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We aimed to develop a diabetes mellitus (DM) treatment that could be administered by intramuscular (IM) injection and lasted more than

3 days. The objective was to load insulin into the lattice space of hydroxyapatite (HAP) to prevent its release based on a concentration

gradient or detachment from surface. while the insulin releasing in the study had to combine with the cellular activity. To avoid insulin
10 denaturation during insulin-loaded HAP (insHAP) synthesis, we developed a single-step insHAP synthesis method by hydrolysis of
brushite. X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) results suggested that insulin could be loaded into the HAP crystal lattice. After IM
administration in rats with DM, synthesized insHAP is thought to be engulfed by macrophages, escape from lysosome/endosome hybrids
following disruption by osmotic pressure, and pumped into the extracellular space before entering the blood circulation by diffusion. In
rats with DM, normal blood glucose level was maintained for 4 days after a single IM injection of synthesized insHAP particles. Thus,
insHAP may provide a breakthrough in insulin delivery for DM treatment, and may also be used to deliver fluorescent proteins,
antibodies, and anticancer drugs.

o

method remains far off clinical application. In addition, the cell
1 Introduction isolation, purification, and regulation techniques are very tedious,
time consuming, expensive, and associated with easy loss of
phenotype before the whole process is completed.”® Computer-
programmed bio-artificial pancreases are available on the market
and are used to determine blood glucose levels and use real-time
data to deliver the appropriate dose of insulin through the
peritoneal cavity. The approach requires the patient to
ss extracorporeally bear a device with an insulin cartridge,
controller, sensor, and subcutaneous delivery catheter at all times;
this approach is not associated with good quality of life.” "'
Polymers have been developed to enclose insulin and allow it
to bypass the GI tract degradation during oral administration;
¢ however, these were not effective in the clinical setting and have
not been commercialized. Although several pharmaceutical
companies have developed and marketed different kinds of long-
acting formulation delivered by subcutaneous injection, these still
require once-daily administration.'>™"® In the present study, we
s designed a long-acting formula capable of releasing insulin over
4 days following intramuscular (IM) injection, in which cellular
activity would regulate constant release.
Hydroxyapatite (HAP), which is the major inorganic mineral
of bone and teeth, has superior biocompatibility and osteo-
70 integration and has been used successfully as bone graft. HAP
has been used for drug delivery purposes, and drugs are generally
loaded onto the surface. However, this method has always been
associated with a high ratio of initial drug release rather than
constant release since drug release is based on diffusion or
75 concentration gradient.'®'® In the research, HAP has served as an
insulin carrier; however, instead of loading insulin on the surface

Diabetes mellitus (DM) is a metabolic disease in which an
2 individual experiences high blood glucose levels." DM can be
divided into 2 types. In type 1 DM, the insulin-producing
pancreatic beta islet cells are destroyed by the individual’s
autoimmune system, which leads to an inheritable shortage or
even complete absence of insulin production. Type 2 DM patients
are insulin resistant or have relatively low insulin production. In
this group of individuals, malfunction of pancreatic beta cells
occurs and may be due to disease, age, or damage. Regardless of
type, DM patients usually need exogenous insulin to maintain
blood glucose within the normal range. However, insulin is a
30 protein-based drug that cannot pass through the gastrointestinal
(GI) tract undamaged. Therefore, transdermal and/or
subcutaneous injection are now the gold standards for insulin
delivery.? However, DM patients must alternate the injection site
day-to-day because low recovery rates in wound healing are
associated with DM. Therefore, daily insulin delivery by
subcutaneous routes is not a convenient method.

