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a b s t r a c t
We assessed the possibility of changing the route of administration of zoledronic acid to an oral dosage form and
its therapeutic efﬁcacy in an estrogen-deﬁcient osteoporosis rat model. To enhance oral bioavailability, we
formed an ionic complex by electrostatic conjugation of zoledronic acid with lysine-linked deoxycholic acid
(Lys-DOCA, an oral absorption enhancer). After forming the complex, the characteristic crystalline features of
pure zoledronic acid disappeared completely in the powder X-ray diffractogram and differential scanning calorimetry thermogram, indicating that zoledronic acid existed in an amorphous form in the complex. In vitro permeabilities of zoledronic acid/Lys-DOCA (1:1) (ZD1) and zoledronic acid/Lys-DOCA (1:2) (ZD2) complex across
Caco-2 cell monolayers were 2.47- and 4.74-fold higher than that of zoledronic acid, respectively. Upon intrajejunal administration to rats, the intestinal absorption of zoledronic acid was increased signiﬁcantly and the
resulting oral bioavailability of the ZD2 complex was determined to be 6.76 ± 2.59% (0.548 ± 0.161% for zoledronic acid). Ovariectomized (OVX) rats showed 122% increased bone mineral density versus the OVX control at
12 weeks after treatment with once weekly oral administration of ZD2 complex (16 μg/kg of zoledronic acid).
Furthermore, rats treated with ZD2 complex orally showed signiﬁcant improvement in the parameters of trabecular microarchitecture and bone strength: 149% higher bone volume fraction (BV/TV), 115% higher trabecular
number (Tb.N), and 56% higher mean maximum load (Fmax) than in the OVX group. The trabecular microstructure and bone mechanical properties in the oral zoledronic acid group were not signiﬁcantly changed compared
with the OVX control. Thus, the oral ZD2 complex inhibited osteoporosis progression effectively by promoting
osteogenesis and trabecular connectivity. The oral ZD2 complex would be expected to improve patient compliance by replacing the conventional injectable form and expand the indications, to include prophylaxis for
osteoporosis and bone metastases.
© 2015 Elsevier B.V. All rights reserved.

1. Introduction
Zoledronic acid is a potent nitrogen-containing parenteral bisphosphonate, used clinically as an anti-resorptive agent in treating osteoporosis, Paget's disease, hypercalcemia, multiple myeloma, and bone
metastases arising from solid tumors, such as breast, prostate, and
lung cancers (Black et al., 2007; Boissier et al., 2000; Novartis
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Pharmaceutical Corp., 2003). The primary mode of action of zoledronic
acid is inhibition of bone resorption via induction of osteoclast apoptosis
(Green et al., 1994; Hornby et al., 2003). As is true of other
bisphosphonates, zoledronic acid exhibits a high afﬁnity for hydroxyapatite and binds directly to mineralized zones at sites of drug release. The
drug then becomes internalized by osteoclasts that are engaging in bone
resorption, compromising osteoclast formation, function, and survival.
It also induces apoptosis of various types of cancer cells (Corey et al.,
2003; Dunford et al., 2001; Khajuria et al., 2015).
Zoledronic acid is currently only available in a parental dosage form
for infusion over at least 15 min (Novartis Pharmaceutical Corp., 2003).
However, too rapid an injection of bisphosphonate can cause the formation of complexes with calcium in the blood, leading to renal failure due
to the complex being retained in the kidney (Blanchette and Pritchard,
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2015). Moreover, local delivery of bisphosphonates, such as subcutaneous or intramuscular administration increases the risk of tissue irritation,
inﬂammation, pain, and necrosis at the injection site (Ezra and Golomb,
2000; Lin, 1996). Given this background, there is a demand for the development of other dosage forms of zoledronic acid, particularly an oral
dosage form, because orally administered drugs are becoming more
widespread in many therapeutic areas, including the treatment of cancer.
However, all bisphosphonates, including zoledronic acid, exhibit low
oral bioavailability (b 1%), attributable to the drugs being highly polar
and hydrophilic and the fact that they form insoluble metal complexes
in the upper intestine, most commonly with calcium, resulting in low
gastrointestinal (GI) permeation (Lin, 1996). For these reasons, oral delivery of zoledronic acid has been challenging. There have been various
attempts to generate novel oral formulations by crystallization and the
formation of metal salts, including Na+, Ca2 +, Mg2 +, Zn2 +, monoand trihydrates, and amorphous forms of zoledronic acid, to improve
its aqueous solubility, permeability, and subsequent oral bioavailability
(Aronhime et al., 2005; Mohakhud et al., 2006; Novartis Ag et al., 2008).
Additionally, Merrion Pharmaceuticals prepared an oral dosage form of
zoledronic acid wherein a medium chain fatty acid or a salt of a medium
chain fatty acid having a carbon chain length of 6–20 carbon atoms was
used as an oral enhancer (Merrion Research Ill Ltd., 2010) and Thar
Pharmaceuticals used modiﬁed amino acid carriers by complex formation with amino acids to enhance the oral absorption of zoledronic
acid (Thar Pharmaceuticals, Inc., 2011).
In a previous study, we have shown that the intestinal permeability
of bisphosphonates such as ibandronate could be signiﬁcantly improved
by generation of molecular complexes with lysine-linked deoxycholic
acid (Lys-DOCA) (Park et al., 2013). The aim of the current study was
to expand our technology to develop an oral formulation of zoledronic
acid, resulting in a new dosage form for long-term administration by
conjugating the Lys-DOCA as an absorption enhancer to increase the intestinal permeability and prove its therapeutic efﬁcacy in vivo. After
characterization of the zoledronic acid/Lys-DOCA (ZD) complexes in
terms of crystallinity and water solubility, we conﬁrmed the in vitro
drug permeability through an artiﬁcial intestinal membrane and a
Caco-2 cell monolayer, followed by assessment of the oral bioavailability of the ZD complex in vivo. Finally, the ZD complex was administered
orally to ovariectomized (OVX) rats once per week, after which we evaluated its anti-osteoporotic efﬁcacy compared with oral or intraperitoneally injected zoledronic acid by analyzing bone properties, such as
bone mineral density (BMD), trabecular bone microarchitecture in
tibiae, and biomechanical strength.
2. Materials and methods
2.1. Materials
Zoledronic acid was obtained as the hydrated disodium salt from
Ultratech India Ltd. (Mumbai, India). Deoxycholic acid (DOCA), ethyl
chloroformate, N-methylmorpholine, NƐ-Boc-L-lysine methyl ester
hydrochloride (H-Lys(Boc)-OMe·HCl), lithium aluminum hydride
(LiAlH4), ibandronate, trimethylsilyl diazomethane (TMSD; 2 M solution in hexane), ammonium acetate, and formic acid were purchased
from Sigma-Aldrich Co. (St. Louis, MO, USA). Tetrahydrofuran (THF),
chloroform, methanol, acetyl chloride, and n-hexane (analytical grade)
were obtained from Merck Co. (Darmstadt, Germany). Solvents for
high-performance liquid chromatography (HPLC) and liquid chromatography/tandem mass spectrometry (LC/MS/MS) analyses were from
Merck KGaA (Darmstadt, Germany) and Fisher Scientiﬁc (Pittsburgh,
PA, USA).
2.2. Animals
Sprague Dawley rats (females, 200–250 g) were purchased from
Orient Co., Ltd. (Gyunggi-do, Republic of Korea). The animals were

