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a b s t r a c t

Successful oral delivery of therapeutic proteins such as insulin can greatly improve the quality of life of
patients. This study develops a bubble carrier system by loading diethylene triamine pentaacetic acid
(DTPA) dianhydride, a foaming agent (sodium bicarbonate; SBC), a surfactant (sodium dodecyl sulfate;
SDS), and a protein drug (insulin) in an enteric-coated gelatin capsule. Following oral administration to
diabetic rats, the intestinal fluid that has passed through the gelatin capsule saturates the mixture;
concomitantly, DTPA dianhydride produces an acidic environment, while SBC decomposes to form CO2

bubbles at acidic pH. The gas bubbles grow among the surfactant molecules (SDS) owing to the
expansion of the generated CO2. The walls of the CO2 bubbles consist of a self-assembled film of water
that is in nanoscale and may serve as a colloidal carrier to transport insulin and DTPA. The grown gas
bubbles continue to expand until they bump into the wall and burst, releasing their transported insulin,
DTPA, and SDS into the mucosal layer. The released DTPA and SDS function as protease inhibitors to
protect the insulin molecules as well as absorption enhancers to augment their epithelial permeability
and eventual absorption into systemic circulation, exerting their hypoglycemic effects.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Oral delivery of therapeutic proteins such as insulin can avoid
the pain and discomfort associated with injections and greatly
improve the quality of life of patients. Nevertheless, oral absorption
of insulin is limited by hostile gastric and intestinal environments
and by the poor epithelial permeability [1]. Experiments have
shown that enteric-coated gelatin capsules containing insulin with
protease inhibitors and absorption enhancers orally administered
to rats can achieve increased plasma insulin levels and corre-
sponding reductions in blood glucose [2]. The enteric coating is a
pH-responsive polymer barrier, so the capsule remains intact in the
highly acidic pH environment of the stomach; conversely, as the
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body fluid from the intestinal tract (neutral or slightly basic pH)
comes into contact with the enteric-coated capsule, the water
soluble polymer and gelatin dissolve and the drug load diffuses
through the resulting pores.

However, the enteric polymer coated on the gelatin capsule does
not dissolve instantly or completely in the small intestine because
of its partial contact with the body fluid. Thus, a certain amount of
the encapsulated protein drugs within the capsule might remain
stuck within the partially dissolved capsule (Fig. 1). Another prob-
lem is that protein molecules may aggregate during their exposure
to body fluid, which can limit their interaction with and entrance
into epithelial cells and reduce their oral bioavailability. Therefore,
increasing the bioavailability of oral protein drugs to a therapeu-
tically acceptable level is still challenging.

To provide quick and effective delivery of a drug load from
enteric-coated gelatin capsules, this study develops a novel carrier
system that involves a foaming agent (sodium bicarbonate; SBC)
that can generate CO2 bubbles upon exposure to an acidic aqueous
environment. The walls of these CO2 bubbles consist of a nanoscale
self-assembled film of water that can be sandwiched between two
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Fig. 1. Schematic illustrations showing the formation and expansion of bubble carriers (see subfigures a, b, and c) developed from the orally administered gelatin capsule and their
mechanism for delivering insulin across the epithelial barrier. TJ: tight junction; AJ: adherens junction.
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layers of surfactant molecules to form a colloidal carrier for trans-
porting protein drugs. Absorption can be increased by formulating
the drug as a solubilizate within a colloidal dispersion [3]. This
bubble carrier system is prepared by mixing diethylene triamine
pentaacetic acid (DTPA) dianhydride, SBC, a surfactant (sodium
dodecyl sulfate; SDS), and a protein drug (insulin). The DTPA dia-
nhydride is an acidic oxide that dissolves in water to form an acid
(DTPA) solution [4]. When reacting with the acid, SBC produces a
bubbly CO2 gas [5].