Researchers have tested several methods over the past 2
decades in order to overcome the inconvenience associated with
current delivery methods. The goal of current research is to
achieve long-term delivery methods. Allo- and xeno-islet
transplantations with a semi-permeable membrane for immune-
isolation have been developed for long-term delivery of insulin.?
However, the immune-isolation function of membranes is lost
within 3 months of surgery because the pores become blocked
4s with fibrous encapsulation.*® Auto-stem cells have been

harvested and purified for the same purpose; however, this
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of the HAP, it could be loaded into the lattice spaces of HAP
during its synthesis.'*** After insulin-loaded HAP (insHAP) is
prepared, it could be injected by the IM route. Insulin would only
be released from interstitial sites when defense cells in the body
take up insHAP particles to acidic lysosomes. The prepared
particles would be completely dissolved within a few hours in a
lysosome/endosome hybrid that may form in high concentrations
of Ca’" and PO,* and be broken down due to osmotic pressure.
Insulin would then escape from the degraded lysosome/endosome
hybrid into the cytoplasm, be pumped out into the extracellular
space, and finally diffuse into the circulating blood (Scheme 1).
The developed particles would be slowly engulfed by defense
cells at the injection site to achieve constant insulin release and
regulate blood glucose levels.

2 Results

2.1. Materials Characterization

Figure 1A and 1B show the X-ray diffraction (XRD) pattern of
pure HAP and insHAP. All the characteristic peaks were matched
to the standard pattern of HAP according to the diffraction
standards detailed on JCPD card 09-0432. We observed that the
crystal structure of synthesized insHAP was HAP with a
hexagonal structure and no second phase or impurity could be
traced from the pattern. The characteristic peak of (002) at 20 =
25.67° on the XRD pattern of insHAP was shifted to the left
about 0.26° from the standard pattern of HAP at 260 = 25.93°. The
major peak of (211) at 20 = 31.61° on the XRD pattern of
insHAP was shifted to the left about 0.21° from the peak at 20 =
31.82° of the standard pattern. Peak (300) at 20 = 32.58° on the
XRD pattern of insHAP was shifted to the left about 0.32° from
the peak at 20 = 32.90° of the standard pattern. We believed that
inter-planer space of (002), (211), and (300) in insHAP was
larger than that found in standard HAP due to insulin loading.
The length of the a-axis and c-axis of insHAP was calculated as
9.46 and 6.94, respectively. In addition, most of the diffraction
peaks on the pattern of insHAP were broadened and rough, which
might contribute towards the lower crystallinity when compared
with pure HAP. These results are summarized in Table 1.

The morphology of insHAP examined under scanning electron
microscope (SEM) is shown in Figure 2A. The needle-like grains
aggregated into particles to form a spherulite structure. The
chemical composition of the synthesized insHAP was
semiquantified by SEM-accessorized energy dispersive
spectrophotometer (EDS), where carbon and nitrogen could be
traced in the synthesized particles with the weight ratio of 6.6%
and 4.27%, respectively, as shown in Figure 2B and Table 2. The
results of EDS and XRD can be regarded as part of the evidence
to prove that insulin molecules were successfully loaded into the
inter-planer space of insHAP crystals.

Figure 3A and 3B show transmission electron microscopy
(TEM) images of pure HAP and insHAP, respectively. Grains of
pure HAP and synthesized insHAP were all needle-like in shape;
however, synthesized insHAP grains had a longer c-axis, like an
extension. Figure 3C shows the lattice image of pure HAP with a
d-spacing of 0.33 nm that could be identified as plane (002).
Figure 3D is the lattice image of synthesized insHAP and shows
the absence of a clear lattice on the TEM picture due to lower
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crystallinity resulted from insulin addition. The electronic
diffraction pattern of pure HAP is shown in Figure 3E. The
polycrystalline ring pattern can be clearly examined and
identified as the specific crystal plane to match the standard HAP.
Figure 3F is the electronic diffraction pattern of insHAP that was
identical to the pure HAP. However, the ring pattern of insHAP
was broader and blurry because of lower crystallinity. Some of
rings were too broadened and overlapping to be identified clearly.
Therefore, only 3 rings, (002), (202), and (222) were assigned.

