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Abstract
Purpose  Topical eye drops are common for treating eye diseases, often requiring multiple daily doses. Silica Matrix technol-
ogy enables drug delivery systems that release drugs over time. This study aimed to develop and characterize a silica-based 
eye drop, as well as a 14-day tolerance and toxicity assessment to evaluate its potential as a drug carrier in ophthalmology.
Methods  Silica Eye Drop is a silica-based composite containing silica microparticles, made via sol-gel chemistry and spray 
drying, along with silica hydrogel. The product was terminally sterilised by gamma irradiation and characterised by particle 
size, silica content, in vitro dissolution time, droplet size, applicability, endotoxin content, sterility, and short-term stability. 
Four New Zealand rabbits received one drop daily in one eye’s conjunctival sac for 14 days, while the other eye served as a 
control. During the study, eye conditions, blood chemistry, and postmortem histology were monitored.
Results  The final formulation contained 23% (w/w) silica microparticles (average diameter 3.21 μm) and 77% (w/w) silica 
hydrogel, with 18.2 wt% silica, dissolving in 24 h. The average droplet volume was 31.3 ± 4.4 µl, easily dispensed manu-
ally from a single-dose unit with acceptable size variability. A 2-month stability study showed no major changes in product 
properties. Finally, in the rabbit toxicity study, both the treated and untreated eyes showed similar tolerability levels.
Conclusions  The Silica Eye Drop was successfully developed and manufactured. Easy to use with consistent quality, it dem-
onstrated the safety and potential of silica platform technology for a carrier material in topical ophthalmic products.
~ 100 Word Summary  In this study, a novel silica-based eye drop formulation was described and evaluated. Silica micropar-
ticles were synthesised and incorporated through a Fill and Finish process, followed by sterilization and characterization 
for particle size, silica content, dissolution, droplet size, microbiological purity, and short-term stability. In vivo tolerability 
was assessed in four New Zealand rabbits over 14 days with daily administration. The optimised formulation contained 23% 
(w/w) silica microparticles and 77% (w/w) silica hydrogel (18.2 wt% silica). Microparticles (D50 = 3.21 μm) fully dissolved 
within 24 h. No adverse ocular effects occurred, confirming excellent safety, stability, and therapeutic potential.
25–30 Word Teaser  A novel Silica Eye Drop formulation was developed, showing full dissolution in 24 h and good toler-
ability in rabbits, highlighting its promise for future ocular therapies.

Keywords  Silica hydrogel · GLP study · Eye drops · Silica matrix · Tolerability · Ophthalmology
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Abbreviations
API	� Active Pharmaceutical Ingredient
DMSO	� Dimethyl Sulfoxide
EMA	� European Medicines Agency
GLP	� Good Laboratory Practice
HCl	� Hydrochloric Acid
HS GCFID	� Headspace Gas Chromatography Flame 

Ionization Detector
ICH	� International Council for Harmonisation
IOP	� Intraocular Pressure
IPA	� Isopropyl Alcohol
NZW	� New Zealand White (rabbit)
NaOH	� Sodium Hydroxide
OECD	� Organisation for Economic Co operation and 

Development
Ph Eur	� European Pharmacopoeia
PSD	� Particle Size Distribution
RH	� Relative Humidity
Rpm	� Revolutions per Minute
SAL	� Sterility Assurance Level
SDR	� Spray Dried Residue
SDU	� Single Dose Unit
Si	� Silicon
SiA	� Silicic Acid
SiO2	� Silicon Dioxide
TEOS	� Tetraethyl Orthosilicate
TRIS	� Tris(hydroxymethyl)aminomethane
VDmax	� Maximum Validated Dose
w/w	� Weight per Weight
wt%	� Weight%