Fig.1 shows a schematic of this bubble carrier system and how it
works. When the water that passes through the gelatin capsule
saturates the mixture, nanosized CO2 bubbles are generated. As the
gas pressure opens the capsule, the load is quickly released. The gas
bubbles grow among the surfactant molecules, expanded by the
generated CO2. The reaction also proceeds outside the formed
bubbles, which are therefore effectively suspended in a gas-rich
environment. The SDS is an anionic surfactant consisting of a hy-
drophilic (water-loving) head and a hydrophobic (water-hating)
tail. As the gas bubbles expand, the hydrophobic tail of each sur-
factant molecule is attracted to the gas-rich phase while their hy-
drophilic head is attracted to the water phase. Therefore, a bubble
carrier system comprising awater film containing insulin and DTPA
is self-assembled between double layers of surfactant molecules
(SDS). The gas bubbles continue to expand until they come in
contact with the mucosal layer covering the intestinal wall and
eventually burst and release their loads of insulin, DTPA, and SDS. In
the mucosal layer, DTPA serves a paracellular enhancer for deliv-
ering insulin molecules through the epithelial cells, and the
amphiphilic surfactant (SDS) enhances their paracellular and
transcellular permeability. Both DTPA and SDS also protect insulin
molecules by functioning as protease inhibitors [2,6].

We hypothesize that the proposed bubble carrier system can
mediate temporary alterations in the morphology of epithelial cell
membranes and transient opening of their apical junctional
complexes (AJCs), which facilitates the encapsulated insulin mol-
ecules in crossing the epithelial barrier and eventually being
absorbed into systemic circulation, where they exert hypoglycemic
effects.

2. Materials and methods

2.1. Materials

The SBC, DTPA dianhydride, SDS, and insulin (from bovine
pancreas, 27.4 IU/mg) were obtained from SigmaeAldrich (St. Louis,
MO, USA). The fluorescein isothiocyanate (FITC)-insulin (bovine)
and cyanine 3 (Cy3) were purchased from Invitrogen Corp. (Carls-
bad, CA, USA) and Lumiprobe Corp. (Broward, FL, USA), respectively,
and 123I was acquired from Institute of Nuclear Energy Research
(Taoyuan, Taiwan). All other chemicals and reagents used were of
analytical grade.

2.2. Preparation of test capsules

Hard gelatin capsules (size 9; Torpac Inc., Fairfield, NJ, USA) were
manually filled with a mixture of SBC (8.0 mg), DTPA dianhydride
(8.0 mg), SDS (4.0 mg), and insulin (0.38 mg) according to manu-
facturer instructions. The capsules without SBC were used as a
control. The prepared capsules were immersed in a methanol so-
lution of Eudragit® L100-55 (15% w/v, Evonik Industries, Parsip-
pany, NJ, USA) and then dried at room temperature using an air-
blower; this procedure was repeated three times.

2.3. Characterization of test capsules

The in vitro dissolution of test capsules was performed in test
tubes containing a phosphate buffered saline (PBS) solution at pH
2.0, pH 6.6, or pH 7.4 (adjusted by HCl); the test tubes were
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immersed in a water-filled tank at 37 �C. An ultrasound imaging
system with a 7 MHz linear-array transducer (Z-one, Zonare,
Mountain View, CA, USA) was used to visualize the generated CO2
bubbles; consecutive ultrasonic B-mode images were recorded
with a computer.

2.4. Structural analysis of bubble carriers

The formation of bubble carriers and their structural changes as
the gas bubbles expanded were examined by fluorescence micro-
scopy (Axio Observer; Carl Zeiss, Jena, Germany), transmission
electron microscopy (TEM; JEOL 2010F, Tokyo, Japan), and small
angle X-ray scattering (SAXS). For the TEM observation, a drop of
sample solution immediately after reaction was placed on the
copper grid, and blot-dried using a filter paper, followed by drop-
ping 1% osmium tetroxide (OsO4), a preferential staining agent for
the double bonds of unsaturated compounds (e.g., SDS) [7], solution
onto the grid and blot-dried again.

For the SAXS experiments, test samples were injected into
sample cells composed of two Kapton windows [8]. The measure-
ments were performed using the BL23A1 beamline at the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan.
The energy of the beam source was 15.0 keV, and the sample-to-
detector distance was 3060.3 mm. The scattering intensity profile
was obtained after corrections for sample transmission, empty cell
transmission, empty cell scattering, and the sensitivity of the de-
tector. Scattering intensity I(Q) was plotted as a function of scat-
tering vector, Q¼ (4p/l)sin(q/2) (q ¼ scattering angle). The
resolvable time scale for this instrument is under 10 s. A two-
dimensional Pilatus 1 M detector with 981 � 1043 pixel resolu-
tion was used to record the SAXS profiles.

