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ARTICLE INFO ABSTRACT

Article history:

Lipid-based nanocarriers have staged a remarkable comeback in the oral delivery of proteins and pep-
tides, but delivery efficiency is compromised by lipolysis. S-Lactoglobulin (8-1g) stabilized lipid nanopar-
ticles, including nanoemulsions (NE@g-Ig) and nanocapsules (NC@B-1g), were developed to enhance the
oral absorption of insulin by slowing down lipolysis due to the protection from B-lg. Cremophor EL sta-
bilized nanoemulsions (NE@Cre-EL) were prepared and set as a control. The lipid nanoparticles produced
mild and sustained hypoglycemic effects, amounting to oral bioavailability of 3.0% + 0.3%, 7.0% + 1.1%, and
7.7% + 0.8% for NE@Cre-EL, NE@S-lg, and NC@p-lg, respectively. Aggregation-caused quenching (ACQ)
probes enabled the identification of intact nanoparticles, which were used to investigate the in vivo and
intracellular fates of the lipid nanoparticles. In vitro digestion/lipolysis and ex vivo imaging confirmed de-
layed lipolysis from S-lg stabilized lipid nanoparticles. NC@f-lg was more resistant to intestinal lipolysis
than NE@S-Ig due to the Ca?*-induced crosslinking. Live imaging revealed the transepithelial transport
of intact nanoparticles and their accumulation in the liver. Cellular studies confirmed the uptake of intact
nanoparticles. Slowing down lipolysis via food proteins represents a good strategy to enhance the oral
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absorption of lipid nanoparticles and thus co-formulated biomacromolecules.
© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Oral delivery of peptides and proteins has been a hot field
in drug delivery [1-4]. Enteric coatings in combination with pH-
regulating agents, enzymatic inhibitors, and absorption enhancers
are the common strategies but lead to severe side effects [5,6]. In
addition, ORMD-0801 that adopts the combinatory strategy failed
in a clinical trial recently [7]. Lipid-based nanoparticles have re-
gained the spotlight in this field due to the protection of proteins
and peptides from gastrointestinal degradation [8-11]. Intact lipid
nanoparticles then transport across the intestinal epithelia, induc-
ing absorption of the loaded therapeutics [9,10]. However, lipoly-
sis impairs the delivery efficiency of the lipid nanoparticles due to
premature leakage. Only intact nanoparticles that survive lipolysis
can protect their cargo and enter the body’s circulation. Thus, seek-
ing green excipients to develop lipid nanoparticles that are resis-
tant to harsh gastrointestinal environments has become a priority
in the oral delivery of biomacromolecules.
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Food proteins have been widely exploited as emulsifiers to de-
velop nanoemulsion-based functional foods [12,13]. They can ad-
sorb on the oil-water interface to form a viscoelastic membrane,
preventing oil drops from coalescence or flocculation [14]. Un-
like other food proteins that are digested in the stomach, B-
lactoglobulin (B-1g) is resistant to pepsin and gastric acid [15,16].
This is due to the highly folded globular structure of S-lg that
hampers pepsin to access the target peptide bonds [17]. Thus,
B-lg stabilized nanoemulsions (NE@B-lg) may remain intact in
the stomach. When NE@p-lg enters the intestine, the interfa-
cial B-lg membrane continues to delay lipolysis by preventing
lipases from contacting the oil core [18-20]. Furthermore, B-
lg can be crosslinked by Ca%*. Solubilizing calcium chloride in
the oil phase in advance converts the B-lg stabilized nanoemul-
sions into nanocapsules (NC@gB-1g) [21]. The tough shell layer en-
dows nanocapsules with even better stability in the gastrointesti-
nal tract (GIT). Thus, B-lg stabilized lipid nanoparticles, including
NE@g-lg and NC@p-lg, are preferable carriers for the oral deliv-
ery of biomacromolecules. In addition, the preparation of the lipid
nanoparticles is free of volatile organic solvents, which is favored
by green manufacturing [22].