Figure 4(a), 4(b) and 4(c) show the Fourier transform infrared
(FTIR) spectroscopy patterns of standard HAP, pure insulin and
insHAP, respectively. Where figure 4(a) shown absorption bands
at 3570 em’l, 1040-1100 cm™, and 565-605 cm’’; these were
assigned as the —OH stretching vibrations mode, PO,> stretching
vibrations mode, and PO,* bending vibrations mode,
respectively. These were the absorption bands for HAP. In the
FTIR pattern for pure insulin, absorption bands were detected at
wavelengths 3485 em’, 1200 cm’, 1000 em™, 780 cm™, and
400-470 cm™. These bands were the result of functional groups
found in insulin: —NH stretching vibrations mode, -C-OH
stretching vibrations mode, C-N stretching vibrations mode, Aryl
of -NH2 bending vibrations mode, and S-S, respectively. Figure 4
(c) was the FTIR pattern of insHAP; where all the absorption
bands could be assigned to insulin or HAP. Insulin functional
groups were labeled as I, II, III, IV, and V, respectively.

Size distribution of insHAP analyzed from the zeta-sizer is
shown in Figure SA. Particle size was in the range of 550-865
nm, with a polydispersity index of 0.369. The zeta potential of
pure HAP and insHAP was 7.68 mV and -3.32 mV, respectively,
as shown in Figure 5B and 5C.

2.2. Insulin Loading

As shown in the thermogravimetric analysis (TGA) curve in
Figure 6(a), only minor weight loss was observed around 100°C
due to water evaporation for pure HAP. Figure 6(b) shows the
TGA curve for pure insulin. The initial weight loss at 100°C was
due to water evaporation. The next loss at 225°C was associated
with the temperature of insulin decomposition. The TGA curve
for insHAP is shown in Figure 6(c). A weight loss of 7.4%
observed at 225°C was indicated by the curve, and was
proportional to the percentage of insulin loaded in HAP. The
results demonstrated that insulin could be loaded into the
interstitial space of the HAP lattice at an approximate weight
ratio of 7.4%.

2.3. Insulin Release Profile

The ultraviolet-visible (UV-vis) absorption curve of Humulin® R
between wavelengths of 260 and 300 nm demonstrated that A,
was located at 276 nm with an absorption rate of 0.396 (Figure
7A). Figure 7B shows the insulin release profile curve of insHAP
at a wavelength of 276 nm under phosphate buffer saline. In a
normal physiological environment with pH 7.4, 12% of insulin
was released from insHAP in the first few hours; no insulin was
released from insHAP thereafter. At pH 4.0, which represents the
lysosome/endosome hybrid environment, 92% of insulin was
released from insHAP within 2 hours, with 100% released by day
3.
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2.4. Cell Viability, Cytotoxicity, and Cellular Uptake

The results of the WST-1 assay of 3T3 cells with insHAP on day
1 and day 3 are shown in Figure 8A. No significant differences
were detected between the experimental groups with insHAP
concentration in 0.05, 0.1, 0.2, and 0.4 mg/mL and the control
group. Similar findings were observed with the lactate
dehydrogenase (LDH) assay as shown in Figure 8B. Therefore,
no cytotoxicity was associated with insHAP.

RAW-264.7 (control) TEM samples double-stained with
uranyl acetate (UA) and lead citrate (LC) are shown in Figure 9A.
Lysosome/endosome hybrids are indicated with red arrows.
Figure 9B shows the TEM sample of RAW-264.7 cells cultured
with insHAP for 24 h. Evidence of insHAP particles uptake by
RAW-264.7 cells and enclosure in the lysosome/endosome
hybrid was observed under TEM. Note that white circles
indicated with red arrows are lysosome/endosome hybrids, while
the black-colored needle-like particles are insHAP.