2.5. Investigation of the mechanism of epithelial permeability

The Caco-2 cell monolayers were grown on a tissue-culture-
treated polycarbonate filter in a Costar Transwell with twelve
wells/plate (Corning Costar Corp., NY, USA) and then treated with
test samples (DTPA or SDS, 2.0 mg/mL, 1.0 mL) containing FITC-
insulin for 2 h; translocation of their AJC proteins was then
analyzed by immunofluorescence staining. After washing the cells
three times with pre-warmed PBS, the cells were fixed and per-
meabilized in 100% acetone for 10 min at �20 �C. Non-specific
binding was blocked in 5% normal goat serum (Jackson Immu-
noResearch Laboratories, West Grove, PA, USA) in PBS for 60 min at
37 �C. The cells were then incubated overnight in primary anti-
bodies [mouse anti-claudin-4 (Invitrogen) and donkey anti-E-
cadherin (Abcam, Cambridge, MA, USA)] at 4 �C. Results were
visualized by applying appropriate Alexa-Fluor-conjugated sec-
ondary antibodies (Invitrogen); the cells were also counterstained
with DAPI (Invitrogen) for examination by inverted confocal laser
scanning microscopy (CLSM; Zeiss LSM780, Carl Zeiss, Jena GmbH,
Germany).

Extracellular calcium levels were detected by staining the
treated cells with 40.0mMAlizarin Red S (ARS; SigmaeAldrich), pH
4.0, for 10 min followed by washing with 70% ethanol and with PBS
to remove non-specific staining. Samples were then visualized by
an inverted phase-contrast light microscope (Nikon Eclipse-Ti,
Nikon Instruments Inc., Melville, NY, USA).

2.6. Evaluation of inhibition of proteolytic degradation

In vitro inhibition of intestinal proteases by DTPA and SDS was
separately studied in the proximal portion of the small intestine
freshly isolated from rats (Wistar). The intestinal tissues were
incubated with a KrebseRinger buffer containing insulin (1.0 mg/
mL, 1.0 mL) and DTPA or SDS (2.0 mg/mL, 1.0 mL) at 37 �C. The
remaining amount of intact insulin was quantified by high-
performance liquid chromatography (HPLC) analysis of test solu-
tions (50.0 mL) withdrawn at different time intervals, based on a
protocol described in the literature [9].

2.7. Animal study

All animal studies were performed according to the “Guide for
the Care and Use of Laboratory Animals”, which was prepared by
Institute of Laboratory Animal Resources, National Research
Council, and published by the National Academy Press in 1996. All
studies were also approved by the Institutional Animal Care and
Use Committee of National Tsing Hua University (protocol number
10046).

2.8. In vivo dissolution of test capsules and biodistribution of
insulin

Insulin was radiolabeled with Iodine-123 (123I) using an
iodogen-tube (Pierce Iodination Tubes, Thermo Fisher Scientific,
Rockford, IL, USA) according to a method reported in the literature
[10]; previous radiochemical stability tests in human serum
showed that 91% of the isotope-labeled compound remained intact
after incubation for 24 h. After purification, the obtained 123I-in-
sulin was lyophilized for further studies. The dynamic plain X-ray
and scintigraphy images of rats (Wistar, ca. 250 g, n ¼ 3) were ac-
quired at predetermined time intervals after oral administration of
test capsules containing 123I-insulin and barium sulfate, a radio-
contrast agent.

The biodistribution of insulin in the intestinal tract was inves-
tigated by in vivo imaging system (IVIS). At predetermined time
points after oral ingestion of test capsules containing FITC-insulin,
the rats (n ¼ 3) were sacrificed. The gastrointestinal (GI) tracts
were then harvested, irradiated (FITC excitation wavelength,
495 nm), and imaged with an appropriate emission filter (519 nm)
to obtain FITC images. The retrieved tissues were also washed three
times with PBS, fixed in 3.7% paraformaldehyde, processed for
cryosectioning, and then examined under CLSM.

The biodistribution of insulin absorbed into systemic circulation
was examined by a single-photon emission computed tomography
(SPECT)/computed tomography (CT) scanner (n ¼ 3 rats). After the
last SPECT scan, additional whole-body CT images of the internal
organs were acquired after intravenous administration of the
Conray™ contrast agent (Mallinckrodt, MO, USA). The amount of
contrast fluid stasis in the vasculature was maximized by slowly
injecting the contrast agent via the tail vein (2.0 mL over 40 s). After
receiving half of the Conray™ dose, each animal was sacrificed by
co-injection of potassium chloride under deep anesthesia. The
image scanning was performed using the protocol described in a
previous work by this research group [11].

