. At 0 mg/dL
glucose solution, free insulin aspart concentrations in L-ASP and L,-ASP
groups were equilibrated at concentrations of 85.6 + 24.4 and 92.0 +
12.5 pg/mL in 180 min, respectively (Fig. 2a, b). In the normoglycemia-
mimicking group (100 mg/dL glucose solution), the mild-
hyperglycemia-mimicking group (200 mg/dL glucose solution), and
the extreme hyperglycemia-mimicking group (400 mg/dL glucose so-
lution), the insulin aspart release rates were all accelerated and equi-
librium concentrations reached 284.5 4+ 11.3 and 217.2 + 22.5 pg/mlL,
464.4 + 6.0 and 343.7 + 9.5 pg/mL, and 588.5 + 10.0 and 424.7 + 8.5
pg/mL, respectively, after three hours’ incubation. Compared with L;-
ASP and Lz—ASP, L]—ASP—Gl, L1—ASP—G2, L1—ASP—G3, Lz—ASP—Gl, Lz—ASP—
G, and Ly-ASP-G3 included the reversible binding of FPBA to the cis-diol
structure of glucosamine residues (Fig. 2c-h). After 180 min incubation
in the 100 mg/dL glucose solution, free insulin aspart reached equilib-
rium concentrations of 267.3 + 24.8, 323.5 + 3.9, 120.8 & 14.0, 154.9
+ 56.5, 152.8 + 11.5, and 139.2 + 20.2 pg/mL for L;-ASP-Gy, L;-ASP-
Gg, L1-ASP-G3, Ly-ASP-Gy, Ly-ASP-Gj, and Ly-ASP-Gs, respectively. In
the 200 mg/dL glucose solution, the equilibrium concentrations of ASP-
G, reached 426.8 + 26.6, 433.0 + 22.6, 416.8 + 48.6, 271.3 + 59.1,
286.1 + 11.1, and 217.9 + 16.9 pg/mL in L;-ASP-Gq, L1-ASP-Gy, Li-
ASP-Gg, Ly-ASP-Gj, Ly-ASP-Gg, and Ly-ASP-Gs, respectively. Further
increasing glucose concentration to 400 mg/dL, the equilibrium con-
centrations reached 605.0 + 56.9, 619.8 & 19.4, 595.3 + 18.4, 437 +
45.7,504.3 £+ 11.5, and 345.8 + 63.1 pg/mL after 180 min incubation in
L] -ASP-Gl, Ll-ASP-Gz, Ll-ASP-G3, Lz-ASP-G], Lz-ASP-Gz, and L2-ASP-G3,
respectively.

Compared to GRIF prepared from insulin aspart, glucosamine-
modified GRIF exhibited similar or reduced equilibrium concentra-
tions under normoglycemic conditions but similar or even higher

b
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equilibrium insulin concentrations under hyperglycemic conditions. The
introduction of phenylboronic ester bonds enhanced the stability of
GRIF, therefore reducing the equilibrium concentration of insulin.
Under hyperglycemia conditions, glucose bonding to FPBA residues in
PLL-FPBA reversed the positive charge, and cleaved the phenylboronic
ester bond between PLL-FPBA and ASP-G,, therefore leading to the
dissociation of ASP-G;, and PLL-FPBA and elevating the equilibrium ASP-
Gy, concentration. The glucose stimulation index (GSI) defined as the
ratio of the insulin release rate from GRIF at varied glucose conditions
was then calculated. GSI4 and GSI, were defined as the ratio of the in-
sulin concentration in 400 and 200 mg/dL glucose solutions to the in-
sulin concentration in 100 mg/dL glucose solution, respectively. All
GRIF showed GSI; for around 200 % (Fig. S14). Both L;-ASP and Ly-ASP
exhibited GSI4 of around 200 % (Fig. 2i). As a comparison, GSI4 can be as
high as 400 % at specific time points for all L,-ASP-G, (Fig. 2j-1).
Especially, Lp-ASP-G; exhibited a stable GSI4 near 400 % (Fig. 2k).