1001-8417/© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.
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Fig. 1. Hypoglycemic effects and in vitro digestion/lipolysis of lipid nanoparticles. (A) Blood glucose level versus time profiles in rats treated with different preparations. Data
are presented as mean =+ standard deviation (SD), n=>5. (B) Particle size and PDI variation of lipid nanoparticles in in vitro digestion/lipolysis. (C) In vitro digestion/lipolysis
monitored by fluorescence reducing. (D) Retention of insulin during the digestion/lipolysis. Data are presented as mean & SD, n=3 (*P < 0.05, **P < 0.01).

In this study, insulin was adopted as a model drug and loaded
in the form of a phospholipid complex. The optimization of the
complexation process is shown in Fig. S1 (Supporting information).
The optimized complex got a complexation efficiency of 98% and
a solubility of 29.4 4+ 0.8 mg/mL in Labrafac Lipophil WL 1349.
The complex process did not affect the conformation and bioac-
tivity of insulin (Fig. S2 in Supporting information). B-lg stabilized
lipid nanoparticles were prepared by high-pressure homogeniza-
tion with Labrafac Lipophile WL 1349 as the oil phase (Figs. S4A-E
in Supporting information). Cremophor EL (Cre-EL) stabilized na-
noemulsions (NE@Cre-EL) were prepared with a similar procedure
and set as a control. The lipid nanoparticles shared similar parti-
cle size (150-165 nm), polymer dispersity index (PDI) (<0.15), and
insulin encapsulation efficiency (EE) (64%-70%) (Table S2 in Sup-
porting information). Ca2*-induced crosslinking reduced the zeta
potential from —33.2 £ 1.9 mV of NE@B-lg to —16.4 £ 1.9 mV
of NC@g-lg. The crosslinking did not affect the EE, being 66.2% +
3.5% (NE@g-Ig) and 69.3% + 3.3% (NC@Q-Ig). Transmission electron
microscope imaging displayed spherical morphology of the lipid
nanoparticles (Fig. S4F in Supporting information). The observed
size was similar to the results determined by dynamic laser scat-
tering.

Fig. 1A shows the blood glucose variation of rats treated with
different preparations. All animal experiments were approved by
the Institutional Animal Care and Use Committee at the School of
Pharmacy, Fudan University. No hypoglycemic effect was observed
for insulin-phospholipid complex (50 IU/kg) and blank NE@g-Ig
following oral administration. The phospholipid complex may fail
to protect insulin from harsh enzymatic degradation. Subcuta-
neous injection of insulin solution (1 IU/kg) led to a sharp de-
crease in blood glucose to 46.1% 4+ 1.7% at 2 h, which returned
to the pre-dose level at 6 h. The short duration requires frequent
injection, which may give rise to hypoglycemic syndromes, such

as shaking and even brain death [23]. Conversely, B-lg stabilized
lipid nanoparticles (25 IU/kg) produced mild and sustained hypo-
glycemic effects. Blood glucose level reduced to 65%-78% during
6-12 h post-administration. Based on the area above the curve,
the oral bioavailability of NE@B-Ig and NC@B-lg amounted to
7.0% + 11% and 7.7% + 0.8%, respectively. Oral administration of
NE@Cre-EL at a dose of 25 IU/kg also produced sustainable hypo-
glycemic effects, which were inferior to that from B-lg stabilized
lipid nanoparticles. The blood glucose level was reduced to a min-
imum level of around 83% at 8 h and recovered at 24 h. The oral
bioavailability of NE@Cre-EL was only 3.0% + 0.3%.

