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Abstract⎯Chitosan-covered calcium phosphate nanoparticles with the mean dynamic radii of 30 to 130 nm
and ζ-potential of +22 ± 4 mV containing timolol and lisinopril are prepared and characterized. These par-
ticles are formed by the amorphous phase represented by amorphous calcium phosphate Cax(PO4)y · zH2O
and the crystalline phase represented by hydrated calcium hydrophoshate (brushite) CaHPO4 · 2H2O. The
experiments in vivo demonstrated that the inclusion of timolol into calcium phosphate particles covered with
chitosan substantially prolonged its effect on the intraocular pressure.
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The bioavailability of drugs to the anterior chamber
of the eye administered by topical instillations is only
1–5% [1]. Therefore, increasing the penetration of
ophthalmic drugs into the internal eye by enhancing
their corneal permeation and sustained action is an
urgent task in ophthalmology. For this purpose, drug
delivery systems with cyclodextrins [2] and promoters
(capric acid) [3], as well as the inclusion of drugs in
mucoadhesive polymer gels [4], liposomes [5], hybrid
vesicles based on surfactants, oils or lecithin [6, 7], and
drug inclusion in nanoparticles [8–10], have been
proposed.

Among nanoparticles the focus is on calcium phos-
phate particles (CaPh-particles) since they have unde-
niable benefits over other organic and inorganic carri-
ers: complete biocompatibility, nontoxicity, nonim-
munogenicity, and easy preparation in an aqueous
medium in a neutral pH [11]. Furthermore, calcium
ions and phosphate ions belong to the structural com-
ponents of the human body.

At present, CaPh-particles are potentially useful in
medicine for the transfection of cells [12–14], elabo-
ration of effective vaccines [15], and inclusion of pho-
tosensitizers for photoxicity therapy against malignant
cells [16]. CaPh-particles can also be used as vehicles
for delivering medications. The preparation of cellobi-
ose-coated CaPh-particles containing dopamine

receptor antagonists [17], β-blocker timolol [18], an
angiotensin-converting enzyme inhibitor (lisinopril)
[19], and an antioxidant enzyme (superoxide dis-
mutase, EC 1.15.1.1) [20] has been described. In in
vivo tests, these drugs were more effective in decreas-
ing intraocular pressure (IOP) and reducing inflam-
mation of the eye than their aqueous forms. However,
cellobiose-coated particles had a negative surface
charge, which complicated their penetration through
the negatively charged mucin layer of the tear film
[21]. It is assumed that the action of drugs in these sys-
tems can be enhanced using particles with a positive
ζ-potential.

A positively charged biocompatible and biodegrad-
able biopolymer chitosan can be used as a coating
agent for CaPh-particles. In addition, the body
absorbs chitosan degradation products such as glucos-
amine or N-acetylglucosamine [22]. Chitosan has
mucoadhesive properties and the ability to enhance the
penetration of large molecules through the mucous sur-
faces [23]. Furthermore, chitosan nanoparticles can
overcome physiological barriers, including the corneal
barrier [24]. A chitosan coating on particles broadens
the potential of using these particles in ophthalmology
[25–27].

The purpose of this study is to prepare and charac-
terize chitosan-coated CaPh-particles loaded with
ophthalmic drugs that reduce IOP (the β-blocker tim-
olol and angiotensin-converting enzyme (EC 3.4.15.1)

Abbreviations: calcium phosphate nanoparticles (CaPh-particles),
intraocular pressure (IOP), tripolyphosphate (TPP).
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inhibitor lisinopril), and evaluate the efficacy of timo-
lol-loaded particles in tests in vivo.

MATERIALS AND METHODS
Dietary chitosan (OOO Bioprogress, Russia) was

used. The degree of chitosan deacetylation was
assessed by conductometric titration [28]. The average
viscosity molecular weight was estimated by the visco-
simetry technique [29]. The viscosity of chitosan solu-
tions was measured using an Ubbelohde type viscom-
eter with a capillary diameter of 0.5 mm at 30°C. The
solvent was a solution containing acetic acid and
sodium acetate at concentrations of 0.2 and 0.1 M,
respectively.

CaPh-particles were prepared according to the
technique [18] using equimolar amounts of Na2HPO4
and CaCl2 (12.5 mM), at pH 6.8 and +4°C.

