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a b s t r a c t

Permeation enhancers (PEs), such as N-[8-(2-hydroxybenzoyl)amino]-caprylate (SNAC), have been re-

ported to improve the oral absorption of various macromolecules. However, the bioavailabilities of these

formulations are quite low and variable due to the influences of enzymes, pH and other gastrointesti-

nal barriers. In this study, we revealed that SNAC could interact with insulin to form tight complexes

in a specific concentration (insulin ≥ 40μg/mL)-, ratio (SNAC/insulin ≥ 20:1)- and pH (≥ 6.8)-dependent

manner, thus contributing to a significantly high efficacy of oral insulin delivery. Specifically, absorption

mechanism studies revealed that the SNAC/insulin complexes were internalized into the cells by passive

diffusion and remained intact when transported in the cytosol. Furthermore, the complexes accelerated

the exocytosis of insulin to the basolateral side, thereby enhancing its intestinal mucosal permeability.

Eudragit R© S100-entrapped SNAC/insulin microspheres were then prepared and exhibited an apparent

permeability coefficient (Papp) that was 6.6-fold higher than that of the insulin solution. In diabetic rats,

hypoglycemic activity was sustained for more than 10h after the microspheres were loaded into enteric-

coated capsules. Further pharmacokinetic studies revealed an approximately 6.3% oral bioavailability in

both the fasted and fed states, indicating a negligible food effect. Collectively, this study provides insight

into the interaction between PEs and payloads and presents an SNAC-based oral insulin delivery system

that has high oral bioavailability and patient-friendly medication guidance.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Oral delivery of macromolecules, such as proteins, peptides and

RNA, has long been pursued due to its enhanced patient com-

pliance and convenience [1]. However, due to their physicochem-

ical characteristics and the existence of gastrointestinal barriers,

the oral bioavailability of macromolecules is generally low [2,3]. In

recent decades, numerous strategies, including drug modification,

formulation optimization and nanoparticle-based delivery systems,

have been developed to address this challenge [4–6]. One promis-

ing approach is to coformulate macromolecules with permeation

enhancers (PEs) [7–10]. At present, more than 50 clinical trials
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have shown that PEs, such as medium-chain fatty acids, acyl car-

nitines, bile salts and ethylenediaminetetraacetic acid (EDTA), can

increase the oral absorption of poorly permeable macromolecules,

including insulin, glucagon-like peptide-1 (GLP-1) and octreotide.

However, although two oral peptide formulations based on PEs, i.e.,

semaglutide (Rybelsus R©, Novo Nordisk, Denmark) and octreotide

(Mycapssa R©, Chiasma, Israel), are successfully marketed, their oral

bioavailability is still limited (∼1%) and variable [9,11]. Therefore,

strategies to improve the performance of PEs are still needed.

Sodium N-[8-(2-hydroxybenzoyl)amino]-caprylate (SNAC), the

most extensively studied PE, is now approved for the oral deliv-

ery of semaglutide [9]. Compared to the mechanism of opening

tight junctions of the other PEs, SNAC improve transcellular per-

meation by changing the solubility of semaglutide and/or affecting

https://doi.org/10.1016/j.cclet.2021.10.023
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Fig. 1. (A) Fluorescence intensity changes in the SNAC and FITC-Ins physical mixture solution at different FITC-Ins concentrations (15, 30, 40 and 50μg/mL) and different

SNAC:FITC-Ins mass ratios (5:1, 10:1, 20:1 and 40:1, mean ± SD, n=3). ∗P < 0.05, compared with free FITC-Ins solution without SNAC. (B) Fluorescence intensity reductions

in the SNAC and FITC-Ins (50μg/mL, SNAC:FITC-Ins=20:1) physical mixture solution at different pH values (mean ± SD, n=3). ∗P < 0.05, compared with FITC-Ins dissolved

in HBSS at different pH values (6.0–7.4). (C) MST analysis of SNAC binding to insulin under different pH conditions.

the perturbation/fluidization of the cell membrane [12–14], thus

exhibiting good biosafety [15–17]. However, Rybelsus R© has a rel-

atively low bioavailability of approximately 1%, leading to the need

for high doses of semaglutide (7 or 14mg) and SNAC (300mg).