2.9. In vivo toxicity

The toxicity of the test capsulewas evaluated in rats, whichwere
randomly divided into two groups. For 14 days, the experimental
group orally received daily a dose of the capsules that contained
DTPA dianhydride, SDS and SBC (100 mg/kg, n¼ 6 for each gender),
while the other untreated group was a control. Animals were
observed carefully for the onset of any signs of toxicity and moni-
tored for changes in body weight. After the animals had been
sacrificed, internal organs of each animal were harvested and
observed grossly. For sectional histology, intestine, liver and kidney
specimens were fixed in 10% phosphate buffered formalin,
embedded in paraffin, cross-sectioned at 5 mm and then stained
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with hematoxylin and eosin (H&E).

2.10. Examination of the pharmacokinetic (PK) and
pharmacodynamic (PD) profiles

Diabetes was induced in rats via intraperitoneal injection of
streptozotocin as described previously [12]. The rats were then
fasted overnight and for the remainder of the experiment but with
free access to the water. The following formulations were admin-
istered individually to the diabetic rats: an enteric-coated capsule
containing free-form insulin powder alone (30.0 IU/kg, oral); an
enteric-coated capsule filled with DTPA dianhydride, SDS, insulin
(30.0 IU/kg), together with or without SBC (oral); and a subcu-
taneous (SC) injection of free-form insulin solution (5.0 IU/kg)
(n ¼ 6 for each studied group). Blood samples were taken from the
tail veins before administering the drug and at varying time in-
tervals after dosing. The blood glucose levels were then measured
with a glucose meter (LifeScan, Milpitas, CA, USA). Plasma insulin
levels were determined by centrifuging blood samples
(10,000 rpm, 4 �C, for 15 min) with subsequent quantification using
ELISA (bovine insulin kit, Mercodia AB, Uppsala, Sweden). The
formula used to calculate the relative bioavailability (BAR) of insulin
after the treatments was

BAR ¼ AUCðoralÞ � DoseðSCÞ
AUCðSCÞ � DoseðoralÞ

� 100%

where AUC represents the total area under the plasma insulin
concentration vs. time curve.

2.11. Statistical analysis

Average data were reported as means ± SD. Statistical analyses
were performed with SPSS (Chicago, IL, USA). One-tailed Student t
test was used for statistical comparisons of the two groups. A P
value less than 0.05 was considered statistically significant.

3. Results and discussion

This study evaluated the feasibility of using the proposed bubble
carrier system for oral insulin delivery. The DTPA dianhydride, SBC
(foaming agent), SDS, and insulin were thoroughly mixed and
loaded in hard gelatin capsules. The capsules were then coatedwith
an enteric polymer (Eudragit® L100-55), which is dissoluble above
pH 5.5 for protecting the loaded contents from gastric fluid [13,14].
The control was enteric-coated capsules without SBC.

3.1. In vitro dissolution of test capsules

The dissolution of the enteric-coated capsules with or without
SBC was evaluated in vitro in conditions simulating the pH envi-
ronments in the GI tract. In this experiment, trypan blue was
included in the test capsules as a dye indicator. The generation of
CO2 bubbles was investigated using an ultrasound machine. Ac-
cording to Fig. 2a, both test capsules remained intact at pH 2.0
(mimicking the acidic milieu in the stomach) [15], confirming the
gastroresistant feature of Eudragit® L100-55. In the pH environ-
ments of the small intestine (pH 6.6 and pH 7.4) [16], the load
diffused through the pore that developed as the enteric polymer
coated on the control capsule (containing no SBC) slowly dissolved.
The absence of ultrasound signals in this case suggests that no
bubbles were generated.

Conversely, following partial dissolution of the enteric polymer
and penetration of water into the gelatin capsule containing DTPA
dianhydride and SBC, gas bubbles were immediately produced
(Fig. 2b). When DTPA dianhydride is exposed to water, an acidic
environment is produced [17], in which SBC decomposes to form
CO2 bubbles that are hyperechogenic and could act as a contrast
enhancer for ultrasound imaging [18]. The resulting gas pressure
forced the capsule to open and quickly released its loaded contents.