2.5. In Vivo Study

Daily blood glucose measurements were taken, and as shown in
Figure 10, blood glucose levels of all DM rats were greater than
250 mg/dL during the experimental period. This is in contrast
with blood glucose levels that fell within the range of 50-125
mg/dL in all normal rats (NC group). Glucose levels of DM rats
treated with basal insulin (DM + basal insulin group) decreased to
109.75 + 4.72 mg/dL on day 1; however, glucose levels returned
to 278.75 + 5.74 mg/dL on day 2, and were elevated above 250
mg/dL thereafter. In DM rats treated with IM insHAP (DM +
insHAP), blood glucose levels on day 1 were 230.00 + 7.07
mg/dL. On day 2, blood glucose levels decreased to 109.50 +
7.14 mg/dL, and were further suppressed to 74.25 + 18.77 mg/dL
and 67.25 + 21.00 mg/dL on day 3 and day 4, respectively.
Although blood glucose levels rebounded to 98.75 + 2.99 mg/dL
and 129.5 + 25.32 mg/dL on day 5 and day 6, respectively, these
values were considered within the normal range. However, after
day 7, blood glucose levels increased to within the range
observed in DM rats.

3 Discussion

The crystal size of synthesized pure HAP and insHAP could be
evaluated from the respective XRD patterns (Figure 1A and 1B)
by Scherr’s formula:**

t = (0.9 x 180°) + (BcosOB)

where ¢ is the particle size, A is the wavelength of x-ray, B is the
full-width at half maximum, and Op is Bragg’s angle at the
measured peak. If plane (002) was used, the average crystal size
of synthesized insHAP was approximately 89 nm, and this
finding was in agreement with the result of TEM examination
(Figure 3A and 3B). The grain of pure HAP was in needle-like
shape with c-axis along the long axis of the grain identified as
plane (002) that was shown in Figure 3C. The grain of
synthesized insHAP, looks a shorter grain due to a much slower
rate of grain growth resulting from the insulin addition. In
summary from the TEM and XRD examination: (1) HAP with
insulin addition (insHAP) cause to grain looks shorter than that of
HAP without insulin addition (pure HAP). (2) HAP with insulin
addition would interfere the crystal growth resulting in poor
crystallinity; this could be proved by XRD pattern and TEM
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electronic diffraction pattern. (3) Poor crystal growth and lower
crystallinity of insHAP lead to smaller grain size resulting in a
much less needle-like morphology; that made grains much easier
to be stacked into agglomeration.

Particles analyzed by the zeta-sizer were in the range of 550—
865 nm; aggregation was due to high surface energy as shown in
Figure 2A.** The particle size of the developed insHAP was in
the optimum range for cell uptake.”® The synthesized particles
were designed to be delivered to the human body by an IM route.
The particles would be gradually engulfed by marcrophages
(Figure 9B) and quickly dissolved the acidic
lysosome/endosome hybrid. The concentration of Ca** and PO,*
in the hybrid would increase and create sufficient osmotic
pressure to break down the lysosome/endosome hybrid,
potentially allowing loaded escape from the
lysosome/endosome hybrid by enzyme degradation. The high
concentration of Ca>* ions would also cause exocytosis, releasing
insulin into the extracellular space, and finally diffusing into the
blood circulation system to decrease blood glucose to normal
levels.”® The lysosome/endosome hybrids in the RAW-264.7
control group (Figure 9A) were clean inside and much smaller
compared with RAW-264.7 cells (Figure 9B). This evidence is
suggestive that following uptake of insHAP, rising osmotic
pressure inside the lysosome/endosome hybrid will cause the
hybrid to inflate and finally break down.

The length of a-axis and c-axis of insHAP calculated by
Bragg’s law were 9.46 and 6.94 (Table 1), respectively. Based on
the insHAP XRD pattern (Figure 1B), the inter-planer space of
(002), (211), and (300) are considered larger than that observed in
standard HAP. The volume of the crystal lattice of insHAP would
therefore be larger than that of pure HAP. The volume increase
might be due to insulin loading to the interstitial space of the
lattice causing it to expand. The findings of EDS and XRD
provide evidence that insulin molecules were successfully loaded
into the inter-planer space of insHAP crystals (Figure 2B and
Table 2).

The insHAP zeta-potential of -3.32 mV was more negative
than the 7.68-mV value obtained with pure HAP (Figure 5B and
5C). It is well known that insulin is a protein-based molecule
produced in the beta cells of the pancreatic islets. It is firstly
synthesized as the single-chain 86-amino acid precursor,
preproinsulin. Subsequent proteolytic processing splices the
amino-terminal peptide giving rise to proinsulin. The mature
insulin molecule is a hexamer with 51 residues and a net charge
of -12 at neutral pH. The insulin molecule contains many
negative charge residues, for instance, aspartic acid and glutamic
acid. These residues would be attracted by the HAP surface,
resulting in HAP with more negative charge because of charge
compensation.”’