In addition, dynamic and complex gastrointestinal conditions, such

as gastrointestinal transit, fluid volume, and gastrointestinal fluid

composition, reduce the concentration of SNAC needed for perme-

ation enhancement, resulting in complicated medication guidance

and large individual differences [11]. As recent studies are focusing

the optimization of PE performance in a dynamic gastrointestinal

environment, there is a continuous and urgent need to clarify the

mode of action of PEs. More importantly, the process of intracellu-

lar trafficking and the basolateral release of PEs and payloads have

yet to be characterized to better understand the absorption mech-

anism.

In this study, we found that SNAC could interact with insulin in

a pH-, concentration- and ratio-dependent manner. When the con-

centration of insulin was higher than 40μg/mL, the mass ratio of

SNAC-to-insulin was larger than 20:1 and the pH was above 6.8,

SNAC formed a complex with insulin, thereby significantly enhanc-

ing the cellular internalization of insulin. Based on this finding,

rationally designed SNAC and insulin coencapsulated microspheres

were prepared using ultrasonic spray freeze-drying technology. In

diabetic rats, microsphere-loaded Eudragit R© S100-coated capsules

exhibited approximately 6.3% oral bioavailability in both the fasted

state and fed state. The pharmacological availability of the capsule

was 13.2% in the fasted state and 13.3% in the fed state. In conclu-

sion, we successfully designed an oral delivery system that requires

low PE doses and has patient-friendly medication guidance, which

might pave the way for the rational design of oral macromolecule

formulations.

The FITC-labeled insulin solution (FITC-Ins) at different concen-

trations was incubated with an equal volume of SNAC solution (pH

7.4) at mass SNAC: FITC-Ins ratios of 5:1, 10:1, 20:1, 40:1 and 80:1.

The fluorescence intensity of the FITC solution was not reduced in

the presence of insulin and SNAC (Fig. S1 in Supporting informa-

tion), indicating that SNAC and insulin do not directly affect the

FITC molecules. However, the fluorescence intensity of the FITC-

Ins and SNAC mixture was reduced significantly at the appropriate

ratio and concentration. When the concentration of FITC-Ins was

above 40μg/mL and the ratio of SNAC to FITC-Ins was higher than

20:1, the fluorescence intensity of FITC-Ins was dramatically de-

creased (Fig. 1A). These results suggested a weak interaction be-

tween SNAC and insulin, which might have changed the environ-

ment around the FITC molecule, resulting in fluorescence intensity

changes.

We then investigated the effect of pH on the fluorescence inten-

sity of the system at a specific concentration of FITC-Ins (50μg/mL)

and a specific SNAC-to-insulin ratio (20:1). Fig. 1B shows that the

fluorescence intensity significantly decreased to 82% of the initial

value when the pH reached 6.8 and dropped to the lowest value at

a pH of 7.4. SNAC is a weak acid (pKa 5.08), and its carboxyl group

mostly existed in the form of carboxyl groups (-COO-) as the pH

increased, which was conducive to the formation of a ‘complex’

between -COO- and the free amino group of insulin. The forma-

tion of the ‘complex’ changed the microenvironment around the

FITC molecule attached to the phenylalanine amino group in in-

sulin, thus affecting the fluorescence intensity of FITC-Ins.

These results indicated that SNAC interacted with insulin in the

simulated intestinal medium at a pH ranging from 6.8 to 7.4. Based

on these results, we propose that the interaction between SNAC

and insulin is concentration-, ratio- and pH-dependent.

Microscale thermophoresis (MST) was used to detect the affin-

ity between insulin and SNAC. As shown in Fig. 1C, the dissociation

constant Kd of SNAC binding to insulin was 17mmol/L at pH 7.4

and was larger than 100mmol/L at pH 6.0, indicating that a weak

interaction indeed existed between SNAC and insulin, and that this

interaction was pH dependent. The infrared spectra of the physical

mixture solution were also determined. As shown in Fig. S2 (Sup-

porting information), the characteristic peak of SNAC at 3479 cm−1

(O–H stretch) moved to 3365 cm−1, and the peak shape became

wider, indicating potential intermolecular hydrogen bonds between

insulin and SNAC.

Further, the mechanism of SNAC and insulin forming the com-

plex under certain conditions could be explained as follows: (1) A

sufficient molar ratio and a suitable pH must be required to en-

sure the interactions between insulin and SNAC such as hydrogen

bonds; (2) an appropriate concentration ensured the sufficient fre-

quency of collisions between insulin and SNAC which could accel-

erate the formation of the complex [18].