3.2. Formation of bubble carriers

To identify their locations within the generated gas bubbles,
insulin was labeled with a green fluorescence dye (FITC) while
DTPA was marked with a red fluorescence dye (Cy3); the test
samples were then viewed under a fluorescence microscope.
Structural changes caused by expansion of the gas bubbles were
observed by TEM and by SAXS. Fig. 3a shows that the insulin
molecules released from the capsule without SBC tended to
aggregate upon exposure to water. A well-known effect of water
sorption by protein molecules is the production of structural
transitions that cause aggregation and other deleterious phenom-
ena [19].

Conversely, as the contents of the capsule with the foaming
agent were released and exposed to water, CO2 bubbles in nano-
scale were self-assembled (Fig. 3b). The obtained TEM and fluo-
rescence micrographs demonstrate that the gas bubbles grew from
nanoscale (Fig. 3b) to microscale (Fig. 3c and d) among the sur-
factant molecules (SDS) owing to the expansion of the generated
CO2. The gas bubbles were surrounded by a layer (thickness,
approximately 150 nm) of green (Fig. 3c) and red (Fig. 3d) fluo-
rescence indicating insulin and DTPA molecules, respectively. As
the gas bubbles expanded, the hydrophilic heads of SDS remained
solvated in the water phase, and the hydrophobic tails were
extended into the gas-rich environment which is generally
considered hydrophobic [20], as schematically illustrated in Fig. 3e.
Thus, a self-assembled film of water sandwiched between the two
layers of surfactant molecules stabilized the generated gas bubbles;
the self-assembled water film could also serve as a colloidal carrier
to encapsulate the hydrophilic insulin and DTPA molecules. The
locations of insulin and DTPA after bubble formation are important
for their subsequent delivery.

Fig. 3f shows the results of time-resolved SAXS performed to
reveal the structural changes in gas bubbles during their formation.
When the SDS in powder form came in contact with water (t ¼ 0 s,
first row in Fig. 3cee), the SAXS profile showed two sharp peaks
corresponding to (001) and (002) diffractions of a multilamellar
structure, signifying that the surfactant molecules in the powder
had self-assembled into a multilamellar structure with an inter-
lamellar distance of ca. 4.0 nm. At 30 s after reaction, the original
primary peak transformed into a broad halo and the second-order
peak vanished. This result indicates that the multilamellar struc-
ture was disrupted by the generated CO2 bubbles to yield oligola-
mellar carriers composed of gas bubbles surrounded by water films
(second row in Fig. 3cee). The progressive diminishment of the
primary peak in the SAXS profiles suggested that the number of
layers of surfactant molecules decreased as the reaction proceeded.
After 240 s, the SAXS peaks were no longer visible, which indicated
the formation of unilamellar carriers (third row, Fig. 3cee).

3.3. Enhanced epithelial permeability

Drug permeationmay occur across the intestinal epithelium and
through either transcellular or paracellular routes [21]. To elucidate
the precise mechanisms of interactions between the bubble carrier
system and epithelial cells and its subsequent transport of the drug,
the effects of DTPA and SDS on epithelial permeability were indi-
vidually studied using Caco-2 cell monolayers. Monolayers of Caco-



Fig. 2. (a) Results of the dissolution and disintegration of test capsules with or without SBC evaluated in vitro under varying pH to simulate the pH environments in the GI tract; (b)
ultrasound images showing the generation of CO2 bubbles.
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2 cells derived from human colorectal adenocarcinoma are widely
used in in vitro models for predicting intestinal drug permeability
[22].

The AJC, which is comprised of adherens junctions (AJs) and
tight junctions (TJs), is an important regulator of the intestinal cell
structure and the epithelial barrier function. The AJs cause plasma
membranes to combine, and they enhance TJ assembly; alteration
of AJs therefore modulates the TJ structure and epithelial perme-
ability [12]. Claudin-4 (CLDN4) is a TJ protein whereas E-cadherin
[23], a calcium (Ca2þ)-dependent adhesion molecule, is the major
transmembrane protein of AJs. Accordingly, extracellular Ca2þ is
essential for formation of AJC and maintenance of cellecell junc-
tions [24]. Both AJs and TJs can rapidly disassemble and reorganize
in response to various extracellular stimuli [25].