Introduction

Eye drops are non-invasive medications used to treat eye 
diseases. In ophthalmology, topical medications usually 
need to be administered multiple times daily, often several 
times to keep a consistent level in the eye tissues [1]. For 
instance, antibiotics for keratitis, steroids for ocular inflam-
mations, or moisturizing drops for dry eye syndrome may 
be applied up to 6 times daily. This requirement results from 
the limited residence time of the drug on the ocular surface 
following application, which can challenge patient adher-
ence to treatment regimens [2]. The conjunctival sac natu-
rally holds a limited volume of about 30 µl (non-blinking 
state) [3]. This small capacity, coupled with the eye’s pro-
tective mechanisms, decreases ocular bioavailability and 
increases the need for frequent dosing. Understanding this 
dynamic is crucial for optimizing treatment outcomes and 
ensuring that medications are effective. Maintaining drug 
presence at the site of action for an extended period is neces-
sary, as this can contribute to reduced application frequency, 

lowered dosage, increased absorption, improved drug effi-
cacy, and patient compliance. To enhance ocular bioavail-
ability, innovative drug delivery systems, including inserts, 
contact lenses, mucoadhesives, collagen shields, and pene-
tration enhancers, have been developed [4, 5]. Additionally, 
vesicular systems like liposomes, niosomes, and nanopar-
ticles, along with in situ forming gels, significantly improve 
ocular therapy outcomes [6–9].

 Silica (silicon dioxide, SiO2) gel matrices have been 
investigated as carrier materials for controlled and sustained 
delivery of active substances [10–14]. The adjustable bio-
degradation rate of silica and its nanosized pore structure, 
combined with mild and aqueous processing conditions 
of silica gel, make it an ideal material for controlled drug 
delivery. Its potential applications in ophthalmology open 
new possibilities for enhancing patient care. Silica matrix 
is a synthetic inorganic biodegradable polymer made from 
amorphous silicon dioxide, produced through a chemical 
process known as the sol-gel process. Silica microparticles 
are produced by spray drying of the silica sol and then mixed 
with another dilute aqueous silica sol (i.e. silica hydrogel) to 
produce a viscous silica composite structure. An active sub-
stance can be encapsulated in the silica microparticles upon 
spray drying. In contact with body fluids, the silica compos-
ite material dissolves over time, and the embedded active 
substance is released concomitantly under the control of 
silica dissolution. The dissolution of the Silica Matrix takes 
place mainly through a surface erosion mechanism [15]. 
Eroded silica is freely dispersed in tissue and excreted via 
urine in the form of a very weak inorganic acid, silicic acid. 
The biodegradation process does not change the pH within 
the silica gel nor in the surrounding tissue. The manufactur-
ing process can be adjusted to vary the number of hydroxyl 
groups and the specific surface area of silica matrix, thereby 
influencing the rate of silica biodegradation and the release 
rate of the active substance [16–18].

 Previously, silicon-based topical ophthalmic formula-
tions have been developed for ocular drug delivery. In prin-
ciple, these formulations consisted either of mesoporous 
silica nanoparticles or silicon hybrid nanoparticles with var-
ious functional chemical groups or decorations [19, 20]. In 
both types of formulations, there are the major differences to 
the Silica Matrix technology described in the current study 
such as silica particle size (nanoparticles vs. micropar-
ticles), very different manufacturing chemistries and form 
giving processes for the particles, use of organic solvents 
(multiple organic solvents vs. none), industrial scalability of 
the manufacturing processes, and, finally, the actual formu-
lation (nanoparticles in a solution vs. 3-dimensional silica-
silica composite structure made of silica microparticles and 
highly aqueous silica hydrogel). Nevertheless, silicon-based 
drug delivery systems have demonstrated that various active 
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substances for treating ocular diseases can be incorporated 
into the topical carrier material, such as agents that lower 
eye pressure and inhibit neovascularization [20–22].

The aim of this study was to develop a Silica Eye Drop 
formulation and characterise it as a promising drug carrier 
platform for the treatment of eye diseases. A 14-day topical 
ocular tolerance and toxicity study was run with Silica Eye 
Drop in rabbits. Silica composite material is a new excipient 
for eye drops, and its ocular tolerance and safety have not 
been previously demonstrated.