To investigate whether the interactions between SNAC and in-

sulin affect the cellular internalization of insulin, we incubated the

mixture solution with Caco-2 cells at various concentrations, ratios

and pH values. The viability of cells grown in the physical mix-

ture solution with a SNAC-to-insulin ratio of less than 80:1 reached

90%, indicating that the solution was nontoxic (Fig. S3 in Support-

ing information). When the FITC-Ins concentration was higher than

40μg/mL and the ratio of SNAC to insulin was larger than 20:1, the

cellular uptake amount of FITC-Ins was enhanced by approximately

3.8-fold compared with that of free insulin (pH 7.4) (Fig. 2A). Then,

we fixed the concentration of insulin (50μg/mL) to further deter-

mine the effect of pH on cellular uptake. When the pH of the mix-

ture solution reached 6.0, there were no significant differences in

cellular uptake at different ratios of the FITC-Ins and SNAC physi-

cal mixture solution, which was consistent with the above results

(Fig. 2B). Confocal laser scanning microscopy (CLSM) was utilized
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Fig. 2. In vitro cellular uptake analyses of physical mixture solutions. (A) Caco-2 cellular uptake of the FITC-Ins and SNAC physical mixture solution (Mixture) at different

concentrations (15, 30, 40 and 50μg/mL) and ratios (5:1, 10:1, 20:1 and 40:1, mean ± SD, n=3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001, compared with control groups. (B)

Caco-2 cellular uptake of the FITC-Ins and SNAC physical mixture solution (Mixture) under different pH conditions (mean ± SD, n=3). ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001,

compared with control groups. (C) 2D confocal microscopic images of Caco-2 cells treated with different formulations. Scale bar, 20 μm. (D) 3D confocal microscopic images

of Caco-2 cells treated with different formulations under different pH conditions. Scale bar, 40 μm. (E) Colocalization images of FITC-Ins (green fluorescence) in the endosome

and lysosome (red fluorescence). Scale bar, 20 μm. (F) Cellular uptake of insulin in the presence of different inhibitors (mean ± SD, n=3). ∗P < 0.05, compared with that

without inhibition.

to observe the cellular uptake of FITC-Ins, we chose a fixed ra-

tio (SNAC:FITC-Ins=20:1) with different concentrations of FITC-Ins.

Regardless of the concentration of FITC-Ins, the internalization of

FITC-Ins into Caco-2 cells was difficult when the cells were in-

cubated without SNAC. Stronger green fluorescence was observed

when FITC-Ins at a concentration higher than 40μg/mL was incu-

bated with SNAC (Fig. 2C). These results strongly support our hy-

pothesis that SNAC effectively promotes the cellular uptake of in-

sulin when the interaction occurs at an appropriate concentration,

ratio and pH.

To investigate whether SNAC changes the exocytosis rate of in-

sulin, the intracellular distribution of FITC-Ins was observed by

CLSM. We chose a fixed concentration of FITC-Ins (50μg/mL) with

different ratios of SNAC to FITC-Ins and different pH values. When

the pH of the mixture solution was 7.4, most of the fluorescence

signals were observed on the apical side at a ratio of 10:1. Inter-

estingly, when the ratio reached 20:1, stronger fluorescence signals

were observed by deeper scanning, indicating that most of the in-

sulin reached the basolateral side. However, when the pH of the

mixture solution was 6.0, FITC-Ins (SNAC:FITC-Ins=20:1) was con-

centrated in the middle part of the cytoplasm, and formation of

the complex seemed to promote the exocytosis of insulin (Fig. 2D).

The semiquantitative results also confirmed our findings (Fig. S4 in

Supporting information). However, when and where the complex

dissociates need to be further studied.

We also utilized the E12 cell line, which can secrete mucus [19],

to observe the cellular uptake of insulin and to study the effects of

mucus on the uptake of the ‘complex’. As shown in Fig. S5A (Sup-

porting information), free FITC-Ins was partially located in the mu-

cus layer, and fewer green signals were present in the cell layers

when E12 cells were incubated with FITC-Ins solution. The signals

of the SNAC and FITC-Ins mixture solution were stronger in the cell

layer, indicating that the mucus layer barrier did not prevent SNAC

from promoting insulin absorption.