2.3. In vivo treatment study in T1D mouse model

The BG management capability of insulin aspart, ASP-G,, and the
prepared GRIF was evaluated in STZ-induced T1D mice (BG level above
300 mg/dL). After subcutaneous injection with insulin aspart or ASP-G,
at a dose of 1.5 mg/kg, the BG of all treated mice normalized below 200
mg/dL within 30 min and maintained below 200 mg/dL for around 2 h,
indicating no significant difference in their bioactivity (Fig. 3a). Two
commercially available long-acting insulins, including insulin glargine
(40 U/kg) and insulin detemir (40 U/kg), were also evaluated. A single
injection of insulin glargine and insulin detemir can bring BG to 130.0 +
29.0 and 168.1 £ 36.9 mg/dL in about 30 min, and this glycemic control
can be maintained for about 9 h (Fig. 3b and S15a). Then, T1D mice
were treated with GRIF at a dose of 1.5 mg/kg (Fig. 3c, d). After treated
with L;-ASP, L;-ASP-Gi, Li-ASP-G,, and L;-ASP-Gs, the BG of mice
decreased to 195.1 + 57.2, 152.6 + 71.9, 142.2 + 30.0, and 160.6 +
31.5 mg/dL within 15 min, to 123.8 + 19.2, 124.2 + 42.4, 115.6 +
24.8, and 129.2 + 13.8 mg/dL in 30 min, and maintained at a normal
range (below 200 mg/dL) for 8.9 +1.1,10.9+1.8,13.0+1.8,and 11.4
+ 1.7 h, respectively (Fig. 3c and S15b). As a comparison, a single
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Fig. 3. Evaluation of GRIF in type 1 diabetic (T1D) mice. (a) BG of STZ-induced T1D mice treated with insulin aspart and ASP-G, at 1.5 mg/kg. Data are presented as
means + SD (n = 6). (b) BG levels of T1D mice treated with PBS, insulin glargine, and insulin detemir. The dose of insulin glargine and insulin detemir was 40 U/kg.
Data are presented as means + SD (n = 5). (¢) BG levels of T1D mice treated with L;-ASP, L;-ASP-G1, L1-ASP-Gy, and L;-ASP-G3 with the same dose (1.5 mg/kg). Data
are presented as means + SD (n = 5). (d) BG levels of T1D mice treated with Ly-ASP, L,-ASP-G1, Ly-ASP-G,, and L,-ASP-G3 with the same dose (1.5 mg/kg). Data are
presented as means + SD (n = 5). (e) Normoglycemic time of T1D mice treated with insulin glargine, L;-ASP-G,, and L,-ASP-G,. Data are presented as means + SD (n
= 5). Unpaired t-test (two-tailed) was used for statistical analysis. The normoglycemia is defined as BG between 50 and 200 mg/dL. (f) BG levels and plasma ASP-G,
levels after intraperitoneal glucose injection (3.0 g/kg). Diabetic mice were treated with L,-ASP-G, (1.5 mg/kg). Data are presented as means + SD (n = 5).
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subcutaneous injection of Ly-ASP, Ly-ASP-G1, Ly-ASP-Gy, and Ly-ASP-G3
regulated BG of mice from hyperglycemia to 199.8 + 105.4, 138.6 +
25.8,198.0 + 42.6, and 190.8 + 33.2 mg/dL within 15 min, to 160.2 +
23.6, 142.9 + 21.7, 164.9 + 37.5, and 103.3 + 21.4 mg/dL within 30
min, and maintained BG below 200 mg/dL for 9.3 + 2.6, 10.6 + 1.8,
12.9 + 1.1, and 11.2 + 3.3 h, respectively (Fig. 3d and S15c). All GRIF
showed smooth BG levels with no severe hypoglycemia condition
(below 50 mg/dL) observed. Among all GRIF, L;-ASP-G; and Ly-ASP-Go
showed the longest BG control ability, even slightly longer than
commercially available insulin glargine (Fig. 3e).