The surface adsorption would give rise to the initial burst
observed in the in vitro release profile (Figure 7B). In the neutral
solution, 12% of insulin released from insHAP occurred during
the first few hours, and could be explained by the initial burst due
to surface adsorption. No insulin was released from insHAP
thereafter because insulin molecules were loaded in the lattice of
HAP. When insHAP was exposed to pH 4.0, as seen in the
lysosome/endosome hybrid, 92% of insulin was released within 2
hours and 100% released by day 3. This could be due to insHAP

in
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quickly dissolving in the acidic condition to release insulin.

The aggregation of insHAP was necessary for 2 reasons. The
first reason was that it provided a more effective size for
macrophage uptake. The second reason was to create inter-
granular space to increase the surface area for insulin adsorption,
and subsequently increase insulin loaded in the HAP. This is
illustrated by its micro-structure with adequate pore size and
porosity as shown in Figure 2A.

In the animal study (Figure 10), blood glucose in DM rats
administered IM insHAP were as elevated as DM rats on day 1.
Blood glucose levels fell to within the normal range on day 2, and
this was maintained for 4 days. insHAP delivered by IM requires
uptake by macrophages, escape from lysosome/endosome hybrid
complexes that are disrupted due to osmotic pressure, pumping
out into the extracellular space, and diffusion into the blood
circulation. The lack of an obvious fall in blood glucose
following insHAP treatment on day 1 could be explained by the
time required to accomplish this process. Considering that blood
glucose levels rose on day 7 to levels observed in DM rats, we
can assume that all the injected insHAP is digested by
macrophages 6 days after IM administration.

4 Conclusions

This study has demonstrated a long-lasting insulin release system
lasting more than 4 days when administered by IM injection.
Insulin loaded into HAP lattice space is not dependent on drug
delivery based on a concentration gradient or detachment from
surface adsorption. In order to avoid insulin denaturation during
insHAP synthesis, we developed a single-step insHAP synthesis
by hydrolysis of brushite. We believe that insulin can be loaded
into the HAP crystal lattice, and insHAP particle size was in the
optimum range for cell uptake. Synthesized insHAP delivered by
IM to DM rats is engulfed by macrophages, escapes from
lysosome/endosome hybrids disrupted by osmotic pressure, is
pumped into the extracellular space, and diffuses into the
circulating blood circulation. Synthesized insHAPs have the
potential to provide a more convenient approach to regulating
blood glucose levels in patients with DM.

5 Experimental section
5.1. Reagents and Cells

Calcium chloride (CaCl,, Sigma-Aldrich, St. Louis, USA) and
disodium phosphate dihydrate (Na,HPO,42H,0, Sigma-Aldrich,
St. Louis, USA) were used as sources of Ca’” and PO’ ions,
respectively. Regular human insulin, Humulin® R, was obtained
from Eli Lilly (Indianapolis, USA), at a concentration of 100
IU/mL. Sodium hydroxide (NaOH, MERCK, Darmstadt,
Germany) and hydrochloric acid (HCI, Sigma-Aldrich, St. Louis,
USA) were used to adjust the pH value during material
preparation. 3T3 cells and RAW-264.7 were purchased from Bio-
resource Collection and Research Center (FIRDI, Hsin-Chu City,
Taiwan). 3T3 cells served as target cells for the evaluation of
cytotoxicity and viability. RAW-264.7, a type of mouse
macrophage cells, was used as a model cell to examine under
TEM how defense cells internalize the developed particles in
vitro.
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5.2. Synthesis of insHAP

Insulin-loaded brushite (insDCPD) was firstly co-precipitated as
an intermediate compound described as follows. Briefly, 10 mL
of 5 M CaCl, aqueous solution was mixed with 20 mL Humulin®
R by magnetic stirrer; and then slowly added to 10 mL of 7 M
Na,HPO, aqueous solution to precipitate insDCPD at room
temperature.”*>° Prepared insDCPD was then recrystallized into
non-stoichiometric insHAP after treatment with excessive
Na,HPO,4; NaOH was added drop-wise to adjust the pH value to
pH 8 while magnetic stirring at 100 rpm. The precipitate was
collected by centrifugation and washed with deionized water 3
times. The synthesized particles were freeze-dried and stored at
4°C for later experiments.