The quantitative results were consistent with those obtained

from CLSM. In order to distinguish the part of FITC-Ins adhered to

the mucus layer, formalin solution was used to remove the mucus

layer by washing the monolayers twice. Fig. S5B (Supporting infor-

mation) shows that the total amount of FITC-Ins taken up by E12

cells was 1.7%. After removing the mucus layer, only 0.9% of the

FITC-Ins was inside the E12 cells, indicating that nearly half of the

FITC-Ins molecules were trapped in the mucus layer. The cellular

uptake of the physical mixture solution was notably higher than

that of the free FITC-Ins solution, reaching a maximum of approx-

imately 5.3% FITC-Ins in the mucus layer and cells, and 3.3% were

truly internalized by E12 cells. The amount of cellular uptake of the

physical mixture solution was 4.4-fold more than that of the free

FITC-Ins solution. Therefore, we can conclude that the formation of

the complex effectively promoted insulin entry into the cells from

these results.

To investigate the intracellular distribution of insulin, we de-

termined the amounts of insulin entrapped in the endosomes and

lysosomes by CLSM. As shown in Fig. 2E and Fig. S6 (Supporting

information), only a few insulin molecules were captured by lyso-

somes and endosomes in the physical mixture solution group. The

colocalization ratios of FITC-Ins with endosomes and lysosomes

in the physical mixture solution group (∼0.03) indicated that the

‘complex’ may have entered the cell through passive diffusion. To

further explore whether the presence of SNAC changed the up-

take pathway of insulin, we studied this pathway after the addi-

tion of various inhibitors. Fig. 2F shows that the amount of insulin

taken up was reduced by approximately 24% after NaN3 was added

at 37 °C. As NaN3 inhibits energy-dependent endocytosis, we con-

cluded that the majority (76%) of insulin may have entered the cell

through passive diffusion. The uptake amount was reduced by ap-

proximately 45% after treatment with M-1β-CD lovastatin, which

indicated that caveolin-mediated endocytosis was involved in the

cellular uptake of the ‘complex’. These results illustrated that after

the interaction between SNAC and insulin, insulin entered the cell

mainly by passive diffusion and partly by active transportation.

As we found that the interaction between SNAC and insulin was

concentration-, ratio- and pH-dependent, Eudragit R© S100 micro-

spheres were then designed to entrap both SNAC and insulin at a

specific ratio (see synthesis details in Supporting information). As

shown in Fig. 3A, the microspheres showed a clear spherical mor-

phological appearance with a smooth surface observed by scanning
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Fig. 3. Characterizations of microspheres and in vitro cellular uptake analyses of microspheres. (A) SEM micrographs of the microspheres. Scale bar, 10 μm. (B) Micrographs

of the microspheres in pH 7.4 media after incubation for 30 min. Scale bar, 10 μm. (C) Release profiles of insulin from the microspheres (MS) and enteric-coated capsules in

diverse pH environments. (D) Cellular uptake of insulin from different microspheres (mean ± SD, n=3). ∗P < 0.05, compared with control groups. (E) 2D confocal microscope

images of Caco-2 cells treated with different formulations. Scale bar, 40 μm. (F) Papp of insulin from different formulations (FITC-Ins: 15 μg/mL) across Caco-2 cell monolayers

(mean ± SD, n=3). ∗P < 0.05, compared with MS1.

electron microscopy (SEM). The mean particle size of the micro-

spheres was 10.1 ± 2μm (Fig. S7 in Supporting information).

The dissolution of the microspheres incubated at pH 7.4 was

observed by fluorescence microscopy. As shown in Fig. 3B, the

microspheres almost maintained their original shapes in the first

5min. The particle size of the microspheres gradually decreased

over the next 10min, indicating that the microspheres began

to dissolve. The microspheres were completely dissolved within

30min.

To prevent the enzymatic degradation and release of insulin in

the stomach and the upper small intestine, the microspheres were

loaded into Eudragit R© S100-coated capsules for colon-targeted de-

livery [20]. Eudragit R© S100 is an anionic copolymer comprised of

methacrylic acid and acrylates that dissolves at pH > 7.0 [21]. The

release characteristics of insulin released from the microspheres

and the enteric-coated capsules in vitro are shown in Fig. 3C. The

microspheres released approximately 18% of the insulin at pH 1.2

and 4.5, which may have contributed to the release of insulin at-

tached to the surface of the microspheres. At pH 7.4, the micro-

spheres became unstable, leading to the rapid release of insulin.