Thus, the glucose-responsive insulin-releasing behavior of Ly-ASP-G,
was further explored by an intraperitoneal glucose tolerance test. T1D
mice were given subcutaneous injection with Ly-ASP-G3 (1.5 mg/kg),
and treated with glucose solution (3.0 g/kg) at 6 h after administration.
The initial average BG level of diabetic mice was 150.5 + 34.1 mg/dL
(Fig. 3f). Then, the BG levels increased after glucose administration,
peaked at 428.4 + 94.5 mg/dL at 15 min, and returned to the initial
level within 120 min, with similar BG control capability as in healthy
mice (Fig. 3f and S16a). Of note, an increase in plasma insulin level was
observed along with the increase in BG (Fig. 3f). T1D mice with PBS or
insulin aspart (1.5 mg/kg) for 6 h did not restore normoglycemia nor
produce glucose-responsive insulin fluctuations for 120 min after
glucose injection (Fig. S16b, ¢ and S17).

2.4. In vivo treatment study in T1D minipig model

Because Ly-ASP-G, showed glucose-triggered insulin release and
exhibited a longer duration of action than insulin glargine, Ly-ASP-G3
was thus further selected to treat T1D minipigs. T1D Bama minipigs
were induced by intravenous injection of STZ. Minipigs with BG levels
above 200 mg/dL were selected. The diabetic minipigs were fed twice
daily, and insulin glargine was generally used for BG control. The BG
was monitored using continuous glucose monitoring system (CGMS)
affixed to the legs of minipigs. In the absence of treatment, the BG level
of three minipigs was mainly maintained above 200 mg/dL and fluc-
tuated due to the circadian rhythm and feeding (Fig. 4a-c). Minipigs
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were then administered with insulin glargine or L-ASP-G; with a gap of
two days after the daily insulin glargine treatment. These minipigs were
administered subcutaneously with insulin glargine at 0.40, 0.35, and
0.40 U/kg for pig#1, pig#2 and pig#3, respectively (Fig. 4a-c). Also,
these minipigs were injected subcutaneously with L,-ASP-G; at 0.07,
0.06, and 0.07 mg/kg (Fig. 4a-c). BG levels of insulin glargine-treated
and Ly-ASP-Gg-treated minipigs decreased to below 200 mg/dL in 4.5
+ 0.9 and 0.9 + 0.1 h, respectively (Fig. 4d). In the Ly-ASP-Go-treated
group, BG within the normal range (50 to 200 mg/dL) occupied 54.9 +
13.9 % of monitoring time, which is 1.5 times longer than that of min-
ipigs administered with insulin glargine (Fig. 4e). Since the lower
detection limit of CGMS was 40 mg/dL, BG between 40 and 50 mg/dL
was defined as the hypoglycemic range. No significant difference in
hypoglycemia risk was identified between groups treated with insulin
glargine and Ly-ASP-G (Fig. 4e). Healthy minipig maintained BG be-
tween 40 and 60 mg/dL, with BG at or below the lower limit of detection
of CGMS sometimes observed (Fig. S18). The minipigs treated with L-
ASP-G; and insulin glargine did not show symptoms associated with
hypoglycemia during treatment. In vivo glucose tolerance test was
performed 5 h after subcutaneous injection of Ly-ASP-Gy at doses of
0.07, 0.06, and 0.07 mg/kg, respectively. Rapid serum ASP-Gj release
was observed and BG was able to return to normal range within 30 min
after intravenous glucose infusion (Fig. 4f).