Materials and methods

Reagents

Reagent-grade (98%) tetraethyl orthosilicate (TEOS) and L 
(+)-tartaric acid were purchased from Aldrich Sigma. 0.1 M 
HCl and 0.1 M NaOH solutions were obtained from Merck. 
Silica standard solution (1000 µg/ml Si in H2O), isopropa-
nol (IPA), and sodium peroxide pellets were sourced from 
VWR Chemicals. Nitric acid (67–70%) and Dimethyl sulf-
oxide (DMSO), bioreagent grade, were supplied by Fisher 
Chemicals. 4-amino-3-hydroxy-1-naphthalene sulfonic 
acid was from Alfa Aesar. Sodium bisulfite was from Acros 
Organics. Ethanol (≥ 99.5%, ETAX Aa) was from Anora 
Group Oyj. Deionised water (18.2 MΩ.cm) was prepared 
in-house using a Millipore Milli-Q system. All other chemi-
cals and reagents used were of analytical grade and were 
used as received without further purification.

Materials

60-mL straight containers with screwed caps used in dis-
solution testing were purchased from Corning. The primary 
packaging materials for the eye drop were single-dose units 
(SDU) (Code/Ref: AA03898ABAAQ00C) produced by 
Lameplast Spa, Italy, while the secondary packaging was a 
LamiZip stand-up pouch (PET/LDPE/aluminum) purchased 
from DaklaPack.

Manufacture and Characterisation of Silica Eye Drop

Silica Eye Drop is a silica composite material that consists 
of silica microparticles embedded in silica hydrogel. Silica 
microparticles and hydrogel are used to control the dis-
solution rate and rheological properties, such as viscosity, 
of the composite. The silica microparticles can also act as 
a reservoir for an active pharmaceutical ingredient (API). 
However, in the current study, no active substance was 
incorporated into silica microparticles. The manufacturing 

of Silica Eye Drop is a three-step process, which includes 
the manufacturing of the silica microparticles, compound-
ing silica microparticles with dilute silica sol, and packaging 
into SDUs. The product was terminally sterilised by gamma 
irradiation. A flow scheme of the manufacturing process is 
shown in Fig. 1.

The process for manufacturing silica microparticles 
began with the hydrolysis of the silica precursor, TEOS, in 
water. The reaction was catalysed by 0.1 M HCl at pH 2, 
where TEOS was hydrolysed completely. The hydrolysed 
species form a nano-scale silica cluster-water suspen-
sion, known as silica sol. The silica sol was cooled down 
to 5–10  °C and diluted with ethanol. The pH of the sol 
was adjusted with 0.1 M NaOH solution to 5.8–6.2 before 
spray drying. The sol was pumped into a spray dryer 
(Mobile Minor, PSD 1 from GEA, Denmark) via a tube 
reactor and spray dried to form silica microparticles. The 
following spray drying parameters were used: Inlet tem-
perature 180 °C, process flow rate for nitrogen gas 80 kg/h 
(3  bar), atomization flow rate for nitrogen gas 12  kg/h 
(1.5 bar), and pump feed rate 35 g/min. Silica microparti-
cles were collected in a collection vessel of the pilot-scale 
spray dryer. Silica microparticles were manufactured in a 
class C clean room (EU-GMP certified facility). After the 
manufacture, silica microparticles were packed in a poly-
ethylene bag and an aluminum laminated bag as a second-
ary package. They were stored at 5 ± 3 °C prior to Fill and 
Finish manufacture.