For the microspheres loaded into the Eudragit R© S100-coated cap-

sule, we did not notice any release of insulin until the pH reached

7.4, indicating that the preparation could protect insulin against

gastric degradation. Further, it can slowly release its drug load in

the colon at pH 7.4. The circular dichroism (CD) results indicated

that the structure of the released insulin was not destroyed (Fig.

S8 in Supporting information).

We prepared two types of microspheres with SNAC:FITC-Ins ra-

tios of 10:1 (MS1) and 20:1 (MS2). Fig. S9 (Supporting informa-

tion) shows the fluorescence intensity of FITC-Ins released from

the two types of microspheres. MS1 was unable to reduce the flu-

orescence intensity regardless of the concentration. However, the

fluorescence intensity of MS2 was markedly reduced to 78% when

the concentration of FITC-Ins was 50μg/mL, indicating that an in-

teraction occurred between SNAC and insulin. Interestingly, after

encapsulating SNAC and FITC-Ins into MS2, the fluorescence inten-

sity was reduced even at 15μg/mL. This phenomenon might be

attributed to the high local concentration caused by the micro-

spheres.

Caco-2 cellular uptake experiments also demonstrated that the

cellular uptake amount of insulin released from MS2 was higher

than that released from MS1 by almost 3.1–4.4 folds (Fig. 3D).

Caco-2 cellular uptake of FITC-Ins from the microspheres visual-

ized by CLSM also strongly supported the findings of the quantita-

tive studies. Stronger green fluorescence was detected when Caco-

2 cells were incubated with MS2 (Fig. 3E). For MS1, the fluores-

cence intensity observed for different concentrations of FITC-Ins

was almost nondetectable, which was potentially due to the lack

of interaction between SNAC and insulin. Likewise, as shown in

Fig. 3F, the apparent permeability coefficient (Papp) value of in-

sulin from MS2 was 5.2 times higher than that of the blank mi-

crospheres with physical mixture solution (Mix+MS) and 3.3-fold

higher than that of MS1 (the concentration of FITC-ins in all of

these preparations is 15μg/mL). This result further confirmed our

previous finding that SNAC promoted the transepithelial transport

of insulin. SNAC has been reported to change the transepithelial

electrical resistance (TEER) value at a high concentration [22]. The

concentrations of SNAC we used in this study (up to 300μg/mL)

did not affect the TEER, suggesting that the improved permeation

of insulin was not caused by the alteration of epithelial mem-

brane integrity or tight junction opening (Fig. S10 in Supporting

information). This might have been due to the interaction between

SNAC and insulin based on growing lipophilicity through hydrogen

bonding and/or hydrophilic interactions. We also confirmed that

MS2 was safe at the tested concentrations (3, 9 and 15mg/mL, Fig.

S11 in Supporting information). These results verified that micro-

spheres with a ratio of 20:1 lowered the concentration threshold of

the interaction between SNAC and insulin and effectively improved

the cellular uptake and transepithelial transport of insulin.

Next, we evaluated the intestinal absorption of the different

capsules in vivo. All of the animal experiments were performed in

compliance with the Institutional Animal Care and Use Committee

(IACUC) guidelines of Shanghai Institute of Materia Medica (IACUC

code: 2020–05-GY-58). As shown in Fig. 4A and Fig. S12 (Sup-

porting information), Eudragit R© S100-coated capsules filled with
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Fig. 4. In vivo intestinal villus absorption of insulin-loaded capsules and pharmacodynamic and pharmacokinetic studies of insulin-loaded capsules. (A) Intestinal absorption

of insulin in fasting rats and in rats fed freely. (Up) Scale bar, 100μm. (Down) Scale bar, 50 μm. Blood glucose levels of the diabetic rats following the oral administration

of insulin-loaded capsules or an insulin solution (S, 30 IU/kg) or the subcutaneous injection of the insulin solution (S-SC, 5.0 IU/kg) in fasting rats (B) and in rats fed freely

(D). Serum insulin levels of the diabetic rats following administration of the same formulations in fasting rats (C) and in rats fed freely (E) (mean ± SD, n=3). ∗P < 0.05,

compared with S-MS1.