acclimated for 1 week in an animal facility under controlled conditions
of temperature (23 ± 2 °C), relative humidity (55 ± 10%), and light
(12/12-h light/dark, with no ultraviolet exposure). The animals had
free access to a laboratory diet (Purina Co., St. Louis, MO, USA) and
ion-sterilized tap water.
The animal studies were approved by the Institutional Animal Care
and Use Committee (IACUC) of Seoul National University (Seoul, Republic of Korea; approval date, 12/10/2014; ref. no., SNU-13081-3-1). All
experiments were performed in accordance with the NIH guidelines
for the Care and Use of Laboratory Animals and the guidelines of the
IACUC.
2.3. Preparation of zoledronic acid/absorption enhancer complex
The oral absorption enhancer, Nα-deoxycholyl-L-lysyl-methylester
(Lys-DOCA), was synthesized by conjugating DOCA with L-lysine, as described previously (Park et al., 2013). Brieﬂy, ethyl chloroformate
(6.4 mL) and N-methylmorpholine (7.4 mL) were dropped into 3.25%
(w/v) DOCA solution in THF in an ice bath, and stirred for 30 min.
Next, H-Lys(Boc)-OMe·HCl (20 g) and N-methylmorpholine (7.4 mL)
were added to the mixture at room temperature, and the reaction mixture was reﬂuxed for 2 h. After cooling to room temperature, the mixture was stirred overnight. The precipitates were ﬁltered and the
solvent was evaporated. Lys(Boc)DOCA was obtained by puriﬁcation
of the residue using column chromatography (chloroform/methanol).
Lys(Boc)DOCA was dissolved in a solvent mixture of acetyl chloride
(23.4 mL) and methanol (100 mL) in an ice bath and stirred for
30 min. After solvent evaporation, the residue was dissolved in water
and washed with chloroform three times. Finally, the aqueous layer
was lyophilized and Lys-DOCA was obtained as a white powder.
The ZD complex was prepared by the ionic interaction of zoledronic
acid and Lys-DOCA under aqueous conditions. Brieﬂy, 5 mg/mL solutions of zoledronic acid and Lys-DOCA were prepared separately in distilled water, and the ZD complex was then formed by the addition of
Lys-DOCA solution into a zoledronic acid aqueous solution with continuous stirring. The complexation molar ratios of zoledronic acid to
Lys-DOCA were 1:1 (ZD1) and 1:2 (ZD2). The solutions were then
centrifuged and lyophilized at −80 °C to obtain white powders.
2.4. Characterization of zoledronic acid/absorption enhancer complex
Complex formation between zoledronic acid and Lys-DOCA was
conﬁrmed by comparing the characteristic crystalline features of pure
zoledronic acid, Lys-DOCA, physical mixtures of zoledronic acid and
Lys-DOCA, and the ZD complexes using powder X-ray diffraction
(PXRD) and differential scanning calorimetry (DSC). PXRD patterns
were collected with a Rigaku-D/MAX-IIIV diffractometer (D5005,
Bruker, Germany) at 40 mA and 40 kV using Ni-ﬁltered Cu-Kα radiation.
The powdered samples were deposited on an adhesive support, 0.5 mm
thick, and placed in the diffractometer. PXRD patterns were recorded in
step-scan mode in the range 3° ≤ 2θ ≤ 40° with a scanning rate of
0.02°s−1.
Thermal analysis of the samples was carried out using a DSC 204A/G
Phoenix Instrument (Netzsch, Germany). Approximately 5 mg of each
sample were weighed into a non-hermetically sealed aluminum pan
and scanned at a heating rate of 5 °C/min over a temperature range of
25–250 °C. All DSC measurements were made under a nitrogen atmosphere at a ﬂow rate of 100 mL/min.
2.5. Solubility and partition coefﬁcient of the zoledronic acid/absorption
enhancer complex
The solubilities of the ZD1 and ZD2 complexes in phosphatebuffered saline (PBS, pH 6.8) were determined. Brieﬂy, excess ZD1 or
ZD2 complex was added to 5 mL of PBS at pH 6.8 in a sealed glass container. The samples were agitated at 100 rpm for 24 h in a shaking water
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bath at 37 °C and then centrifuged at 10,000 rpm for 10 min (Jena et al.,
2014). The supernatant was ﬁltered through a 0.45-μm membrane ﬁlter
and analyzed by HPLC using a C18 column (5 μm, 100 Å, 4.6 × 250 mm;
20-μL sample injection) at 50 °C. The mobile phase, a mix of buffer
(4.5 g potassium phosphate dibasic, 2.0 g tetrabutylammonium sulfate,
and 1 L water) and acetonitrile (90:10, v/v), was run at a ﬂow rate of
1.0 mL/min. Zoledronic acid or ZD complexes were detected using a UV
detector at 215 nm. The partition coefﬁcients (log P) of zoledronic acid
and ZD complexes were determined by the shake-ﬂask method after
allowing n-octanol and PBS (pH 6.8) to equilibrate for 24 h at 25 °C.
Zoledronic acid or ZD complexes (equivalent to 20 mg zoledronic
acid) were added to 5 mL of PBS (pH 6.8) and agitated at 100 rpm for
24 h in a shaking water bath at 25 °C. Then, 5 mL of n-octanol were
added as the non-aqueous phase, and the resulting solution was agitated for 24 h at 100 rpm and 25 °C. The aqueous and n-octanol phases
were separated and centrifuged at 10,000 rpm for 15 min. The aqueous
phase was extracted and the concentration of zoledronic acid was estimated using the HPLC system with a UV detector as described above.
Log P was calculated using the following formula: log P = log (concentration in n-octanol/concentration in PBS at pH 6.8) (Ziemba et al.,
2011).
2.6. In vitro permeability study
A parallel artiﬁcial membrane permeability assay (PAMPA, BD Biosciences, Bedford, MA, USA) was conducted according to the following
protocol. A 96-well microtiter plate served as the receiving chamber
and a 96-well microﬁlter plate served as the donor compartment. Zoledronic acid and ZD complexes were dissolved in PBS (pH 7.4). Then,
300 μL of the solution (equivalent to 200 μM zoledronic acid) were
added to each donor plate well, and buffer (PBS, pH 7.4, 200 μL) was
added to each well of the receptor plate. The ﬁlter (donor) plate was
then coupled with the receiver plate and the plate assembly was incubated at room temperature for 5 h. After incubation, the concentration
of zoledronic acid or ZD complex in the samples from the donor and receptor wells of the PAMPA was quantiﬁed by HPLC with a UV detector,
as described above. The permeability of the compounds was calculated
using the following formula:


CA ðtÞ
 ln 1 
Cequilibrium


Pe ¼
1
1
þ
t
A
VD VA
where Pe is the permeability (cm/s); A is the effective ﬁlter area
(f × 0.3 cm2), where f means the apparent porosity of the ﬁlter (f =
0.76); VD is the donor well volume (0.3 mL); VA is the receptor well volume (0.2 mL);. t is the incubation time (s); CA(t) indicates the concentration of compound in receptor well at time t; CD(t) indicates the
concentration of compound in donor well at time t; and Cequilibrium
means [CD(t) × VD + CA(t) × VA]/(VD + VA).
The in vitro permeability of zoledronic acid and ZD complexes
across a Caco-2 cell monolayer was also investigated. The transport
assay was performed as described by Hubatsch et al., 2007. In brief,
the complete medium was removed from both the apical and
basolateral compartments after culturing in a 12-well Transwell and
the monolayer was pre-incubated with 0.5 mL of Hanks' balanced
salt solution (HBSS) for 30 min at 37 °C. The medium was then removed from both compartments and 0.5 mL of zoledronic acid or ZD
complex solution in HBSS (200 μM) was introduced to the apical
side. Next, 1.5 mL of blank HBSS was added to the basolateral side.
At predetermined times, the apical compartment was moved to another basolateral compartment containing 1.5 mL of fresh blank HBSS. The
concentration of zoledronic acid or ZD complexes permeated though
the monolayer was determined using the HPLC system with a UV detector, as described above. The apparent permeability coefﬁcient
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(Papp) of zoledronic acid or ZD complex was calculated according to
the following equation:
Papp ¼ dQ=dt  1=ðA  C0 Þ
where dQ/dt indicates the linear appearance rate of mass in the
basolateral sides (μmoL/s), C0 is the initial concentration of zoledronic
acid or ZD complex on the apical side (μM), and A is the surface area of
the monolayer (cm2).
2.7. Pharmacokinetic study in rats
Twelve female Sprague Dawley rats were used in this pharmacokinetic study. All animals were anesthetized with ketamine (45 mg/kg)
and xylazine (5 mg/kg) by intramuscular injection. In eight rats, a midline abdominal incision was made to take out the small intestine and locate the injection site at the beginning of the jejunum, ~2 cm after the
ligament of Treitz. Then the rats were divided into two groups (n =
4/group) and each animal received 400 μL solution intra-jejunally,
consisting of zoledronic acid (5 mg/kg) or ZD2 (equivalent to 5 mg/kg
zoledronic acid). Next, the intestines were carefully returned to the abdominal cavity (Cetin et al., 2008). To evaluate bioavailability, 150 μL zoledronic acid (1 mg/kg) in water was also prepared and injected via the
tail vein (n = 4). After administration, blood samples (100 μL) were collected from a capillary from the retro orbital plexus and mixed directly
with 10 μL of sodium citrate (3.8% solution). The blood samples were
then immediately centrifuged (2500 × g, 15 min, 4 °C). Plasma samples
were isolated and stored at −70 °C until analysis.
To determine the plasma concentration of zoledronic acid, 50 μL of
each standard and plasma sample were mixed with 5 μL of 40 μg/mL internal standard (IS, ibandronate) solution and 50 μL of 10 mM sodium
bicarbonate solution. After vortexing for 5 s, an aliquot of the solution
(100 μL) was loaded onto a solid-phase extraction cartridge that had
been previously conditioned with methanol (1 mL) and deionized
water (1 mL). Next, 100 μL of derivatization reagent, 1.0 M TMSD in hexane, was added to each cartridge and allowed to react with the analytes
for 30 min. The derivatization reagent was then re-eluted from the cartridge under gravity and the cartridge was subsequently rinsed with
methanol (1.5 mL). The collected methanol extracts were evaporated
under nitrogen at 50 °C. The dried residues were reconstituted in
150 μL of acetonitrile-5 mM ammonium formate (50:50, v/v), followed
by vortex mixing and centrifugation (3000 rpm, 1 min). An Acquity
UPLC system (Waters, Milford, MA, USA) was used for the LC/MS/MS
analysis, and the separation was carried out using a Luna 5-μm SCX
100-Å column (50 × 2.0 mm i.d.) with a mobile phase consisting of
5 mM ammonium formate buffer (pH 3.5, adjusted with formic acid)acetonitrile (50:50, v/v) at a ﬂow rate of 0.3 mL/min. The analytes
were detected in the positive ion mode using a Finnigan TSQ Quantum
Ultra (Thermo Scientiﬁc, Rockford, IL, USA) with a TurboIonSpray
(ESI) source and quantitative determinations were performed in multiple reaction monitoring scan mode using the following transitions: m/z
329 → 125 for the zoledronic acid derivative and m/z 376 → 114 for the
ibandronate derivative.
2.8. Anti-osteoporosis effect in OVX rats
To evaluate the anti-osteoporotic effects of the orally administered
zoledronic acid and the Lys-DOCA complex in an OVX rat model, 40 female Sprague Dawley rats (8 weeks old) were used. Of them, 32
underwent bilateral ovariectomy to induce osteoporosis and 8
underwent sham surgeries (SHAM). After 2 weeks, the OVX rats were
randomly divided into four groups of eight animals each: OVX
(not treated), OVX-ZOL-IP (once weekly intraperitoneal injection of
1.6 μg/kg zoledronic acid), OVX-ZOL-ORAL (once weekly oral administration of 16 μg/kg zoledronic acid), and OVX-ZD2-ORAL (once weekly
oral administration of ZD2 complex as 16 μg/kg zoledronic acid) groups.
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During treatment, body weights were measured and the drug dose was
adjusted. At 12 weeks after treatment, the tibiae were isolated from
both legs of the rats and ﬁxed in 4% formalin in PBS at pH 7.4 (Perilli
et al., 2010).
2.8.1. Micro-computed tomography (μCT) scanning of tibia
To measure the BMD and explore the microarchitectural properties
of trabecular bone, we performed histomorphometric analyses using a
Skyscan 1076 in vivo micro-CT scanner (Bruker Corporation, Karlsruhe,
Germany). Two-dimensional (2D) projections were obtained using an
X-ray source setting of 70 kV and a current of 139 μA, with ﬁltration of
the beam through a 1.0-mm aluminum ﬁlter. Data were collected
every at 0.5° of rotation from 0° through 180°. The scanning width
was 35 mm and the height 17 mm. Three-dimensional (3D) microstructural images were reconstructed with the aid of a modiﬁed Feldkamp
back-projection algorithm. The resulting raw image data were Gaussian
ﬁltered and subjected to global thresholding at a cross-section of 0.0 to
0.0752. Image conversion was then performed to extract the mineral
phase. Using transverse image slices, the trabecular bone was segmented from the cortical bone using Skyscan CT-Analyzer software featuring
semi-automated contouring. The BMD was measured in the midshaft
region located one-quarter of the distance from the proximal tibial
growth plate. To allow detailed qualitative and quantitative evaluation,
the region scanned was conﬁned to the distal metaphysis of the tibia,
extending 1.0 mm proximally from the proximal growth plate. The following morphometric parameters were calculated: bone volume fraction (BV/TV), bone surface/volume ratio (BS/BV), trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), trabecular pattern factor
(Tb.Pf), trabecular number (Tb.N), and the structural model index
(SMI).
2.8.2. Bone mechanical test
The mechanical properties of each tibia were assessed by threepoint bending tests using a universal testing machine (BISS Makron,
Bangalore, India). After measuring the length of the tibia using calipers,
the bone was placed on a special holding device with two lower support
bars located 15 mm apart in a repeated position. A bending force was
applied with a crosshead speed of 1 mm/min until breakage. From the
test data, the load–displacement curve for each sample in a group was
plotted. Several biomechanical characteristics were determined from
these curves, such as ultimate load at failure (the maximum force that
the bone withstood before fracture, Fmax) and stiffness (the extrinsic
rigidity of the tibia before fracture).
2.8.3. Histological observation of tibiae
The ﬁxed tibia tissues were decalciﬁed with 10% EDTA, and
dehydrated through a graded ethanol series. They were then embedded
in parafﬁn wax, sectioned at 5 μm, and stained with hematoxylin and
eosin (H&E) for standard evaluation. To evaluate osteoclast activity,
the tibia bone sections were deparafﬁnized and then incubated in the
tartrate-resistant acid phosphatase (TRAP) reagent for 1 h. After washing with distilled water, the sections were counterstained with 1%
methyl green. The proximal part of the tibia was then observed under
a light microscope (Bx-41; Olympus, Japan), and a photograph was
taken while focusing on a central part of the growth plate.