5.3. Materials Characterization and Analysis

Storage particles were mounted on the sample holder of an XRD
instrument (Rigaku Geigerflex, Tokyo, Japan) for crystal
structure identification. The XRD pattern was obtained at 30 kV
and 20 mA with 20 range of 10°-60° at a count time of 0.5 s/step.
The 26 shift, lattice constant, d-spacing and crystallinity were
calculated based on the pattern by XRD equipped software, MDI
Jade 5.0.!

The morphology of the synthesized particles was observed
under SEM (Philips XL30, Amsterdam, Netherlands) with
accelerating voltage of 15 kV. Particles were mounted on the
sample stage of the SEM and coated with platinum-film by
sputtering physical vapor deposition. The purpose of the platinum
film was to increase the imaging resolution and prevent u-desired
charge accumulation.’” The chemical composition was analyzed
by SEM-equipped EDS.

TEM (FEI Tecnai G2 20, Hillsboro, USA) was used to further
identify the crystal structure and the grain size of the synthesized
particles. The insHAP particles suspended in double-distilled
H,O was dropped onto the Formvar-coated copper grid (Ted
Pella Inc., Redding, CA) and then air dried at room temperature.
The morphology, electronic diffraction pattern, and lattice
imaging of the prepared particles were obtained by TEM with an
accelerating voltage of 200 kV.*

The absorbed spectrum of insHAP was characterized by FTIR
spectroscopy (JASCO 410, Tokyo, Japan) to analyze functional
groups. The particles were mixed with KBr in a ratio of 1:9 and
pressed into a disk with a pressure of 10 MPa. All the spectra
were collected in the range of 400-4000 cm™ wavenumber at a
scanning rate of 400 nm/min.*

The particle size and zeta-potential of insHAP were detected
under water by a Zeta-sizer (Malvern, Worcestershire, UK)
operated at 10-70°C (£0.1°C). The detected range of particle size
was between 2 nm and 8 pm.*’

5.4. Efficiency of Insulin Loading

TGA of insHAP was performed by TGA-differential thermal
analysis (TA Instrument SDT2960, New Castle, Germany) in the
atmosphere of nitrogen gas from 30°C to 600°C with a heating
rate of 5°C/min.*® The degree of weight loss during thermal
analysis correlated with the amount of insulin loaded in insHAP.
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5.5. Insulin Release Profile

The release profile of insulin from insHAP was determined using
a UV-vis spectrometer (JASCO V-670, Tokyo, Japan) at pH 7.4
and pH 4.0 intended to mimic conditions in the physiological
environment and in the lysosome/endosome  hybrid,
respectively.’” Then, 100 mg insHAP was immersed in 5 mL of
phosphate-buffered saline (PBS, pH 7.4) and incubated at 37°C
for 24 h. The supernatant was collected by centrifugation and
insulin concentration measured by UV-vis by the absorbance at
the wavelength 276.12. Insulin concentration was determined by
interpolation from the calibration curve. Then, the insHAP
precipitate was refilled with 5 mL of PBS and incubated at 37°C.
The process was repeated every 24 h until 7 days.