The Fill and Finish process was performed in an ISO 8 
classified clean room. In this process, a diluted silica sol was 
prepared and mixed with silica microparticles to produce a 
suspension. The suspension was allowed to become a gel by 
stabilising at ambient temperature for a day. The eye drop 
is a continuous silica-silica composite gel material whereby 
the hydrogel plays an important role in preserving the rheo-
logical property and/or preventing sedimentation or phase 
separation of the silica microparticles. The pH of the sol 
was adjusted with 0.1 M NaOH solution to 6.0–6.5 prior to 
mixing with the silica microparticles. The suspension was 
transferred into pre-sealed SDUs by pipetting. The target 
filling volume was 0.8 ml per SDU, which represents a large 
overfill, as only one drop (0.03 ml) is used from each SDU. 
Each SDU was closed tightly with a Lameplast SDU cap. 
The filled and tightly closed SDUs were placed in a tube 
rotator to prevent particle sedimentation while the suspen-
sion contents were allowed to gel and stabilize at ambient 
temperature for approximately 24 h. The filled SDUs were 
labelled and packed in labeled resealable aluminum pouches 
(secondary package). After the Fill and Finish manufacture, 
the SDUs in secondary packages were stored at 5 ± 3 °C °C 
before sterilisation by gamma irradiation at 25 kGy.
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suspension was added dropwise, under stirring, to a cuvette 
containing about 50 ml of ethanol until an optical density of 
5% to 25% was achieved. The measurement was performed 
in triplicate.

In Vitro Dissolution Test

To establish the in vitro release kinetics of silica, a dissolu-
tion testing method with silica under sink conditions was 

Characterisation of Silica Eye Drop

Particle Size Analysis

Silica microparticles present in the eye drop were con-
trolled for their particle size distribution (PSD), which is 
determined using a validated laser diffraction method (Laser 
Helo Sympatec with cuvette and R3 lens). 20 mg of silica 
microparticles were suspended in 20  ml of ethanol. The 

Fig. 1  Flow charts for the manufacturing of Silica Eye Drop. The flow chart on the left illustrates the manufacture of silica microparticles by spray 
drying, while the flow chart on the right depicts the Fill and Finish of the final eye drop product
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ramp from 35 °C, 20 °C/min to 90 °C, 50 °C/min to 240 °C 
hold for 5 min and nitrogen constant gas flow at 1.5 ml/min. 
The inlet temperature was 220 °C, and the split ratio was 
1:50 with a 4  mm deactivated glass liner. The headspace 
temperature conditions were set as follows: oven at 80 °C, 
loop at 210 °C, and transfer line at 220 °C.

Endotoxin

An endotoxin test was conducted on the EndoSafe Nex-
Gen PTS device. This device performed endotoxin testing 
according to Ph. Eur. 2.4.16/USP < 85 > Method D chro-
mogenic technique. The Detection limit of the method was 
< 0.176 EU/mg.

Sterility

Sterility assurance level (SAL) of 10− 6 was demonstrated by 
sterilization dose substantiation (gamma irradiation) using 
the VDmax 25 kGy method in accordance with the require-
ments in ISO 11137-2 [24–26]. The maximum allowable 
dose was determined to be 35 kGy. The VDmax 25 kGy 
method was used to establish 25 kGy as the sterilisation 
dose for products manufactured frequently or infrequently 
in large or small batches. For the validation of a single lot 
or infrequent production batches, 10 products were tested 
for bioburden, and then a dose audit was performed on 10 
products irradiated at the verification dose. A SAL 10− 6 was 
demonstrated by experimental evidence that the product 
bioburden was less resistant than a Standard Distribution of 
Resistances (SDR) for which a SAL of 10− 6 was obtained 
at 25 kGy. The resistance to the sterilisation process was 
demonstrated by irradiation of the test items at a verification 
dose (VDmax) for which a SAL of 10− 1 was obtained for 
the SDR. A SAL of 10− 1 would result in 1 non-sterile sam-
ple per 10 items tested. Bioburden was determined using the 
validated most probable number method. The verification 
dose according to ISO 11137-2 was equal to 2.7 kGy. Steril-
ity testing by a validated direct inoculation method for 10 
test items irradiated at the verification dose was performed. 
A sterilisation dose of 25 kGy was established to obtain a 
SAL 10− 6 since there was not more than one positive test of 
sterility out of the ten product items tested.