Fig. 4 shows the extracellular Ca2þ levels (as indicated by the
ARS-labeled Ca2þ) and the immunofluorescence staining of Caco-2
cell monolayers before and after exposure to FITC-insulin combined
with either DTPA or SDS. Following treatment with test samples,
the ultrastructural changes in Caco-2 cell monolayers were directly
visualized by CLSM. The DTPA treatment significantly reduced
extracellular calcium levels; additionally, both CLDN4 and E-cad-
herin clearly revealed intracellular internalization. Since DTPA is a
well-known complexing agent that chelates divalent metal ions
such as Ca2þ [2], it disrupted the epithelial AJCs and thereby
enhanced the permeability of insulin via the paracellular pathway.

Conversely, SDS treatment caused insulin molecules to
permeate Caco-2 cells via both the paracellular and transcellular
routes. Previous studies reported that SDS enhances protein drug
absorption across the intestinal epithelium [26]. The increased
paracellular permeability caused by SDS might result from tran-
sient depletion of cellular ATP whereas enhanced transcellular
absorption is associated with an altered cell morphology [27];
however, this alteration is reversible [28].
3.4. Inhibition of proteolytic degradation

Inhibiting the proteolytic degradation of insulin in the intestinal
fluid and the mucosal layer is critical for increasing its oral
bioavailability. The inhibiting effects of DTPA and SDS on intestinal
proteases were separately studied in in vitro studies of the proximal
portion of the small intestine (i.e., the duodenum) freshly isolated
fromrats. The various digestive enzymes secreted from the pancreas
into the duodenum are well-recognized [29]. The HPLC was used to
quantify the remaining amount of intact insulin. According to Fig. 5,
free-form insulin molecules were rapidly degraded by the proteo-
lytic enzymes that were present in the mucosal layer that covered
the intestinal wall; however, the addition of DTPA or SDS in insulin
produced a strong protective effect against the intestinal proteases
(P < 0.05). Insulin is highly sensitive to trypsin and chymotrypsin,
which are Ca2þ-dependent enzymes in the intestinalfluid and in the
mucosal layer [30]. One strategy for inhibiting intestinal protease
activities is using complexing agents such as DTPA to remove
essential metal ions (e.g., Ca2þ) from the enzyme structure. A pre-
vious study indicated that SDS has a binding affinity for both free
enzymes and the enzyme-substrate binary complex. Proposed
molecularmechanisms of proteolytic inhibition by SDS include local
conformational changes or altered charge distributions of the pro-
teases induced by their specific binding of SDS [31].

3.5. In vivo dissolution of the test capsule and its subsequent release
of insulin

In the in vivo dissolution study, the capsule with SBC was orally
administered to rats using a gavage needle; its counterpart con-
taining no SBC served as a control. In this experiment, insulin was
radiolabeled with 123I; additionally, a radiocontrast agent, barium
sulfate, was incorporated in the test capsules. A SPECT/CT scanner



Fig. 3. (a) Fluorescence images showing the dispersion of the FITC-labeled insulin released from the capsule with or without the foaming agent (SBC) upon exposure to water; (b)
TEM micrographs showing the evolution and expansion of nanobubbles generated by the capsule containing SBC. Fluorescence images revealing encapsulation of both (c) FITC-
insulin and (d) Cy3-DTPA within the water film of the bubble carriers; (e) corresponding schematic illustrations displaying the bubble carriers produced upon exposure to wa-
ter; (f) SAXS profiles showing structural changes in the formation and expansion of bubble carriers.

E.-Y. Chuang et al. / Biomaterials 64 (2015) 115e124120
was used for imaging. The dynamic plain X-ray and scintigraphy
images of the rats were acquired sequentially at 2 min intervals for
1 h after oral administration of the test capsules. Fig. 6a shows that,
once the capsule left the stomach, the CO2 generated in the pH
environment of the small intestine immediately disintegrated the
SBC capsule; the 123I-labeled insulin was then rapidly released
(white arrow). During this time, the capsule without the foaming
agent remained intact.