5.6. Evaluation of Cell Viability and Cytotoxicity

Cell viability of insHAP was evaluated by WST-1 assay
(BioVision, Milpitas, USA) under ISO-10993 guidelines. Briefly,
1 mg of synthesized particles were immersed in 10 mL
Dulbecco's modified Eagle's medium (Sigma-Aldrich, St. Louis,
USA) supplemented with 10% fetal bovine serum (Gemini
Bioproducts, Calabasas, CA) and 10% biotin for 24 h. The
synthesized particles were centrifuged and discarded, while the
extraction reserved for later cell
experiments. 3T3 cells were seeded onto 96-well petri dishes at a
density of 10* cells per well. The extraction solution and fresh
medium were mixed in the ratio of 1:1 and added to the culture
well. WST-1 assays were measured by an enzyme-linked
immunosorbent assay reader at the wavelength of 450 nm.*®

The cytotoxicity of the synthesized particles was evaluated by
LDH assay (Promega, Madison, USA). The synthesized particles
were treated with the same immersion process used to prepare the
extraction solution. The 3T3 cells were seeded onto 96-well petri
dishes at the same seeding density used in the WST-1 assay. The
results of LDH assays were measured at the wavelength of 490
nm.*

solution was culture

5.7. Observation of Phagocytosis of Particles Taken Up by
RAW-264.7 Cells

RAW-264.7 macrophages were seeded onto 9-cm petri dishes at a
density of 10° cells/dish and cultured for 3 days until confluence.
The cells were then treated with 500 uM insHAP (0.24 mg/mL)
for 24 h. Cells were then washed thoroughly with chilled PBS,
pelleted by centrifugation, fixed with 2.5% glutaraldehyde
overnight, and post-fixed in 1% osmium tetroxide solution for 1—-
2 h. Cells were then rinsed 3 times with 0.2 M PBS and rinsed
with PBS dehydrated in ethanol (35%, 50%, 70%, 85%, 90%,
95%, and 100%). Cell cryotomy was performed, and images were
recorded by TEM (Jeol, JEM-1200EX II, Tokyo, Japan) operated
at 100 kV to observe how the particles were internalized by
macrophages.*

5.8. Animal Experiments

so All animal experiments were performed in compliance with the
relevant laws and institutional guidelines, and have been
approved by the Animal Center of National Taiwan University.

DM was induced in Wistar rats by depriving the rats of food
overnight and then administering 65 mg/kg streptozotocin by
ss intraperitoneal injection. After DM induction, the non-fasting
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blood glucose (NFBG) was measured everyday by using a
glucose meter. The successful induction of type 1 DM was
confirmed by 2 consecutive measurements of blood glucose
greater than 250 mg/dL.*' The basal insulin of 2.5 I[U LANTUS®
(insulin glargine, Sanofi, Paris, France) administered by IM
injection was considered the control group. Considering that 1 TU
is equivalent to 0.0347 mg, then 2.5 IU is the equivalent of
0.08675 mg insulin. According to the TGA results, insulin is
loaded into HAP at a ratio of 7.4%. Therefore, control rats
received 0.08675/7.4% of insulin, which equates to 1.1723 mg.
According to clinical administration of insulin therapy, more
insulin should be delivered since it is partly degraded in the
physiological environment. In the present study, a total of 8.206
mg (1.1723 mg per day for 7 days) of insHAP in 0.3 mL PBS was
delivered to each rat by IM injection. Rats had ad libitum access
to food during the experimental period, and were offered excess
food. The tail vein was punctured with a blood glucose meter to
measure NFBG in rats consecutively for 10 days.

5.9. Statistical Analysis

Data are expressed as mean =+ standard deviation (S.D.).
Statistical analysis was performed by ANOVA, and differences
were considered statistically significantly different when p <
0.05.
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Figure 1. Figure caption. X-ray diffraction pattern of (A) pure HAP and (B) insHAP. Due to insulin loading, the characteristic peaks of