Fig. 1. (a) Powder X-ray diffractograms (PXRD) of zoledronic acid, lysine-linked
deoxycholic acid (Lys-DOCA), 1:1 physical mixture of zoledronic acid and Lys-DOCA,
1:2 physical mixture of zoledronic acid and Lys-DOCA, zoledronic acid/Lys-DOCA (1:1)
(ZD1) complex, and zoledronic acid/Lys-DOCA (1:2) (ZD2) complex. (b) Differential scanning calorimetry (DSC) thermograms of zoledronic acid, Lys-DOCA, 1:1 physical mixture
of zoledronic acid and Lys-DOCA, 1:2 physical mixture of zoledronic acid and Lys-DOCA,
zoledronic acid/Lys-DOCA (1:1) (ZD1) complex, and zoledronic acid/Lys-DOCA (1:2)
(ZD2) complex.

3. Results
3.1. Characterization of zoledronic acid/Lys-DOCA complex
To identify the ﬁnal solid state of the zoledronic acid, the PXRD spectra of the zoledronic acid, Lys-DOCA, and the physical mixtures were
compared with that of the ZD complex (Fig. 1(a)). Pure zoledronic
acid showed diffraction peaks at 7.48°, 8.74°, 10.64°, 26.36°, and
31.47° over the 2θ range in the PXRD spectra, characteristic peaks of
crystalline zoledronic acid. In the physical mixture, zoledronic acid characteristic peaks were also clearly evident, indicating that the drug was

2.9. Pharmacokinetic and statistical analyses
Pharmacokinetic parameters were obtained using a noncompartmental method in WinNonlin® software (ver. 5.3; Pharsight
Corporation, Mountain View, CA). All data are expressed as means ±
standard deviations. A p-value of b 0.05 was considered to indicate statistical signiﬁcance using a t-test between two mean values for unpaired
data or two-way analysis of variance (ANOVA) followed by Tukey's
multiple comparison tests among more than three mean values for
unpaired data.

Table 1
Solubility in buffer and log P in n-octanol-buffer of zoledronic acid and zoledronic
acid/Lys-DOCA (ZD) complexes.
Test material
Zoledronic acid
ZD1 complex
ZD2 complex

Solubility (mg/mL)
a

N290
38.6 ± 2.69
30.4 ± 4.10

Log P
−0.985 ± 0.014
−0.916 ± 0.012
0.966 ± 0.008

a
Data obtained from Zometa® [package insert]. Each value represents the mean ±
standard deviation (n = 4).
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Table 2
In vitro permeabilities of zoledronic acid and zoledronic acid/Lys-DOCA (ZD) complexes.