Fig. 4. Photomicrographs showing the extracellular calcium levels (red ARS-labeled Ca2þ) and immunofluorescence staining results for Caco-2 cell monolayers treated with DTPA or
SDS in the presence of FITC-insulin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.6. Intestinal biodistribution and absorption of the released insulin

Next, FITC-labeled insulin was used to visualize the bio-
distribution of the insulin released from test capsules in the in-
testinal tract and its subsequent absorption into the villi. At
predetermined time points after oral ingestion of the test capsules,
the rats were sacrificed, and their GI organs were retrieved and
examined with an IVIS. Cryosections of the retrieved intestinal villi
were also inspected with a CLSM. Fig. 6b shows that the FITC-
insulin was released into the intestinal tract more rapidly and at
higher concentrations in the group that received the capsule with
SBC compared to the group that received the capsule without SBC.
In the former case, the difference most likely resulted from for-
mation of gas bubbles which generated forces that increased
dispersion of the released insulin molecules and avoided their ag-
gregation. After oral ingestion, dispersion of the drug molecules in
Fig. 5. Results of insulin degradation in the presence or absence of DTPA or SDS in
proximal intestinal segments freshly isolated from rats. N.S.: not significant; *: sta-
tistically significant (P < 0.05).
the intestinal milieu is a prerequisite for their absorption [32].
The bubble carriers formed with a water film containing insulin

and DTPA sandwiched between two layers of SDS (Fig. 3). They then
drifted in the intestinal lumen until they eventually bumped into
the intestinal wall and burst, releasing their loaded insulin, DTPA,
and SDS into the mucosal layer (Fig. 1). The released insulin, DTPA,
and SDS then infiltrated the mucosal layer and accessed the
epithelium surface. The presence of green fluorescence (FITC-in-
sulin) on the lacteal side of the villi demonstrate that DTPA and SDS
protect insulin molecules from proteolytic degradation and
enhance their epithelial permeability and absorption into systemic
circulation (Fig. 6c). Notably, the green fluorescence intensity was
higher in the group treated with the SBC capsule compared to the
group treated with the control capsule containing no SBC, indi-
cating that the developed bubble carrier system is a promising
vehicle for orally administered insulin.

3.7. Systemic biodistribution of the absorbed insulin

The systemic biodistribution of the absorbed 123I-insulin was
investigated by SPECT/CT over a 4-h period after ingestion of the
test capsules. The radioactivity of 123I-insulin was presented in
rainbow pseudo-color scale and superimposed on the CT images
(gray color) to distinguish anatomic localizations. In both groups,
the accumulation of radioactivity in the heart, kidney, and urinary
bladder indicated systemic absorption of 123I-insulin (Fig. 6d). The
rapid release of the drug load as the test capsule was disintegrated
by the bubble pressure produced a high local concentration of the
drug. Since transport to the blood is a function of the local drug
concentration, rapid release of a high concentration results in rapid
transport of the drug. Therefore, the radioactivity of 123I-insulin in
systemic circulation was earlier and stronger in the group that
received the SBC test capsule compared to the control group that
received the capsule without SBC.

For a further illustration of the enhanced uptake of insulin in
systemic circulation conferred by the bubble carriers in the group



Fig. 6. (a) Sequential plain X-ray and X-ray/scintigraphy images of test rats orally treated with the capsules containing barium sulfate and 123I-isulin (white arrow) with or without
foaming agent. (b) The IVIS fluorescent images of FITC-insulin released from capsules with or without foaming agent during their transit in the GI tract; (c) CLSM images of frozen
intestinal sections with schematic diagram of insulin absorption into the villi. (d) Biodistribution of 123I-insulin illustrated by contrast-enhanced tomographic images. The intensities
of 123I-insulin in different organs are shown in rainbow pseudo-color scale.
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that orally received the capsule containing SBC, the Supplementary
Information provides a time-lapse 3D video; the group orally
treated with the capsule without SBC was used as a control. The
video shows that, after ingestion, the test capsule with SBC dis-
integrated faster and more completely compared to the control
capsule without the foaming agent, producing a higher local con-
centration of the released insulin. Thus, absorption of insulin into
systemic circulation in the case incorporating the foaming agent
was much quicker and more pronounced than in the case con-
taining no foaming agent.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.biomaterials.2015.06.035.

3.8. In vivo toxicity

In the in vivo toxicity investigation, for 14 days, rats were treated
daily with a dose of the capsules that contained SBC; untreated rats
formed a control group. According to Fig. S1a, the body weights of
the rats in the experimental group (male and female) increased
slightly over time in a manner similar to those of the untreated
control group (P > 0.05). The reduction in body-weight is
commonly regarded a simple and sensitive index of in vivo toxicity
[11]. No apparent tissue damage or toxic effects in organs (small
intestine, liver and kidney) were observed (Fig. S1b). Generally, a
specific tissue-level toxicological study is concerned with inflam-
mation (intestine), hepatotoxicity (liver), and nephrotoxicity (kid-
ney) responses [11]. The analytical results herein suggest no
significant in vivo toxicity following treatment with the SBC
capsule.