Timolol ((S)-1-(tert-butylamino)-3-[(4-morpholin-
4-yl-1,2,5-thiadiazol-3-yl)oxy]propan-2-ol; Diafarm,
Russia) and lisinopril ([N2-[(1S)-1-carboxy-3-phenyl-
propyl]-L-lysyl-L-proline; Sigma, United States)
were incorporated during the preparation of the
CaPh-particles, followed by a chitosan coating. For
this, the required amount of the drug was added to the
original solution of Na2HPO4 and sodium citrate
(pH 6.8) to reach a certain final concentration (1% lis-
inopril or 0.5% timolol).

To coat the particles with chitosan, an aqueous chi-
tosan solution of 1 mg/mL was added to the initial sus-
pension containing CaPh-particles at room tempera-
ture under constant vigorous stirring at the volume
ratio between the initial suspension and chitosan solu-
tion of 2 : 1. Afterwards, 1 mg/mL of an aqueous solu-
tion of sodium tripolyphosphate (TPP) manufactured
by Acros (United States) was added by drops, with the
chitosan-to-TPP mass ratios ranging from 1 : 1 to 1 : 0.09.
The chitosan solution was preliminarily passed through a
Millipore filter with a pore diameter of 0.45 μm, and a
TPP solution was passed via a 0.2 μm pore filter. After
the addition of TPP, the mixture was left to stir over-
night at room temperature.

The phase composition of the CaPh-particles was
analyzed by spectral X-ray microanalysis. For this,
20 mL of the particle suspension was rinsed several
times from the excess salts by filtration on Microcon-
30 kDa filters followed by dilution with 0.1 M NaCl and
particle lyophilization. The specimens were placed in a
vacuum chamber of the LEO Supra scanning electron
microscope (Carl Zeiss, Germany) equipped with an
X-Max energy dispersive X-ray spectrometer (Oxford
Instruments, United Kingdom) and irradiated with a
focused electron beam with an energy of at least 20 keV.

The size and surface charge (ζ-potential) of the
particles were measured by a dynamic light scattering
technique using the Zetasizer Nano ZS multitasking
instrument (Malvern Instrument, United Kingdom)
in specialized cuvettes at a cell temperature of 25°C.
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Before the analysis, the particle suspension was fil-
tered through Millipore filters with a pore diameter of
0.45 μm. A nonfiltered sample was also analyzed. The
results were processed using Zetasizer v. 7.03 (esti-
mated using instrumental data and statistical analysis).

The efficacy of including lisinopril and timolol in
CaPh-particles was evaluated as follows. The lisinopril
and timolol-loaded particles were concentrated from a
solution by filtration using a Microcon-centrifugal fil-
ter with a membrane of 30 kDa by centrifugation at
9000 g for 5 min. The amount of unbound drugs to the
particles in solution passed through the membrane was
assessed. The concentration of timolol was measured
from the optical density of its solutions at λ = 295 nm.
The molar absorptivity of timolol equal to ε295 =
6300 M–1 cm–1 was estimated in an independent assay.
The concentration of lisinopril was assayed using the
procedure [30] based on the reaction of the interaction
of the free amino group of the inhibitor with ortho-
phthalaldehyde and N-acetyl-L-cysteine with the for-
mation of a chromophore compound with the maximum
absorption at a wavelength of 340 nm. The molar absorp-
tivity of chromophore was estimated in an independent
assay and was found to be ε340 = 6650 M–1 cm–1. All
measurements were performed using the Tecan
Infinite M200 microplate reader (Switzerland).

The times of lisinopril and timolol desorption from
the particles was estimated in vitro as follows. Each of
six Microcon-30 kDa membranes were loaded with
0.5 mL of a CaPh-particle suspension in a 0.15 M
NaCl solution and the particles were precipitated by
centrifugation at 9000 g for 5 min. Afterwards, the vol-
ume was simultaneously brought to the initial volume
(0.5 mL) using a 0.15 M NaCl solution; the suspen-
sions were incubated for various time periods ranging
from 5 to 60 min at room temperature, and each solution
was then recentrifuged. The amount of the desorbed drug
was assessed in filtrates, as indicated above.

The stability of the particles was evaluated from the
lack of changes in their size and surface charge during
storage in a physiological saline solution (4°C), in a
freeze-dried state, and when concentrated on filters.