Zoledronic acid
ZD1 complex
ZD2 complex

Permeability (Pe, cm/s)a

Apparent permeability (Papp, cm/s)b

N.D.c
0.250 ± 0.242 (×10−6)d
1.12 ± 0.144 (×10−6)e,g

2.72 ± 0.868 (×10−6)
6.72 ± 1.94 (×10−6)e
12.9 ± 3.11 (×10−6)e,f

a
Permeability coefﬁcient (Pe) of zoledronic acid or ZD complex evaluated by a parallel
artiﬁcial membrane permeability assay (PAMPA).
b
Apparent permeability coefﬁcient (Papp) of zoledronic acid or ZD complex through a
Caco-2 cell monolayer.
c
Not detected. Each value represents the mean ± standard deviation (n = 6).
d
p b 0.05, compared to zoledronic acid.
e
p b 0.001, compared to zoledronic acid.
f
p b 0.01, compared to the ZD1 complex.
g
p b 0.001, compared to the ZD1 complex.
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concluded that the zoledronic acid was dispersed molecularly with
Lys-DOCA and existed in an amorphous form after complex formation.
3.2. Solubility and partition coefﬁcient of the zoledronic acid/Lys-DOCA
complex
Although zoledronic acid is a very hydrophilic drug, with a solubility
of more than 290 mg/mL at pH 6.8, the solubilities of the ZD1 and ZD2
complexes in PBS at pH 6.8 were 38.6 ± 2.69 and 30.4 ± 4.10 mg/mL,
respectively (Table 1). Furthermore, zoledronic acid exhibited a very
low partition coefﬁcient (log P = −0.985 ± 0.014). However, its partition coefﬁcient was signiﬁcantly increased in the presence of Lys-DOCA
and the log P value of the ZD2 complex was about 89.3-fold higher than
that of zoledronic acid.
3.3. In vitro permeability study

Fig. 2. Venous plasma concentration-time proﬁles of zoledronic acid after single intravenous administration of zoledronic acid (1 mg/kg), and intra-jejunal administration of zoledronic acid or zoledronic acid/Lys-DOCA (1:2) (ZD2) complex (equivalent to 5 mg/kg of
zoledronic acid) to rats. Each value represents the mean ± standard deviation (n = 4).

still in crystalline form. However, no sharp diffraction peak of crystalline
zoledronic acid was observed in the lyophilized ZD complexes. From the
PXRD spectra, it can be concluded that the ionic complex formation of
zoledronic acid with Lys-DOCA caused the dispersion of each material
and amorphous zoledronic acid was formed.
The disappearance of crystallinity of zoledronic acid was also conﬁrmed by DSC analysis (Fig. 1(b)). The characteristic endothermic
peaks at 135 °C, 98 °C, and 101 °C were visible in the thermograms of
both the crude zoledronic acid and physical mixtures, while they were
absent in the DSC thermograms of the ZD complexes. Thus, it was

In the in vitro artiﬁcial intestinal membrane permeability study, zoledronic acid did not completely pass through the artiﬁcial membrane,
but the permeabilities of the ZD1 and ZD2 complexes were 0.250 ±
0.242 (× 10−6) and 1.12 ± 0.144 (× 10−6) cm/s, respectively
(Table 2). Additionally, the permeability of zoledronic acid dissolved
in the control buffer (HBSS) across a Caco-2 cell monolayer showed
2.27 ± 0.868 (×10−6) cm/s. However, Lys-DOCA-conjugated zoledronic acid showed signiﬁcantly increased apparent permeability. The
Papp values for ZD1 and ZD2 were 6.72 ± 1.94 (× 10− 6) cm/s and
12.9 ± 3.11 (×10−6) cm/s, respectively, which are 2.47- and 4.74-fold
higher, respectively, than that of zoledronic acid (Table 2). Generally,
substances with an apparent permeability coefﬁcient of
b1 × 10− 6 cm/s are classiﬁed as low-permeability substances, and
high-permeability substances exhibit an apparent permeability coefﬁcient of N1 × 10−5 cm/s (Spernath et al., 2007; Stenberg et al., 2001).
Thus, the permeability of zoledronic acid was enhanced signiﬁcantly
by complex formation with Lys-DOCA and increased as the complexation molar ratio of Lys-DOCA increased.
3.4. In vivo pharmacokinetic properties of zoledronic acid and ZD complex
The in vitro permeability study showed that the ZD2 complex had a
signiﬁcantly higher permeability than zoledronic acid or the ZD1 complex (p b 0.001, except for the apparent permeability across a Caco-2
cell monolayer compared to the ZD1 complex, where p = 0.002). Therefore, further in vivo pharmacokinetic studies were performed using zoledronic acid and the ZD2 complex. Fig. 2 illustrates the change in the
mean plasma concentrations of zoledronic acid after intra-jejunal administration of zoledronic acid or the ZD2 complex, and intravenous injection of zoledronic acid to rats. The intestinal absorption of zoledronic
acid was signiﬁcantly enhanced by complex formation with Lys-DOCA;
the Cmax of the ZD2 complex was 23.7-fold higher than that of

Table 3
Pharmacokinetic parameters after intra-jejunal administration of zoledronic acid or zoledronic acid/Lys-DOCA (1:2) complex.
Test material

Zoledronic acid

Zoledronic acid

Zoledronic acid/Lys-DOCA (1:2) complex

Administration
Dose of zoledronic acid (mg/kg)
Tmax (h)a
Cmax (ng/mL)b
AUClast (ng · h/mL)c
AUCinf (ng · h/mL)d
Bioavailability (%)e

Intravenous
1

Intra-jejunal
5
0.500 ± 0.250
38.66 ± 6.482
82.66 ± 24.35
104.7 ± 22.91
0.548 ± 0.161

Intra-jejunal
5
0.313 ± 0.125
915.8 ± 222.1
1020 ± 390.0
1090 ± 399.5
6.76 ± 2.59

a
b
c
d
e

3457 ± 474.2
3016 ± 691.6
3098 ± 673.5
100

Tmax, time to reach Cmax.
Cmax, maximum plasma concentration.
AUClast, area under the plasma concentration-time curve from zero to the time of the last measurable plasma concentration.
AUCinf, area under the plasma concentration-time curve from zero to inﬁnity.
Bioavailability, (AUClast, intra-jejunal / Dosezoledronic acid, intra-jejunal) / (AUClast, intravenous / Dosezoledronic acid, intravenous) × 100. Each value represents the mean ± standard deviation (n = 4).
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zoledronic acid (38.66 ± 6.482 ng/mL). The AUClast value of the ZD2
complex increased by 12.3-fold compared with that of zoledronic acid
(82.66 ± 24.35 ng · h/mL). The resulting oral bioavailability of the
ZD2 complex was determined to be 6.76 ± 2.59% (0.548 ± 0.161% for