3.9. In vivo PK and PD profiles

The PK and PD profiles of the diabetic rats that received the
capsules with or without SBC were also analyzed. The control

http://dx.doi.org/10.1016/j.biomaterials.2015.06.035


Fig. 7. Plasma insulin level vs. time profiles and blood glucose change vs. time profiles of diabetic rats treated with varying insulin formulations. Oral: oral administration of test
capsules and SC: subcutaneous injection.

Table 1
The PK parameters of insulin in diabetic rats given varying insulin formulations (n ¼ 6).

Free-form insulin (SC)a Free-form insulin (Oral)b w/o foaming agent (Oral)b w/ Foaming agent (Oral)b

Dose [IU/kg] 5.0 30.0 30.0 30.0
Cmax

c [mIU/mL] 119.6 ± 3.8 1.8 ± 0.7 34.0 ± 6.4 68.4 ± 6.8
Tmax

d [h] 1.0 5.0 5.0 4.0
AUC(0e10 h)

e [mIU h/mL] 191.3 ± 30.7 6.5 ± 2.7 123.8 ± 28.4 249.2 ± 34.1
BAR

f [%] 100 0.5 ± 0.3 10.8 ± 3.1 21.7 ± 1.7

a Subcutaneous injection.
b Oral administration of test capsules.
c Maximum plasma concentration.
d Time at which Cmax is attained.
e Area under the plasma concentration-time curve.
f Relative bioavailability of insulin.
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groups received free-form insulin solution via SC injection or the
capsule containing the free-form insulin powder alone via oral
ingestion. Fig. 7 shows that SC injection of free-form insulin solu-
tion resulted in a maximum plasma concentration at 1 h post
administration, which caused a sharp decrease in the blood glucose
level within 1e3 h before returning to its basal level. As expected,
oral administration of the capsule filled with the free-form insulin
powder produced no hypoglycemic effects, indicating the poor oral
absorption of insulin in the absence of a suitable delivery system.

Conversely, measurable concentrations of insulinwere obtained
within an hour of administration of the capsules containing pro-
tease inhibitors/absorption enhancers (DTPA and SDS), producing a
steady plasma concentration of drug for over 10 h with maximum
insulin concentrations at 4e5 h. This fact caused a slow but pro-
longed reduction in blood glucose levels, which indicated the
continuing pharmacological activity of the absorbed insulin.
Compared with the group given the capsule without SBC, the group
given the capsule with SBC revealed a faster and greater absorption
of insulin, resulting in a more substantial hypoglycemic effect. For
the cases without and with SBC, Table 1 shows that the maximum
plasma concentrations were 34.0 ± 6.4 and 68.4 ± 6.8 mIU/mL, the
AUC (0e10 h) values were 123.8 ± 28.4 and 249.2 ± 34.1 mIU h/mL,
and the corresponding relative BAR values were 10.8 ± 3.1 and
21.7 ± 1.7% (P < 0.05), respectively.

Conversely, administration of the capsules containing protease
inhibitors/absorption enhancers (DTPA and SDS) produced a slow
but prolonged reduction in blood glucose levels, which indicated
the continuing pharmacological activity of the absorbed insulin.
Compared with the group given the capsule without SBC, the group
given the capsule with SBC revealed a faster and greater absorption
of insulin, resulting in a more substantial hypoglycemic effect. For
the cases without and with SBC, Table 1 shows that the AUC
(0e10 h) values were 123.8 ± 28.4 and 249.2 ± 34.1 mIU h/mL, and
the corresponding relative BAR values were 10.8 ± 3.1 and
21.7 ± 1.7% (P < 0.05), respectively. These results suggest that oral
administration of insulin using our bubble carriers may reduce the
risk of hyperinsulinemia which has been commonly observed in
patients receiving insulin subcutaneously.
4. Conclusion

The above results reveal that the bubble carrier system devel-
oped in the study considerably enhances the dispersion of insulin
molecules released from an enteric-coated capsule transiting the
intestinal tract. Since the transported DTPA and SDS serve as both
protease inhibitors and absorption enhancers, they improve the
oral bioavailability of insulin and induce hypoglycemic effects. In
addition to oral administration of insulin, the proposed bubble
carrier system has potential applications as a platform for oral
administration of other therapeutic proteins.
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