2.5. In vivo toxicity and biocompatibility of the GRIF

Hematoxylin and eosin (H&E) staining and Masson’s Trichrome
staining were then used to explore the residence time and host response
of Ly-ASP-Gz (1.5 mg/kg) after subcutaneous injection. No significant
fibrous capsule and neutrophil infiltration were observed in H&E
staining and Masson’s Trichrome staining one day, one week, and three
months after administration of Lp-ASP-G5 (Fig. 5a, b). Importantly, the
depot was completely cleared from the injection sites after 12 weeks
(Fig. 5a, b). Moreover, Lp-ASP and L,-ASP-G; displayed negligible im-
pacts on serum biochemical parameters and cell counts of the treated
mice (Fig. 5c, d).
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Fig. 4. Evaluation of GRIF in T1D minipigs. (a-c) BG of diabetic minipigs treated with Ly-ASP-G; and insulin glargine. The dose of insulin glargine was set to 0.40,
0.35 and 0.40 U/kg for pig#1, pig#2 and pig#3, respectively. The dose of L,-ASP-G, was set to 0.07, 0.06, and 0.07 mg/kg for pig#1, pig#2 and pig#3, respectively.
BG was monitored by continuous glucose monitoring system. Arrows indicate the feeding of minipig. (d) Time required for subcutaneously injected insulin glargine
and L,-ASP-G, to regulate BG toward 200 mg/dL. Data are presented as means + SD (n = 3). (e) Time of hypoglycemia (BG < 50 mg/dL), normoglycemia (BG range
50 to 200 mg/dL) and hyperglycemia (BG > 200 mg/dL) in 24 h after subcutaneous injection of insulin glargine and L,-ASP-G,. Data are presented as means + SD (n
= 3). (f) The serum insulin level changed after glucose infusion for 15 min at a rate of 1 L/h. Data are presented as means + SD (n = 3). Paired t-test (two-tailed) was

used for statistical analysis.
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Fig. 5. The biocompatibility of GRIF. (a, b) Representative images of H&E staining (a) and Masson’s trichrome staining (b) sections. Mice were subcutaneously
injected with the same dosage of Ly-ASP-G2 (1.5 mg/kg). The black arrows represent the subcutaneously retained GRIF. Scale bars, 500 pm. (c¢) The effect of GRIF on
biochemical parameters in mice serum. PBS, L,-ASP, and L,-ASP-G, were administered subcutaneously to mice once daily for one week at a dose of 1.5 mg/kg.
Healthy mice were selected as the control group. One week later, serum was extracted using serum separator tube after clotting the blood for 30 min. Data are
presented as means + SD (n = 7). ALB, albumin; ALT, alanine transaminase; CRE, creatinine; AST, aspartate transaminase; ALP, alkaline phosphatase. (d) The effect
of the GRIF on cell counts in mice blood. PBS, L,-ASP, and L,-ASP-G, were administered subcutaneously to mice once daily for 1 week at a dose of 1.5 mg/kg. Healthy
mice were selected as the control group. One week later, the whole blood was collected through orbital blood sampling. Data are presented as means + SD (n = 7).
WBC, white blood cell; Neu, neutrophil; Lym, lymphocyte; Mono, monocyte; Eos, eosinophil; Bas, basophil; RBC, red blood cell; PLT, platelet. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