zoledronic acid); it improved signiﬁcantly due to complex formation
with Lys-DOCA (Table 3).
3.5. In vivo anti-osteoporotic effects of orally administered ZD complex
To evaluate the anti-osteoporotic effects of oral administration of the
ZD2 complex on the estrogen-deﬁcient osteoporosis-induced rat model,
BMD in the tibiae was analyzed. The ﬁnal body weights of rats in all OVX
groups were increased signiﬁcantly compared with those in the SHAM
group. As shown in Fig. 3(a), the BMD values of tibiae in groups treated
with weekly intraperitoneal injection of zoledronic acid or oral administration of ZD2 complex were signiﬁcantly higher than that of the
OVX control group. Compared with the OVX group, OVX-ZOL-IP and
OVX-ZD2-ORAL showed 138% and 122% increases in BMD, respectively.
However, the OVX-ZOL-ORAL revealed no signiﬁcant improvement in
BMD compared with the OVX.
The results from evaluation of the trabecular bone microarchitecture
in the tibia metaphyseal region using μCT are listed in Table 4. After a
12-week treatment, the SHAM group showed signiﬁcantly improved
morphological parameters versus the OVX group: 511% greater BV/TV
and 288% greater Tb.N. This indicated increased bone mass, accompanied by a transition from a merely rod-like structure to an almost
plate-like structure. Conversely, the OVX group exhibited dramatic
bone loss after 14 weeks. The OVX-ZOL-IP group showed 197% and
205% higher BV/TV and Tb.N, respectively, versus the OVX group. Moreover, the OVX-ZD2-ORAL group showed signiﬁcant improvement in
structural parameters: 149% higher BV/TV and 115% higher Tb.N as
compared to the OVX group. However, the OVX-ZOL-ORAL group
showed 66% higher Tb.N than the OVX group, but the levels of all
other parameters did not signiﬁcantly change. Compared with the
OVX-ZOL-ORAL group, BV/TV and Tb.N were 83% and 84% higher in
the OVX-ZOL-IP group, respectively, and the OVX-ZD2-ORAL group
exhibited a 53% higher BV/TV (Fig. 3(b) and (c)).
Fig. 4 shows representative 2D and 3D μCT reconstruction images of
the tibia bone. Deterioration of the trabecular microarchitecture in tibia
bone was readily observed in the OVX group, compared with numerous
and well-developed trabeculae in the SHAM group. However, the OVXZOL-IP and OVX-ZD2-ORAL groups presented tighter and denser structures compared with the OVX-ZOL-ORAL and OVX groups, providing
evidence of improvements in the trabecular microarchitecture of the
proximal tibia.
3.6. Biomechanical tests
The Fmax and stiffness evaluated by three-point bending tests of the
tibia in each group are shown in Fig. 5. The bone mechanical strength
parameters were reduced signiﬁcantly by ovariectomy; the Fmax and
stiffness in the OVX group were decreased by 54% and 51%, respectively,
compared with the SHAM group (Fmax: 109.5 ± 24.13 N; stiffness:
167.1 ± 19.61 N/m). However, the Fmax and stiffness were signiﬁcantly
greater in both the OVX-ZOL-IP group (Fmax: 85.27 ± 9.450 N; stiffness:
133.5 ± 20.10 N/m, + 63%) and the OVX-ZD2-ORAL group (Fmax:
77.75 ± 7.180 N, + 56%; stiffness: 117.3 ± 15.96 N/m, + 43%) than

Fig. 3. Micro-computed tomography (μCT) analyses of tibiae of rats that were either shamoperated (SHAM) or ovariectomized (OVX) and treated with once-weekly intraperitoneal
injection of 1.6 μg/kg zoledronic acid (OVX-ZOL-IP), or once-weekly oral administration of
16 μg/kg zoledronic acid (OVX-ZOL-ORAL) or zoledronic acid/Lys-DOCA (1:2) (ZD2)
complex as 16 μg/kg zoledronic acid (OVX-ZD2-ORAL) for 12 weeks. Bone mineral density
(BMD) and morphological parameter graphs of the SHAM, OVX, OVX-ZOL-IP, OVX-ZOLORAL, and OVX-ZD2-ORAL-treated rats after 12 weeks are shown; BMD (a), bone volume
fraction (BV/TV, b), and trabecular number (Tb.N, c). Data are presented as mean ±
standard deviation (n = 8, each). ap b 0.05 compared with the OVX group; bp b 0.01 compared with the OVX group; cp b 0.001 compared with the OVX group; dp b 0.05 compared
with the OVX-ZOL-ORAL group; ep b 0.01 compared with the OVX-ZOL-ORAL group;
f
p b 0.001 compared with the OVX-ZOL-ORAL group. Statistics: two-way ANOVA followed
by Tukey's multiple comparison tests.
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Table 4
Bone micro-structure parameters of the distal tibiae in rats.

BV/TV (%)
BS/BV (mm−1)
Tb.Th (μm)
Tb.Sp (μm)
Tb.N (mm−1)
Tb.Pf (mm−1)
SMI

SHAM

OVX

OVX-ZOL-IP

OVX-ZD2-ORAL

OVX-ZOL-ORAL

62.4 ± 16.2c,f
16.0 ± 1.61c,f
184 ± 41.3c,f
143 ± 51.0c,f
3.48 ± 0.305c,f
−11.8 ± 0.700c,f
−1.56 ± 0.361c,f

10.2 ± 1.75
33.2 ± 2.35
114 ± 7.02
994 ± 106
0.897 ± 0.166
10.1 ± 1.15
2.18 ± 0.097

30.4 ± 12.0c,d
33.9 ± 4.65
109 ± 12.4
254 ± 77.4c,f
2.74 ± 0.743c,f
7.83 ± 0.477c
1.52 ± 0.066c,f

25.5 ± 5.30b,d
29.2 ± 2.71a,e
133 ± 13.5
444 ± 89.4c,d
1.93 ± 0.390c
6.05 ± 1.05c,f
1.81 ± 0.091c,d

16.6 ± 0.785
34.5 ± 1.25
112 ± 4.65
562 ± 41.9c
1.49 ± 0.060a
8.85 ± 0.872a
2.04 ± 0.024

Each value represents the mean ± standard deviation (n = 8). ap b 0.05 compared with the OVX group; bp b 0.01 compared with the OVX group; cp b 0.001 compared with the OVX group;
d
p b 0.05 compared with the OVX-ZOL-ORAL group; ep b 0.01 compared with the OVX-ZOL-ORAL group; fp b 0.001 compared with the OVX-ZOL-ORAL group. Statistics: two-way ANOVA
followed by Tukey's multiple comparison tests. Abbreviations: SHAM, sham-operated; OVX, ovariectomized; OVX-ZOL-IP, once weekly intraperitoneal injection of 1.6 μg/kg of zoledronic
acid; OVX-ZD2-ORAL, once weekly oral administration of ZD2 complex as 16 μg/kg of zoledronic acid; OVX-ZOL-ORAL, once weekly oral administration of 16 μg/kg of zoledronic acid;
BV/TV, bone volume fraction; BS/BV, bone surface/volume ratio; Tb.Th, trabecular thickness; Tb.Sp, trabecular separation; Tb.N, trabecular number; Tb.Pf, trabecular pattern factor; SMI,
structure model index.