MS2 (S-MS2) seemed to have better absorption properties than the

others. Eudragit R© L100-coated capsules filled with MS2 (L-MS2)

did not show such remarkable characteristics due to the pH ef-

fect. Eudragit R© S100-coated capsules filled with MS1 (S-MS1) and

Eudragit R© L100-coated capsules filled with mixture powder (L-

Mix) also showed limited absorption due to no complex formation.

It is noteworthy that the final concentration of FITC-ins in all of

these preparations is 15μg/mL. Surprisingly, the same trend was

shown in the rats fed freely, indicating that food hardly affected

insulin absorption in S-MS2 we designed.

To further evaluate the effect of the interaction between SNAC

and insulin on absorption, a two-photon microscope was used to

observe the real-time absorption of insulin released from S-MS1
and S-MS2 in rat intestinal villi. A great quantity of insulin released

from S-MS2 was transported into the intestinal villi and absorbed

by cells over time compared with that of S-MS1. The presence of

food did not affect the absorption of the complex to a large extent

(Fig. S13 in Supporting information and Movies S1-S4 in Support-

ing information).

Finally, we evaluated the hypoglycemic effect and the serum in-

sulin level in diabetic rats administrated various capsules orally. In

diabetic rats, oral administration of a free insulin solution had al-

most no significant blood sugar lowering effect due to the degra-

dation by gastric and proteases in vivo. Surprisingly, the oral ad-

ministration of S-MS2 showed a significant hypoglycemic effect,

with a maximal blood glucose reduction of 55% and no risk of hy-

poglycemia (Fig. 4B and Fig. S14 in Supporting information). The

pharmacological availability (PA%) of S-MS2 was 13.2%, which was

8.2 times higher than that of free insulin (Table S1 in Supporting

information). A nonsignificant decrease in blood glucose levels ob-

served with S-MS1 may have been attributed to the lack of interac-

tion between SNAC and insulin; thus, SNAC may not promote oral

insulin absorption. These results were consistent with our find-

ings from cellular studies. Interestingly, the hypoglycemia effect of

Eudragit R© L100-coated capsule was less remarkable than that re-

sulting from oral administration of the Eudragit R© S100-coated cap-

sule, which could be explained by two reasons: (1) Eudragit R© L100

dissolved at pH > 5.5 [23], and SNAC and insulin could not interact

at such a low pH; (2) the insulin released from the capsules was

potentially degraded by the proteases in the upper small intestine.

Moreover, the blood glucose level did not recur to the baseline

after 10h. In addition, in the rats fed freely, S-MS2 exhibited the

most remarkable hypoglycemic effect, with a PA% of 12.1%, which

suggested that food didn’t affect its efficacy (Fig. 4D and Table S2

in Supporting information).

The serum insulin concentration-time profiles are shown in

Figs. 4C and E, respectively. The rats subcutaneously (SC) injected

with the free insulin solution showed the maximal serum insulin

concentration at 1h after administration. In fasting rats, the oral

administration of S-MS2 generated a slower but prolonged increase

in the serum insulin concentration, and the concentration peaked

at 5h, yielding a relative bioavailability of 6.3%, which was 3.3

times higher than that of S-MS1. In contrast, a negligible amount

of plasma insulin was found in the rats orally administrated L-

mixture or L-MS2 (Table S1). To our surprise, the rats fed freely

taking S-MS2 orally had a relative bioavailability of 6.3%, which

was consistent with that of the fasting rats (Table S2). These results

showed that the preparation we designed prevents the influence of

food and has a significant hypoglycemic effect.

In this study, we found that SNAC could adhere to insulin in a

specific concentration-, ratio- and pH-dependent manner. In vitro

studies demonstrated that the interaction between SNAC and in-

sulin improved the cellular uptake and enhanced the intestinal

mucosal permeability of insulin. Based on this finding, Eudragit R©
S100 microspheres were designed to entrap both SNAC and in-

sulin at a specific ratio. The in vivo study results also showed

that the oral administration of the specific microsphere-loaded

Eudragit R© S100-coated capsules exhibited an approximately 6.3%

oral bioavailability in diabetic rats in both the fasted and fed states.

In summary, we successfully constructed an SNAC-based oral in-

sulin delivery system that has high oral bioavailability and patient-

friendly medication guidance, which might pave the way for the

rational design of oral macromolecule formulations.
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