s insHAP were shifted to the left compared with pure HAP. However, all characteristic peaks still matched the standard HAP pattern as
determined by JCPD card (09-0432).
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Figure 2. Figure caption. (A) Morphology of insHAP examined under SEM. The needle-like grains aggregated into particles to form a
spherulite structure. (B) Chemical composition of synthesized insHAP was semiquantified by EDS. Sulfur, carbon, and nitrogen were
traced in the synthesized particles.
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Figure 3. Figure caption. TEM images of (A) pure HAP and (B) insHAP. The grains of pure HAP and insHAP were all needle-like in
shape. The grains of synthesized insHAP appeared to have a longer c-axis, like an extension. Lattice image of (C) pure HAP with a (002)
d-spacing of 0.33 nm, and (D) insHAP that showed the absence of a clear lattice on the TEM due to lower crystallinity. Electronic
5 diffraction pattern of (E) pure HAP and (F) insHAP, in which the ring pattern from the polycrystalline of pure HAP was easily
identifiable, but the ring pattern from insHAP was broadened and blurry due to lower crystallinity.
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Figure 4. Figure caption. FTIR spectrophotography of (a) HAP, (b) pure insulin and (c) insHAP; where the major absorption bands were
identified as I, -NH; II, -C—OH; III, C-N; IV, Aryl-NH,; V, —S-S.
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Figure 5. Figure caption. (A) Size distribution of insHAP analyzed using the zeta-sizer; the particle size was in the range of 550-865 nm.
The zeta potentials of (B) pure HAP and (C) insHAP were 7.68 mV and -3.32 mV, respectively.
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Figure 6. Figure caption. (a) Thermal analysis of pure HAP analyzed by TGA. Only minor weight loss was observed at 100°C and was
due to water evaporation. (b) TGA curve of pure insulin with an initial weight loss at 100°C due to water evaporation. The second loss
occurred at 225°C, which is the decomposition temperature of insulin. (c) TGA curve of insHAP shows that a 7.4% weight loss occurred
at 225°C; that was related to the percentage of insulin loaded in HAP.
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Figure 7. Figure caption. (A) UV-vis absorption curve of Humulin® R in the range of 260-300 nm. (B) Insulin release profile of insHAP.
At pH 7.4, 12% of insulin was released from insHAP within the first few hours; no insulin was released from insHAP thereafter. At pH
4.0, insHAP would be dissolved, releasing 92% insulin within 2 hours and 100% by day 3.
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Figure 8. Figure caption. (A) WST-1 assay and (B) LDH assay in 3T3 cells treated with different concentrations of insHAP on day 1 and
day 3 (n=3)
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Figure 9. Figure caption. (A) RAW-264.7 cell (control) TEM samples were stained with uranyl acetate (UA) and lead citrate (LC) shown
at the magnification of 12K. The lysosome/endosome hybrids (indicate by red arrows) were clean and much smaller before the uptake of
insHAP particles. (B) After culturing with insHAP for 24 h, evidence of insHAP particles uptake by RAW-264.7 cells. Particles enclosed
s in the lysosome/endosome hybrid are shown at the magnification of 12K; red arrows indicate lysosome/endosome hybrids and black
colored needle-like particles are insHAP.
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Figure 10. Figure caption. /n vivo blood glucose measurement in various treatment groups. Blood glucose levels of DM rats treated with
10 insHAP decreased to within the normal range by day 2 and this was maintained until day 6.
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Scheme 1. Scheme Title. Schematic illustration of insulin release from insHAP, escape from lysosome/endosome hybrid, exocytosis into

the extracellular matrix, and delivery to the blood circulation system.
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Table 1. The summary of the 20 shift of characteristic peaks; and the length of a-axis and c-axis of insHAP based on the XRD pattern.

Sample 2@ at  shift d-spacing 20 at shift d-spacing
002) (211)

HAP 25.93° - 3.44 31.82° 2.82
insHAP  25.67° -0.26° 3.47 31.61° -0.21° 2.83
Sample 2@ at  shift d-spacing Crystallinity

(300)

HAP 32.90° - 2.72 9.42 6.88 36.2%

insHAP  32.58° -0.32° 2.74 9.46 6.94 23.7%

Table 2. Table Title. The chemical composition of insHAP from EDS analysis by weight ratio and atomic ratio.

insHAP
Element Weight% Atomic%
C 6.60 10.72
N 4.27 5.95
o 50.87 62.00
P 19.05 11.99
S 0.00 0.00
Ca 19.20 9.34
Totals 100.00 100.00
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