3. Conclusions

In this work, we have prepared GRIF from glucosamine-modified
insulin aspart and glucose-responsive cationic polymeric carrier PLL-
FPBA. GRIF can effectively prolong the duration of action through
electrostatic and covalent interactions. By introducing diol groups onto
insulin aspart, GRIF showed robust glucose-responsive capability while
retaining the rapid glucose-lowering effect of insulin aspart. Among the
investigated GRIF, Lp-ASP-G2 showed the optimal glucose responsive-
ness among GRIF concerning the ratio of equilibrium insulin levels in
400 mg/dL glucose solution to equilibrium insulin levels in 100 mg/dL
glucose solution. In the T1D mouse model, GRIF, including L;-ASP, L;-
ASP-Gy, L1-ASP-Gg, L1-ASP-G3, Ly-ASP, Ly-ASP-Gy, Ly-ASP-Go, and Lo-
ASP-G3, exhibited prolonged BG-regulating compared with insulin
glargine and insulin detemir. Especially, L;-ASP-Gy and Ly-ASP-Gj
exhibited normoglycemia duration exceeding 13 h. In T1D minipigs, Lo-
ASP-G; exhibited longer maintenance of normoglycemia and shorter
onset of action compared to insulin glargine. In addition, robust and
clear glucose-triggered insulin release has been identified in mice and
minipigs, confirming its inner glucose-responsive character. Glucose-
responsive insulin release, fast onset of action, and prolonged duration
all suggest that Ly-ASP-G, is a potential candidate for all-in-one long-
acting insulin that can replace both the current long-acting basal insulin
and fast-acting insulin.

4. Material and methods
4.1. Experimental reagents

4-Carboxy-3-fluorophenylboronic acid was procured from Aladdin.
Poly-L-lysine (molecular weight of 30,000-70,000 kg/mol) was procured

from Sigma-Aldrich. Recombinant human insulin was procured from
Solarbio. Insulin aspart was purchased from Nanjing Hanxin. Strepto-
zotocin (STZ) was purchased from Macklin. Coomassie Plus Protein
Assay Reagent was purchased from Bio-Rad. Human insulin ELISA kit
was purchased from Elabscience. FPBA-NHS and PLL-FPBA were pre-
pared according to the literature [47]. Other reagents or organic sol-
vents were purchased from Aladdin unless mentioned.

4.2. Synthesis of ASP-Gp

Disuccinimidyl succinate (50 mg) and glucosamine (35 mg) were
dissolved in DMF (10 mL), with subsequent addition of triethylamine
(80 pL). After 3 h reaction at room temperature, DMF was removed
under reduced pressure and deionized water (10 mL) was added. After
centrifugation, the supernatant was gathered and the precipitate was
discarded. Insulin aspart (50 mg) dissolved in PBS (0.01 M, pH = 7.4, 10
mL) was subsequently added to the collected supernatant. The reaction
was carried out for 12 h at 4 °C. Then, the mixture was dialyzed in 4 x 4
L deionized water. The obtained aqueous solution was lyophilized to
obtain a white powder. The compounds were purified by preparative
liquid chromatography to provide the insulin derivatives. The obtained
pure glucosamine-modified insulin aspart compounds were character-
ized by MALDI-TOF MS.

4.3. Characterization of ASP-Gp,

ASP-G,, and DL-dithiothreitol (10 mmol/L) were dissolved in
deionized water, and reduced in a water bath at 56 °C for 1 h. Iodoa-
cetamide solution (50 mmol/L) was added and reacted for 40 min in the
dark. Trypsin was added and the reaction was carried out at 37 °C
overnight. After digestion, the peptides were desalted using a self-
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priming desalting column, and the solvent was evaporated in a vacuum
centrifuge at 45 °C. The peptides were dissolved in the sample solvent
(0.1 % formic acid, 2 % acetonitrile), vortexed and centrifuged, and the
supernatant was characterized by Nano LC-MS/MS (Easy-nLC 1200
system coupled with a Q Exactive™ Hybrid Quadrupole-Orbitrap™
Mass Spectrometer). The raw MS files were analyzed using Byonic and
searched in protein databases.

For size-exclusion chromatography, a chromatographic column
(PreCot Super Tandex 75 pg, 5 mL) was selected to analyze the samples,
while 20 mM phosphate buffer at pH 7.4 was used as the mobile phase.
The column was pre-equilibrated at 25 °C with a flow rate of 0.5 mL/
min. Insulin aspart and modified-insulin aspart were dissolved in zinc-
containing or zinc-free buffer (1 mg/mL, and incubated at room tem-
perature for 1 h). After centrifugation and filtration, the samples (500
pL) were injected and measured with a UV detector at the wavelength of
280 nm. The retention times of each compound before and after zinc ion
treatment were comparable with each other.