Stability Study

A stability study was conducted with Silica Eye Drop to test 
stability during storage and the preclinical in-use phase. The 
purpose of stability studies was to provide information on 
changes in the quality of the product over time because of 
environmental factors such as temperature, humidity, and 
light on the product. The following analyses were performed 

used. Briefly, 25–35 mg of Silica Eye Drop were weighed 
into a dissolution vessel. 50 ml of dissolution buffer, 50 mM 
TRIS buffer (pH7.4 @37°C), was added, and the vessel was 
transferred to a shaking water bath at + 37 °C and 60 strokes 
per minute. At specified time points (1 h, 2 h, 3 h, 4 h, 5 h, 
6 h, 9 h, and 24 h), the sample was centrifuged at 4500 rpm 
for 5 min. Silica content in the supernatant was analysed 
while the pellets were resuspended in fresh 50 ml dissolu-
tion buffer. The dissolution vessel was returned to the water 
bath shaker (+ 37 °C and 60 rpm). The cycle continued until 
the final dissolution time point. The silica concentration in 
the dissolution samples was measured with a spectropho-
tometer (Jenway 630, Cole-Parmer Ltd, UK). The method 
involves derivatisation, whereby a blue colour complex is 
formed in a reaction containing ammonium molybdate in 
an acidic environment [23]. The intensity of the blue color 
was measured spectrophotometrically at a wavelength of 
820 nm and was directly proportional to the concentration 
of dissolved silica. Three parallel dissolution tests were car-
ried out per batch.

Silica Content Analysis

The total content of silica in the eye drop was determined 
by spectrophotometry. The aim of this experiment was to 
understand the eye drop composition, i.e., how much silica 
is present in the formulation. In addition, silica assay was 
used to calculate the cumulative release of silica from the 
in vitro dissolution experiments. A sample of Silica Eye 
Drop (20–30 mg) was dissolved in 50 ml of 2% NaOH at 
37 °C and 60 rpm for 3 days in a water shaking bath. After 
complete dissolution of the sample, the sample solution was 
diluted 100 times in water. The same spectrophotometric 
method used for analysing the dissolution samples was used 
for the determination of total silica content.

Ethanol Content Analysis

Silica microparticles contain some residual amount of etha-
nol. Ethanol was produced as a by-product in the sol-gel 
process and was also used for dilution of the sol prior to 
spray drying. Potentially, high ethanol content could cause 
irritation in the living eye. The determination of ethanol in 
Silica Eye Drop was carried out by headspace-gas chro-
matography using a flame ionisation detector (HS-GC-
FID, Agilent G1888-6890 N). Sample solution preparation 
involved dissolving 30–40 mg Silica Eye Drop in a 20 ml 
glass vial with 50 ml of 2% NaOH at 37 °C and 60 rpm for 
3 days in a water shaking bath. 20 µg/ml of isopropanol was 
used as an internal standard. The chromatographic separa-
tion was carried out on a DB-624, 30 m x 0.53 mm, 3 μm 
GC column (Agilent) with a gradient oven temperature 
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blood sampling for hematological analyses, coagulation 
tests, and clinical chemistry was taken at baseline and 
termination.