For the experiments in vivo, the prepared chitosan-
coated timolol-loaded CaPh-particles were concen-
trated by 10 times using Microcon-30 kDa filter mem-
branes. The efficacy of the physiological action of tim-
olol in the particles was compared with the efficacy of
the timolol solution in a 0.15 M NaCl solution. The
values of the changes in the intraocular pressure (IOP)
and duration of the drugs’ action on healthy Chin-
chilla rabbits weighing 2–2.5 kg were estimated. The
animals were divided into two groups of three rabbits
(six eyes in each group). The experimental group
received single instillations of 30 μL of 0.5% timolol
included in the chitosan CaPh-particles in each eye;
the control animals received single instillations of
30 μL of 0.5% timolol in a physiological saline solution
in each eye. IOP was measured using Maklakov’s stan-
ITY CHEMISTRY BULLETIN  Vol. 73  No. 2  2018
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Table 1. Effects of chitosan-to-TPP mass ratio on charac-
teristics of CaPh-particles

Chitosan-to-TPP ratio r, nm ζ, mV

1 : 1 >1000 –
1 : 0.25 >1000 –
1 : 0.14 70 ± 40 +22 ± 4
1 : 0.09 44 ± 15 –6 ± 4

Without TPP 40 ± 15 –6 ± 4

Fig. 1. Scanning electron microscopy images with different
resolutions (regions in frames were assessed by X-ray spec-
tral microanalysis).

Spectrum 3

Spectrum 1

Spectrum 2

Spectrum 4Spectrum 5

100 μm100 μm100 μm

Fig. 2. Distribution of chitosan-coated and cellobiose-
coated CaPh-particles according to particle size based on
dynamic light scattering ((1) chitosan CaPh-particles,
0.45 μm filter; (2) chitosan CaPh-particles, nonfiltered
sample; (3) cellobiose CaPh-particles, nonfiltered sample).
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dard technique (with a Maklakov tonometer) after a pre-
liminary two-fold instillation of a 0.4% inocaine local
anesthetic solution. IOP was measured in all rabbits
daily for two weeks before the experiment for the ani-
mals to get used to the procedure and to measure the
range of normal IOP values. The significance of the
results was assessed using the Mann–Whitney U-test.

RESULTS AND DISCUSSION
CaPh-particles incorporating timolol and lisino-

pril but without a chitosan coating carry a negative
ζ-potential of –7 mV. A particle coating with cationic
chitosan is achieved by ionic gelation using oppositely
charged macromolecules, for example, the TPP cross-
linking anionic agent [31]. In each case, the chitosan-
to-TPP mass ratio is adjusted based on the type and
characteristics of chitosan, since this ratio influences
both the ζ-potential and the size of the chitosan/TPP
nanoparticles.

The average viscosity molecular weight (85 kDa)
and the degree of deacetylation (89%) were measured
for dietary chitosan. The effects of the chitosan-to-
TPP mass ratio (1 : 1 to 1 : 0.09) at a fixed concentra-
tion of salts on the characteristics of the fabricated
nanoparticles are presented in Table 1. It is seen that
the ζ-potential values are negative when TPP is absent
or low and particle aggregation occurs when TPP is
in excess. Therefore, the optimal chitosan-to-TPP mass
ratio was chosen for further study equal to 1 : 0.14, which
facilitated the formation of particles with a positive
ζ-potential of +22 mV.

The phase composition of the CaPh-particles was
analyzed by spectral X-ray microanalysis. Prior to the
microanalysis, scanning electron microscopy images
were produced and some areas of these images were
subjected to spectral analysis (Fig. 1). An analysis of
the data revealed that the CaPh-particles were formed
by the amorphous phase with a Ca : P ratio of approx-
imately 1.3 ± 0.1 represented by amorphous calcium
phosphate Cax(PO4)y · zH2O and the crystalline phase
with a Ca : P ratio of ~1 represented by hydrated cal-
cium hydrophoshate (brushite, CaHPO4 · 2H2O).

The particle size was analyzed by dynamic light
scattering for the solutions of unfiltered particles and
the solutions filtered through 0.45 μm filters (Fig. 2).
It was found that nanoparticles (30–130 nm) are
mostly formed with a chitosan coating, while particles
with a larger radius of up to 230 nm were formed when
the CaPh-particles were coated with cellobiose in a
previous paper [19].

The β-blocker timolol (316 Da) and angiotensin-
converting enzyme inhibitor lisinopril (405 Da, which
also reduces IOP), which are widely used ophthalmic
drugs, were incorporated in the CaPh-particles [32].
As shown, the incorporation of drugs did not change
the size and very weakly changed the ζ-potential of the
particles. The efficacy of including lisinopril in the
MOSCOW UNIVERSITY CHEMISTRY BULLETIN  Vol.
CaPh-particles was 7.5 times higher than that of
including timolol (Table 2), which indicates a greater
affinity of lisinopril for the CaPh-particles. A higher
(2-fold) efficacy of including lisinopril rather than
timolol was also observed in a previous paper [19],
 73  No. 2  2018
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Table 2. Characteristics of chitosan-coated CaPh-particles with incorporated drugs

CaPh-particle r, nm ζ, mV Drug inclusion, %

CaPh-Chitosan/TPP 70 ± 40 +22 ± 4 –
CaPh/Lisinopril-Chitosan/TPP 65 ± 40 +17 ± 4 75 ± 9
CaPh/Timolol-Chitosan/TPP 70 ± 40 +16 ± 4 10 ± 4
when lisinopril and timolol were incorporated in cel-
lobiose-coated CaPh-particles.