The in vitro digestion/lipolysis model was developed following
the classical protocol [24-26] to elucidate the possible mechanisms
for the enhanced oral bioavailability. Variations in particle size
and PDI of the lipid nanoparticles during gastric digestion and in-
testinal lipolysis were investigated (Fig. 1B). Since lipolysis mainly
occurs in the intestine, NE@Cre-EL maintained structural stability
during gastric digestion. However, the size and PDI of NE@Cre-EL
were instantly increased in intestinal lipolysis. Due to the resis-
tance of B-lg to pepsin attack, NE@B-lg and NC@p-lg also main-
tained structural stability during gastric digestion, being consistent
with results from other groups [27,28]. NE@S-Ig maintained ini-
tial particle size and PDI in the first 15 min of intestinal lipolysis,
which then increased and reached a maximum at 3-3.5 h. With
ongoing lipolysis, 8-lg was replaced by bile salts. This disrupted
the structure of NE@B-lg and the oil droplets aggregated, leading
to an increase in particle size and PDI. Lipolysis converted the oil
droplets into mixed micelles and vesicles, then particle size and
PDI decreased. Conversely, NC@g-lg maintained structural stability
for 30 min during intestinal lipolysis. The particle size and PDI of
NC@p-lg gradually increased to a maximum at 4 h, with a 0.5-
1 h lag compared to lipolysis of NE@B-lg. This occurred because
Ca%*-induced crosslinking strengthened the interfacial shells to re-
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sist bile salt replacement and lipase penetration [29,30], thereby
further delaying lipolysis.

Aggregation-caused quenching (ACQ) probes were adopted to
identify the intact lipid nanoparticles [31-36]. The ACQ probes il-
luminated the lipid nanoparticles when loading in the oil phase as
molecules. Once the lipid nanoparticles were broken due to diges-
tion/lipolysis, the probes were released into the aqueous environ-
ments and quenched due to intermolecular aggregation via -7
stacking. Fluorescent labeling was achieved by dissolving the ACQ
probes in the oil phase during the preparation of the lipid nanopar-
ticles. With a concentration of P2 and P4 in the formulation of 5
pg/mL and 0.5 png/mL, respectively, the lipid nanoparticles achieved
comparable fluorescent intensities (Table S2). The fluorescent in-
tensities of the lipid nanoparticles were stable during 24 h of in-
cubation in all media (Fig. S5 in Supporting information), excluding
fluorescent quenching due to water infiltration and probe leakage.

The rate of digestion and lipolysis of the lipid nanoparticles was
monitored by the residual percentage of the fluorescence intensity
(Fig. 1C). Previous studies indicated consistency between the alkali
compensation method and the fluorescent quenching method [37].
All lipid nanoparticles remained intact during the 2 h of gastric di-
gestion. During the intestinal lipolysis period, NE@Cre-EL presented
significantly faster degradation than S-lg stabilized lipid nanopar-
ticles. NE@B-lg and NC@pS-lg presented similar lipolysis patterns.
Initially, the particles remained intact and the S-lIg molecules on
the surface were able to delay the approach of lipase to the oil
droplets, leading to a slow lipolysis rate. Subsequently, with the
B-lg layer substituted by bile salts, the particles broke down. The
lipolysis rate accelerated in the medium term but slowed down
latterly as the lipase became saturated by triglycerides. Lag times
of 15 and 30 min were observed in the lipolysis of NE@S-lg and
NC@p-lg, respectively, matching the size and PDI variation in the
lipolysis progress. Moreover, in the first 2 h of intestinal lipolysis,
NC@p-lg maintained a significantly higher residual fluorescence
intensity than NE@p-lg. These results supported the enhanced sta-
bility from Ca2?*-induced crosslinking.

The residual percentage of insulin during digestion and lipol-
ysis was also measured (Fig. 1D). Insulin solution was completely
degraded during 2 h of gastric digestion. Conversely, the content of
insulin from lipid nanoparticles only decreased to 65%-70% during
the gastric digestion due to protection from the carriers. The degra-
dation was from free insulin in the preparation as the residual in-
sulin content at the end of gastric digestion was coincident with
the EE. The decrease of insulin content in the intestinal lipolysis
was synchronous with the degradation of the lipid nanoparticles.
Similarly, NE@Cre-EL showed the worst protection toward insulin
due to the fastest lipolysis among the lipid nanoparticles. NC@S-
lg maintained significantly higher insulin content in the first 2 h
of intestinal lipolysis than NE@S-lg. The results demonstrated that
pB-lg stabilized lipid nanoparticles were more resistant to lipolysis
than NE@Cre-EL, providing better protection to the loaded insulin.
The ability is further enhanced by Ca%*-induced crosslinking.