those in the OVX group 12 weeks after treatment. Additionally, the
values for Fmax and stiffness in the OVX-ZD2-ORAL group were 1.42and 1.29-fold higher than those in the OVX-ZOL-ORAL group, respectively. However, no signiﬁcant difference in the Fmax or stiffness was
observed between the OVX and OVX-ZOL-ORAL groups.
3.7. Histological evaluation
As seen in the histomorphology of tibiae stained with H&E and TRAP,
the trabecular region of the OVX group showed small, thin, and sparse
morphology compared with that of the SHAM group, but rats that
were given zoledronic acid intra-peritoneally showed a greatly improved trabecular bone structure, with increasing volume and connectivity of the trabeculae (Fig. 6(a)). Compared with the OVX group, the
OVX-ZD2-ORAL group also demonstrated thicker and denser
microarchitecture in cancellous bone than bones from the OVX or
OVX-ZOL-ORAL group, consistent with the μCT images and quantitative
data on trabecular bone area. From the osteoclast parameters
determined by histomorphometric analysis, the OVX-ZOL-IP and OVXZD2-ORAL group showed 60% and 47% lower osteoclast number on trabecular bone surfaces than the OVX control group (16.08 ± 6.83/mm,
p b 0.05), respectively (Fig. 6(b)).
4. Discussion
In this study, we assessed the possibility of changing the route of
administration of zoledronic acid to an oral dosage form and its

therapeutic efﬁcacy in an estrogen-deﬁcient osteoporosis rat model.
The modiﬁcation of zoledronic acid with Lys-DCOA resulted in successful oral absorption and indicated sufﬁcient therapeutic effect in the
osteoporosis model.
Zoledronic acid is usually administered at a dose of 4 mg IV over
N15 min every 3 or 4 weeks for the treatment of hypercalcemia of malignancy, multiple myeloma, and metastatic bone lesions of solid tumors, or a 5 mg infusion once per year for the treatment or prevention
of osteoporosis (Li and Davis, 2003). Increasing the dose interval can reduce discomfort but also induces other problems, such as the inability to
withdraw or halt the effects of the infused drug due to side effects (Nam
et al., 2012). Additionally, too rapid injection of a bisphosphonate can
cause complex formation with calcium in the blood, which can then
lead to renal failure by being retained in the kidney. Renal deterioration
and hypocalcemia, hypophosphatemia, and hypomagnesemia are uncommon but can be issues with zoledronic acid (Bonomi et al., 2010;
Perazella and Markowitz, 2008; Rosen et al., 2003). Considering the
side effects of the infused drug, oral delivery of zoledronic acid may be
beneﬁcial for patients, especially those who need a long-term and
chronic care regimen to prevent bone metastasis and osteoporosis.
As mentioned, the major impediment to the successful oral delivery
of zoledronic acid is its poor lipophilicity and intestinal membrane permeability, similar to other bisphosphonates. Thus, bisphosphonates
should be transported though the epithelial layer via a paracellular
pathway. However, all bisphosphonates are expected to be completely
ionized and would be negatively charged at physiological pH (6–8) in
the small intestine, which further disrupts paracellular transport

Fig. 4. Representative 2D and 3D images of the distal tibia of SHAM, OVX, OVX-ZOL-IP, OVX-ZOL-ORAL, and OVX-ZD2-ORAL-treated rats (n = 8 for each group) at 12 weeks after treatment.
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Fig. 5. Bone mechanical properties of tibiae from rats that were either sham-operated
(SHAM) or ovariectomized (OVX) and treated with once-weekly intraperitoneal injection
of 1.6 μg/kg zoledronic acid (OVX-ZOL-IP), or once-weekly oral administration of 16 μg/kg
zoledronic acid (OVX-ZOL-ORAL) or zoledronic acid/Lys-DOCA (1:2) (ZD2) complex
as 16 μg/kg zoledronic acid (OVX-ZD2-ORAL) for 12 weeks; ultimate load at failure
(Fmax , a) and stiffness (b) are shown. Data are presented as mean ± standard deviation (n = 8, each). ap b 0.05 compared with the OVX group; bp b 0.01 compared with
the OVX group; cp b 0.001 compared with the OVX group; dp b 0.05 compared with
the OVX-ZOL-ORAL group; e p b 0.01 compared with the OVX-ZOL-ORAL group;
f
p b 0.001 compared with the OVX-ZOL-ORAL group. Statistics: two-way ANOVA
followed by Tukey's multiple comparison tests.

because the brush-border membrane also has a negative charge
(Boulenc et al., 1993; Ruifrok and Mol, 1983). Moreover, complex formation with divalent cations in the GI tract can also cause poor absorption (Gertz et al., 1993). To address these limitations, we conjugated
Lys-DOCA ionically to the zoledronic acid molecule as an oral absorption
enhancer. The ZD complex displayed signiﬁcantly increased oral bioavailability compared with pure zoledronic acid.
Several modes of action can be suggested for the improvement of
polar and hydrophilic active molecule permeation in the presence of
Lys-DOCA. First, the DOCA molecule complex with zoledronic acid is
formed by ion pairing, thus improving the hydrophilic-lipophilic balance and improving absorption (Hofmann and Mysels, 1988; Miller
et al., 2010; Samiei et al., 2014). In this study, the solubility of ZD2 in
PBS at pH 6.8 was about 9.5-fold lower than that of zoledronic acid,
but its partition coefﬁcient was signiﬁcantly increased. In previous studies, the amorphous solid dispersion of a poorly water soluble drug has
resulted in an increase in the apparent solubility without a decrease in
the apparent permeability, leading to successful oral absorption