4.4. Preparation of GRIF, with L;-ASP as an example

Either insulin aspart (10 mg) or PLL-FPBA (10 mg) was added into
deionized water (1 mL), to which HCl aqueous solution (1 mol/L, 15 pL)
was introduced to regulate the pH to approximately 3-4. 100 L of each
solution was mixed in an EP tube. One drop of 1 mol/L NaOH solution
was then introduced to regulate the pH to 7.4. After centrifugation, the
supernatant was extracted and the precipitate was resuspended by
adding PBS (0.01 M, pH = 7.4, 1 mL). The concentration was adjusted to
an insulin-aspart equivalent of 1 mg/mL.

4.5. Preparation of fluorescence-labeled ASP-G, and PLL-FPBA

ASP-G;, (20 mg) was dissolved in NaHCO3 (0.1 mol/L, 2 mL), to
which Rhodamine B isocyanate (2 mg) dissolved in DMSO (200 pL) was
added dropwise. After an overnight reaction at room temperature, the
mixture was dialyzed in 4 x 4 L deionized water, and the product was
freeze-dried to obtain a red powder. Cy5-PLL-FPBA was synthesized
similarly.

4.6. Characterization of GRIF

The GRIF were suspended in deionized water at an ASP-G,, concen-
tration of 0.5 mg/mL. The GRIF were deposited onto a copper grid and
kept for 1 min before being removed by a filter paper. Phosphotungstic
acid solution (2 wt%) was added for 1 min before using filter paper to
absorb the solution. The samples were then left to dry naturally at room
temperature. The GRIF were observed by TEM (Talos L120C, Thermo
Scientific). For SEM observation, the GRIF were dropped onto the silicon
wafer and dried naturally at room temperature, then observed under
SEM (Nova Nano 450, Thermo Scientific). The GRIF with RhB-ASP-G,
and Cy5-PLL-FPBA were added dropwise to a confocal dish, and then
confocal morphology (LSM 800 with Airyscan, ZEISS) of the GRIF was
observed.

4.7. Invitro insulin analog release study

The GRIF were prepared at an ASP-G-equivalent concentration of 1
mg/mL in PBS (0.01 M, pH = 7.4, 1 mL). Then, glucose solution (0.4 g/
mL) was introduced into the suspension to obtain different initial
glucose concentrations (0, 100, 200, and 400 mg/dL) and cultured at
37 °C. At 0, 5, 15, 30, 60, 120, and 180 min, 50 pL of the GRIF sus-
pension was obtained and centrifuged. Then, 10 pL of the supernatant
was mixed with 200 pL of Coomassie Brilliant Blue. The absorbance of
the mixture at 595 nm was quantified using a microplate reader. The
encapsulation efficiency of the GRIF was derived by calculating the
concentration of ASP-G, in the liquid above the precipitate using an
established standard curve. PLL-FPBA was suspended in PBS (0.01 M,
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pH = 7.4, 1 mL) containing glucose concentrations (0, 100, 200, and
400 mg/dL). The suspension was incubated at 37 °C for 1 h, after which
the supernatant was collected and assayed for apparent insulin release
using Coomassie Brilliant Blue.

4.8. In vivo treatment efficacy in T1D mice

All laboratory animal operations were approved by the Laboratory
Animal Welfare and Ethics Review Committee of Zhejiang University
and conducted by the Guidelines for the Care and Use of Laboratory
Animals of Zhejiang University (Protocol No. ZJU20220493). Male
C57BL/6 mice were procured from Hangzhou Medical College. T1D
mice were triggered by intraperitoneal injection of STZ (120 mg/kg). In
assessing the BG regulatory capacity of GRIF, mice were provided with a
standard diet and placed in a 12-h light and 12-h dark cycle. Mice with
random BG levels between 300 and 600 mg/dL were selected and
grouped. GRIF were prepared into suspensions with an ASP-G,, equiva-
lent concentration of 1 mg/mL and were administered at a dose of 1.5
mg/kg. BG levels were measured (Aviva, ACCU-CHEK) after adminis-
tration until BG levels were restored to the original hyperglycemic
condition.