P2 labeling was adopted to study the transport of intact
nanoparticles in rats. Negligible fluorescence was observed from
rats treated with P2 quenched solution, eliminating concerns about
interference from fluorescent recurrence (Fig. S6A in Supporting in-
formation). P2 signal vanished at 8 h on rats treated with NE@Cre-
EL. Conversely, strong P2 signals were observed on rats treated
with B-lg stabilized lipid nanoparticles till 12 h (Fig. 2A), indicat-
ing long residence in the GIT due to resistance to digestion and
delayed lipolysis. Fig. 2B illustrates the variation of fluorescence in-
tensity over time. NE@Cre-EL presented significantly weaker fluo-
rescence intensities at each time point than S-lg stabilized lipid
nanoparticles, indicating weaker gastrointestinal stability. Further-
more, the fluorescence intensity from treatment with B-lg stabi-
lized lipid nanoparticles increased slightly from 0.5 h to 2 h. This
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Fig. 2. Live imaging of rats treated with lipid nanoparticles. (A) Live imaging pho-
tographs. (B) Variation of fluorescence intensity versus time. (C) Normalized total
radiant efficiency versus time. Data are presented as mean & SD, n=3 (*P < 0.05,
P < 0.01).

was due to the proximity of nanoparticles in the limited space
of the stomach, causing self-quenching. With dispersion of the
nanoparticles, fluorescence slightly increased. The subsequent gas-
trointestinal transport and lipolysis led to the quenching of the flu-
orescence. However, intestinal lipolysis of NE@Cre-EL was quick,
leading to a continuous decline of the fluorescent intensity. Rats
treated with NC@g-Ig presented significantly stronger fluorescence
than those treated with NE@B-Ig from 6 h to 10 h, supporting
the enhanced stability from Ca2*-induced crosslinking. The in vivo
lipolysis is displayed as the normalized total radiant efficiency ver-
sus time with an initial value of 100% (Fig. 2C). The trend of the
profiles was similar to that obtained in the in vitro study.

Fig. 3 shows the GIT and main organs of rats treated with
lipid nanoparticles. No fluorescence recurrence was observed from
treatment with P2 quenched solution (Figs. S6B and C in Sup-
porting information). The lipid nanoparticles showed similar gas-
trointestinal transport and retention. Gastrointestinal transport of
the lipid nanoparticles was fast because fluorescent signals were
spread throughout the small intestine at 0.5 h (Fig. 3A). Only
faint fluorescence was seen in the intestines of rats treated with
NE@Cre-EL at 8 h, which lasted till 10-12 h in the treatment of
B-lg stabilized lipid nanoparticles. These results supported the de-
layed lipolysis from g-lg. Furthermore, NC@gB-lg exhibited longer
retention in the GIT than NE@B-lg due to the Ca*-induced
crosslinking. Fig. 3B demonstrates the variation of fluorescent in-
tensities in the GIT with time. The variation was similar to that
observed in the live imaging. NC@B-lg also presented higher flu-
orescence intensities in the GIT than the two nanoemulsions from
6 h to 12 h, implying enhanced stability. Therefore, nanocapsules
may have more opportunities to be absorbed across the epithelial
layer.