(Dahan et al., 2013; Frank et al., 2012, 2014; Miller et al., 2012)In the
same way, the lipophilic property and membrane permeability of zoledronic acid can be enhanced by ion pairing with the hydrophobic DOCA
molecule, but the solubility–permeability trade-off does not exist because the zoledronic acid in the complex is present in an amorphous
form. Second, changes in mucosal barrier properties, mucus rheology,
and membrane ﬂuidity lead to increased diffusion and absorption of zoledronic acid molecule through the membrane because the conjugated
DOCA consists of a hydrophobic β-side and a hydrophilic α-side and
can act as a surfactant (Aungst, 2000). For these reasons, the in vitro
permeability of zoledronic acid through an artiﬁcial intestinal membrane or a Caco-2 cell monolayer was signiﬁcantly improved and the
permeability value was increased as the conjugation ratio of Lys-DOCA
increased. In addition, the DOCA molecule in the complex might interact
with bile acid transporters and act as an adhesive for drug molecules,
resulting in an increasing concentration gradient across the membrane
(Jeon et al., 2013; Park and Byun, 2014). For these reasons, the ZD
complex may show considerably higher intestinal absorption than zoledronic acid; the ZD2 complex had 13.6-fold higher oral bioavailability
than zoledronic acid.
Next, we studied whether the oral ZD2 complex had pharmaceutical
efﬁcacy in osteoporosis rats in comparison with intra-peritoneal injection of zoledronic acid. The osteoporosis rat model was induced by
overiectomy and we then administered zoledronic acid or ZD2 complex
once weekly for 12 weeks. The results demonstrated that the BMD in
the tibiae and trabecular bone density of tibial bone in OVX rats treated
with oral ZD2 complex were improved signiﬁcantly, compared with the
OVX group, and comparable with those given zoledronic acid intraperitoneally. In the microarchitecture of distal tibia trabecular bone using
μCT analysis, all parameters, such as BV/TV, BS/BV, Tb/N, and Th.Sp, indicated that the oral ZD2 complex improved bone quality by increasing
the volume and connectivity of the trabecular. In particular, the BMD
in the tibiae, density of the tibial bone, and trabecular bone morphology
and microarchitectural parameters in OVX rats treated with oral ZD2
complex were improved signiﬁcantly compared with weekly oral
administration of free zoledronic acid. Thus, zoledronic acid can be
absorbed effectively through the intestinal membrane and exhibit
anti-osteoporotic effects by conjugation with Lys-DOCA. However, unlike the other parameters, Tb.Th appeared to be lower in the zoledronic
acid and ZD2-treated groups versus the OVX and SHAM groups. Previous studies indicated that lower Tb.Th occurred in the active remodeling
process, characterized by increased trabecular numbers and reduced
trabecular thickness in the presence of a ﬁner network of more trabeculae (Nam et al., 2012; Sims et al., 2003). Moreover, the ZD2 complex
exerted a protective effect on the mechanical properties of bone after
ovariectomy, probably due to the improved quality of the material
properties of the bone tissue, such as the network of collagen ﬁbrils,
and increase in density of the cortical bone.
In the present study, we administered zoledronic acid or the ZD2
complex 2 weeks after ovariectomy to evaluate their anti-osteoporosis
effects. In previous in vivo μCT studies, major changes in the proximal
tibia of OVX rats were observed within the ﬁrst three months, especially
in the second week postovariectomy, suggesting that anti-resorptive
treatment of OVX rats in this early time window is able to preserve
the existing architecture after the initiation of estrogen deﬁciency as
well as effectively recover bone mass (Boyd et al., 2006; Brouwers
et al., 2008; Campbell et al., 2008; Laib et al., 2001). In addition, this
early time point could be analogous to a time window of initiation of
anti-resorptive treatment in humans after the onset of menopause
(Lane et al., 1999). For these reasons, our results demonstrated not
only preventative effects against osteoporosis but also new bone formation in the zoledronic acid injection and oral ZD2 treatment groups. The
accumulation of a dense layer of cancellous bone beneath the growth
plate was visible at week 14, reﬂecting the pharmacodynamic effects
of zoledronic acid treatment on longitudinal growth during the experiment. However, there are some differences in the results of treatment
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Fig. 6. Representative longitudinal cross-sectional images of proximal rat tibia taken 12 weeks after treatment (n = 8 for each group). (a) Staining with hematoxylin and eosin (H&E), scale
bar = 200 μm. (b) Staining with tartrate-resistant acid phosphatase (TRAP). Arrows indicate TRAP-positive osteoclasts. Scale bars of upper and lower images represent 2 mm and 200 μm,
respectively.

reported by Perilli et al., 2010, with zoledronic acid injected 2 weeks
after ovariectomy. In that study, the bone volume fraction in the proximal tibia was approximately 577% higher than that of the OVX group
and allowed the bone to be fully restored to initial values and maintained at SHAM control values at 12 weeks after treatment with zoledronic acid. However, in this study, the ovariectomized rats injected with
zoledronic acid showed a signiﬁcantly lower bone volume fraction in
the proximal tibia than the SHAM control values at week 12 (initiation
of treatment), corresponding to partial bone recovery. This difference
might be because a more severe estrogen-deﬁcient osteoporosis was induced at 2 weeks after ovariectomy in comparison with the previous
study, suggesting a relatively later initiation of zoledronic acid administration. We also collected the data in a single study on anti-osteoporosis
effects in OVX rats, which might represent inconsistent results.
In this study, the ZD2 complex clearly showed better antiosteoporotic efﬁcacy than zoledronic acid following oral administration; however, the OVX-ZOL-IP group still showed greater improvements in all morphological parameters than the OVX-ZD2-ORAL
group. Thus, further studies are needed to determine the most appropriate oral dose regimens for the ZD2 complex corresponding to the conventional injectable form, which is expected to improve patient
compliance and therapeutic efﬁcacy as well as expand drug indications,
such as the prevention of osteoporosis and bone metastases.
5. Conclusions
Ionic complexation of Lys-DOCA enhanced the lipophilicity of zoledronic acid; this is a key feature for increasing drug permeability across

the intestinal membrane. This facilitated active absorption of the ZD2
complex and displayed signiﬁcantly higher permeability through the artiﬁcial intestinal membrane and Caco-2 cell monolayer compared with
pure zoledronic acid, which resulted in a 13.6-fold increase in the oral
bioavailability of zoledronic acid. Furthermore, the OVX rats treated
orally with ZD2 complex showed inhibition of osteoporosis progression
and the loss of trabecular microarchitectural parameters in the distal
tibia, indicating that the orally absorbed ZD2 complex promoted osteogenesis, thickened trabecular bone, and strengthened trabecular connectivity. Thus, the oral dosage form containing ZD2 complex is
expected to improve patient compliance and therapeutic efﬁcacy,
replacing the conventional injectable form.
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