4.9. Intraperitoneal glucose tolerance test in T1D mice

T1D mice were randomized and injected subcutaneously with
various GRIF (1.5 mg/kg, n = 5). At 6 h after administration, treated
mice were intraperitoneally injected with glucose (3.0 g/kg). The BG
levels were measured (Aviva, ACCU-CHEK) before and after intraperi-
toneal injection of glucose, and blood specimens (40 pL) were gathered
at0, 15, 30, 60, and 120 min for blood plasma extraction. Plasma insulin
levels were determined using a human insulin ELISA kit (Elabscience).
Healthy mice (n = 5), PBS and insulin-aspart-treated T1D mice (n = 5)
were used as controls. For the control groups, 3.0 g/kg of glucose so-
lution was injected intraperitoneally after 6 h of administration. BG
levels were recorded at 0, 15, 30, 45, 60, 90, and 120 min. For the PBS-
treated group, plasma insulin levels were determined using a human
insulin ELISA kit (Elabscience).

4.10. In vivo treatment efficacy study in T1D minipigs

The minipigs were acquired from Shanghai Jiagan Biotechnology
Company. The minipigs were kept in a single cage with regular and
quantitative feed and free water. T1D minipigs were induced by intra-
venously injected STZ (120 mg/kg). Minipigs received two feedings
daily. When not receiving treatment, insulin glargine was injected once
daily. Insulin glargine was withheld for 48 h prior to administration.
Minipigs 1, 2, and 3 received subcutaneous injections of insulin glargine
(0.40, 0.35 and 0.40 U/kg) and Ly-ASP-G5 (0.07, 0.06 and 0.07 mg/kg),
then CGMS (FreeStyle Libre, Abbott) was used to monitor the BG levels.

4.11. Glucose tolerance test in T1D minipigs

T1D minipigs 1, 2, and 3 received subcutaneous injections of Lp-ASP-
G at doses of 0.07, 0.06, and 0.07 mg/kg, respectively. Five hours post-
administration of GRIF, minipigs were anaesthetized using isoflurane.
The glucose solution (5 wt%) was infused intravenously for 15 min at a
rate of 1 L/h. The BG of minipigs rose rapidly to more than 300 mg/dL,
and the infusion was stopped. The blood sample was extracted from the
jugular vein before and every 15 min for 2 h after the glucose infusion.
Blood samples (2 mL) were collected in anticoagulation tubes (BD
Vacutainer) and left to clot naturally for 30 min at room temperature.
The sample was centrifuged (1500 G, 10 min) so that the serum and the
blood clot were completely separated by the separating gel. Serum in-
sulin concentrations were determined using a human insulin ELISA kit
(Elabscience).
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4.12. Biocompatibility assessment in T1D mice

Ly-ASP-G; was prepared with Cy5-labeled PLL-FPBA. T1D mice were
subcutaneously injected with Ly-ASP-G2 (1.5 mg/kg). One day, one
week, and 12 weeks later, skin tissues containing Lp-ASP-G, were cut
from euthanized mice for H&E and Masson’s trichrome staining. Mice
were injected subcutaneously with PBS, L,-ASP, and L,-ASP-G; with an
insulin aspart-equivalent dose of 1.5 mg/kg once daily for one week.
One week later, whole blood was collected and serum was extracted for
physiological and biochemical parameters.

4.13. Statistical analysis

Statistical significance in all figures was calculated by a two-tailed
Student’s t-test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001, ns, not significant. All P-value analyses were performed on
GraphPad Prism 8.
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