Fig. 3C shows ex vivo imaging of the primary organs of rats
treated with lipid nanoparticles. Intense fluorescence was observed
in the liver after 4 h, confirming the absorption and migration
of intact nanoparticles that survived digestion and lipolysis in
the GIT. Nonetheless, the fluorescent intensity from the treatment
of NE@Cre-EL was weaker than that from A-lg stabilized lipid
nanoparticles. Although faint fluorescence signals were sporadi-
cally detected in other organs, the liver was the main accumulation
organ for the absorbed nanoparticles. Similar results were found in
other types of lipid nanoparticles [38]. If nanoparticles release the
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Fig. 3. Intestinal translocation and in vivo distribution of lipid nanoparticles. (A) Ex
vivo imaging and (B) variation of fluorescence intensity in the gastrointestinal tract
of rats treated with lipid nanoparticles. (C) Ex vivo imaging of primary organs (from
top to bottom in each panel: brain, heart, lung, liver, spleen, and kidney). (D) Vari-
ation of fluorescence intensity in the livers of rats treated with lipid nanoparticles.
(E) Absorption percentage of lipid nanoparticles estimated from fluorescence inten-
sity in the liver and gastrointestinal tract. Data are presented as mean + SD, n=3
(*P < 0.05, **P < 0.01).

loaded insulin in the liver, an improved hypoglycemic effect can be
anticipated as the process follows the normal physiology of insulin
[39,40]. To compare the differences in absorption among the lipid
nanoparticles, the fluorescence intensities in the liver were plotted
versus time (Fig. 3D). The oral absorption of the lipid nanoparti-
cles was roughly estimated. Assuming the fluorescence intensity in
the GIT at 0.5 h as the total amount of the nanoparticles adminis-
tered, the absorption was calculated by the percentage of the fluo-
rescence detected in the liver (Fig. 3E). Both the two S-lg stabilized
lipid nanoparticles reached maximum fluorescence intensity and
absorption percentage (~7%) at 4 h, 2 h later than the peak time in
the GIT. NE@Cre-EL only got a maximum absorption percentage of
~3% at 4 h. The fast transport of the nanoparticles in the GIT may
contribute to speedy absorption. Moreover, NC@B-Ig presented sig-
nificantly higher fluorescence intensity and absorption percentage
than NE@g-lg from 6 h to 12 h. This phenomenon also explained
the higher hypoglycemic effect obtained from the nanocapsules.
To confirm the transepithelial transport of intact lipid nanopar-
ticles, the ileum of rats treated with lipid nanoparticles was ob-
served under a confocal laser scan microscope (CLSM) following
the frozen section (Fig. 4A). The blue and red signals stand for
nuclei and intact nanoparticles, respectively. No fluorescence was
detected in the ileum of rats treated with P4 quenched solu-
tion, indicating the absence of fluorescent recurrence. The fluores-
cence signal observed in the basolateral (BL) side of the intestinal
membranes supported the transepithelial transport of intact lipid
nanoparticles. Although the closed loop reduces the lipolysis ef-
fects, the fluorescent intensity in the BL side increased in the se-
quence of NE@Cre-EL<NE@g-lg<NC@p-lg. The lamina propria is
rich in lymphatic and blood capillaries, but the lipid nanoparticles
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Fig. 4. Transepithelial transport, cellular uptake and transmembrane transport of -
Ig stabilized lipid nanoparticles. (A) CLSM images of frozen section of ileum treated
with lipid nanoparticles and P4 quenched solution. DAPI (blue) and P4 signal (red)
stand for the cell nuclei and intact nanoparticles, respectively. Scale bar: 200 pm.
(B) Cellular uptake of P2 labeled nanoparticles. (C) CLSM images of cell monolayer
treated with P4 labeled nanoparticles (blue: nuclei; red: intact nanoparticles; scale
bar: 50 pm). Cumulative transport of P2 labeled nanoparticles across (D) Caco-2, (E)
Caco-2/HT29-MTX, and (F) Caco-2/HT29-MTX/Raji monolayer. Data are presented as
mean + SD, n=3 (*P < 0.05).

are primarily absorbed via the lymph due to size limitation [41].
The long gastrointestinal retention, in combination with the slow
lymph flow, enabled a steady flow of lipid nanoparticles from the
GIT into the blood circulation via the lymph vessels, giving a mild
and sustained hypoglycemic effect.