The size and ζ-potential of the chitosan-coated
CaPh-particles with the inclusion of timolol and lisin-
opril did not change when stored in a solution at 4°C
or in a freeze-died state at –20°C for at least 3 months.
In addition, the particles remained stable when con-
centrated by 20 times.

The desorption time of the incorporated drugs
from the nanoparticles after placing the particles into
a fresh salt solution was assessed; almost complete
(~90%) desorption was observed within a short period of
time (about 30 min for lisinopril and 5 min for timolol).

The slower release of lisinopril compared to timolol
can indicate that lisinopril was bound more strongly to
the CaPh-particles. In addition, the anionic carboxyl
groups of lisinopril can interact with the cationic
amino groups of chitosan, whereas timolol cannot be
involved in such interactions.

The penetration of medications incorporated in the
nanoparticles into the internal ocular structures, the
efficacy and duration of the action of the drugs can be
objectively assessed in the in vivo tests by including
IOP-lowering drugs in the particles. IOP can be
repeatedly measured in the same animal over the
required time periods allowing for the quantitative
MOSCOW UNIVERS

Fig. 3. Average change in IOP after single instillation of timolol incl
ous solution (control). Asterisk indicates significant differences (р
(2) timolol in solution).
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evaluation of the dynamics of the hypotensive effect.
The optimal glaucoma model cannot be reproduced in
animals and the available models of ocular hyperten-
sion do not reflect the processes occurring in glau-
coma. Therefore, ocular normotensive rabbits are
used to assess the ocular hypotensive effects of various
drugs as the physiological actions of hypotensive drugs
on normotensive rabbits are more reflective of the
ocular hypotensive drug action on patients with glau-
coma [33].

We used chitosan-coated CaPh-particles contain-
ing timolol for experiments in vivo. Figure 3 illustrates
the reduction of IOP after the instillation of a timolol
solution and suspended chitosan CaPh-particles con-
taining timolol in the eyes of rabbits. A slower reduc-
tion of IOP under the action of timolol included in the
particles than under the action of a timolol solution
was observed. This can be associated with the potent
mucoadhesive characteristics of chitosan suggesting
an increased retention time over the ocular mucosa
after instillation [23]. When added by drops, the parti-
cles interact with the conjunctival mucosa and
a mucin layer of the tear film, where the chitosan coat-
ing can help retain particles, leading to slower
drug absorption into the internal ocular structures.
However, the IOP level was similar 4–5 h after the
administration of drugs. Most importantly, the inclu-
ITY CHEMISTRY BULLETIN  Vol. 73  No. 2  2018
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sion of timolol into the CaPh-particles resulted in a sig-
nificantly prolonged reduction of IOP. After instillation
of an aqueous timolol solution, the IOP almost returned
to the initial levels in 6 h, whereas timolol instilled inside
the particles was associated with a significant reduction
of the IOP for at least 8 h (p < 0.01) (Fig. 3). It is sug-
gested that chitosan-coated CaPh-particles carrying tim-
olol have longer retention times on the eye surface com-
pared to low molecular weight timolol. This results in
extended periods of drug release from the particles into
the internal ocular structures maintaining effective ther-
apeutic concentrations of timolol to reduce the IOP. The
IOP level returned to its initial level 24 h after the instilla-
tion of timolol included in the chitosan-coated CaPh-
particles. Note that the inclusion of timolol in cellobiose-
coated CaPh-particles instead of chitosan-coated
nanoparticles did not prolong the drug action [18].
Therefore, despite the low percentage of timolol included
in the CaPh-particles covered with chitosan and the
rapid release of the drug in vitro, this approach yields a
significant positive effect on the IOP reduction in vivo.

In this paper, chitosan-coated CaPh-particles con-
taining low molecular weight drugs have been pre-
pared and characterized. The use of chitosan as a coat-
ing agent significantly extends the hypotensive action
of timolol included in the CaPh-particles versus the
actions of timolol in an aqueous solution and when
included in cellobiose-coated CaPh-particles. Thus,
the high level of efficacy of chitosan-coated CaPh-
particles as vehicles for delivering drugs into the inter-
nal ocular media can help reduce doses and lower the
frequency of drug administration.
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