Caco-2 and Caco-2/HT29-MTX cell models were utilized to in-
vestigate the uptake of B-lg stabilized lipid nanoparticles by in-
testinal epithelia. HT29-MTX cells were used to mimic the mucus-
secreting goblet cells. Cellular uptake was indicated by the percent-
age of fluorescence intensity within cells in comparison with the
added value (Fig. 4B). Uptake percentages of NE@S-Ig and NC@pS-
Ig were 4.8% + 0.3% and 5.9% + 0.3% in the Caco-2 model, and 3.8%
+ 0.5% and 4.1% + 0.5% in the co-cultured model, respectively. The
uptake of NC@B-lg was significantly higher than NE@S-Ig in the
Caco-2 cell model. The presence of the mucus barrier in the Caco-
2/HT29-MTX model impeded the uptake of lipid nanoparticles, re-
sulting in a significant reduction in cellular uptake compared with
the Caco-2 cell model. The two lipid nanoparticles showed no sig-
nificant difference in uptake by Caco-2/HT29-MTX cell models.

CLSM was further performed to exclude the possibility of sur-
face adherence by co-localization of the nanoparticles and the nu-
cleus (Fig. 4C). P4 signals (red) representing the intact nanoparti-
cles were localized on the horizontal plane of the nuclei stained
by DAPI (blue), confirming the uptake of intact nanoparticles. The
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Z-axis scanning revealed red signals in the BL side of the cell
monolayer, supporting the transepithelial transport of the intact
nanoparticles. The fluorescence intensity within the Caco-2 mono-
layer was higher than within the co-cultured monolayer, in line
with the cellular uptake, attributed to the obstruction effect in-
duced by the mucus layer.

Figs. 4D-F show the results of transmonolayer transport of the
lipid nanoparticles in Caco-2, Caco-2/HT29-MTX, and Caco-2/HT29-
MTX/Raji cell models, respectively. Raji cells were utilized to mimic
M cells, which have a strong capacity for the transport of ex-
ogenous particles. Cumulative transport of NE@S-Ig and NC@B-Ig
in the Caco-2 cell model amounted to 0.80% + 0.02% and 0.98%
+ 0.07% at 4 h, respectively. Due to the obstruction of the mu-
cus layer, the cumulative transport in the Caco-2/HT29-MTX model
was only 0.16% =+ 0.02% for NE@B-lg and 0.20% + 0.01% for NC@p-
lg. Maximum transport was found in the Caco-2/HT29-MTX/Raji
cell model as 2.0% + 0.2% for NE@B-lg and 2.2% + 0.3% for NC@p-
lg. The transport of the nanoparticles was inferior to the cellular
uptake. This is a common phenomenon as nanoparticles within the
cytoplasm may be degraded or released back into the intestinal lu-
men via exocytosis [31].

In conclusion, the insulin-phospholipid complex was success-
fully synthesized to enable the loading of insulin in lipid nanopar-
ticles. Mild and sustained hypoglycemic effects were obtained
by insulin-loaded lipid nanoparticles. Nonetheless, B-lg stabi-
lized lipid nanoparticles showed higher oral bioavailability than
NE@Cre-EL, being a maximum of ~8% versus 3.0%. Enhanced oral
absorption of insulin was due to B-lg that slowed down the gas-
trointestinal digestion/lipolysis of the lipid nanoparticles. B-lg sta-
bilized lipid nanoparticles have more opportunities to survive in
the harsh gastrointestinal environment, leading to better protec-
tion of insulin and a higher chance of interacting with the intesti-
nal epithelia. ACQ probe-based imaging revealed that intact lipid
nanoparticles could cross the intestinal epithelia and accumulate
in the liver. Cellular studies confirmed the uptake of the intact
nanoparticles.
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