After 14 days of treatment (on study Day 15), the ani-
mals were sacrificed by exsanguination after inducing deep 
anesthesia using Medetomidine (Cepetor vet 1 mg/ml, CP-
Pharma Handelsges. mbH, Germany) and Ketamine (Ket-
aminol vet 50 mg/ml, Intervet International B.V., Germany). 
Some animals were additionally given Euthasol 400 mg/ml 
(Produlab Pharma B.V., the Netherlands) intravenously to 
complete the euthanasia. Scheduled necropsy was performed 
in all animals, and all macroscopic changes were recorded. 
At necropsy, eyes with optic nerves, lids, conjunctivae, and 
nictitating membranes were collected from all animals into 
Davidson’s solution (both sides for paired organs). The tis-
sues were kept in Davidson’s fixative for 24 to 27 h, after 
which they were transferred into 70% ethanol. The fixed 
tissues were sent to AnaPath GmbH, Department AnaPath 
Services, Switzerland. Trimming, processing, embedding in 
paraffin wax, cutting, and staining by eosin and hematoxy-
lin were performed at AnaPath GmbH, Department AnaPath 
Services, Switzerland. Images were acquired using a Zeiss 
Axioplan microscope (Carl Zeiss, Oberkochen, Germany) 
equipped with a Zeiss AxioCam 105 color camera for trans-
mitted-light imaging. A professional veterinary pathologist 
and an ophthalmologist evaluated the sections. Histologi-
cal images were processed using Fiji (ImageJ2, version 
2.16.0; National Institutes of Health, Bethesda, MD, USA; 
released in 2024) for calibration, scale-bar generation, and 
basic color normalization. Final adjustments, including uni-
form brightness and contrast refinement, were performed in 
Adobe Photoshop 2024 (Adobe Inc., San Jose, CA, USA). 
No structural modifications, alterations of tissue morphol-
ogy, or manipulations affecting the scientific content of the 
images were made.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 
version 10.4.1 (GraphPad Software, San Diego, CA, USA). 
For each time point, differences in intraocular pressure 
(IOP) between the control and treated groups were analysed 
using an unpaired t-test. P-values ≤ 0.05 were considered 
statistically significant.

In addition, the similarity factor (f₂) was calculated as 
described in USP < 1090 > to compare the dissolution pro-
files obtained under different storage conditions and time 
points. The f₂ value is a statistical parameter used to assess 
the similarity between two dissolution profiles, where val-
ues between 50 and 100 indicate that the profiles are con-
sidered similar.

in the study at time points 0, 1 month, and 2 months: Visual 
inspection, silica content, ethanol content, in vitro dissolu-
tion testing, and pH. The storage conditions were based on 
ICH Q1 guidelines for stability testing of drug substances 
and drug products. The study was conducted at 5 ± 3 °C and 
25 ± 2 °C/60 ± 5% relative humidity (RH).

GLP Toxicity Study in Rabbits

The study was conducted according to the EMA guideline 
on non-clinical local tolerance testing (2015), OECD Test 
No. 405 (2021), Directive 2010/63/EU on animal protec-
tion, the Finnish Animal Protection Act (497/2013) and 
Decree (564/2013), OECD guidance on humane endpoints 
(2000), and OECD Principles of Good Laboratory Practice 
(1998). The investigation has been approved by the National 
Laboratory Animal Board of Finland (Care and Use Com-
mittee) with license number ESAVI/26,478/2019 and was 
performed with the 3Rs principle (replacement, reduction, 
refinement).

The biocompatibility, safety, and tolerability of Silica 
Eye Drop were investigated in four female New Zealand 
White (NZW) rabbits in compliance with Good Labora-
tory Practice (GLP). One drop of Silica Eye Drop was 
administered daily for 14 days to the conjunctival sac of 
one (left) eye of four animals. One drop (approximately 
0,05  ml) of sterile 0.9% NaCl was administered in the 
conjunctival sac of the other eye (right) as a control. The 
eyes were checked daily before applying the test items by 
a veterinarian. The degree of eye irritation/corrosion was 
repeatedly evaluated by scoring lesions of the conjunctiva, 
cornea, and iris. The veterinarian used fluorescein (Kunze 
Indopharm B.V., Netherlands) to detect any possible dam-
age to the cornea on study Days 2, 8, and 15. The scoring 
was performed according to OECD/OCDE Test No. 405: 
Acute Eye Irritation/Corrosion. Corneal opacity (0–4), iris 
involvement (0–2), conjunctival redness (0–3), and che-
mosis (0–4) were assessed using the standard OECD 405 
grading scales, with higher scores signifying greater sever-
ity. Intraocular pressure was repeatedly measured in both 
eyes on study Day − 5 (pre-test) and on study Days 1 (prior 
to the first dose), 2, 8, and 15. Measurements were done by 
the veterinarian using the Icare Tonovet Plus (Icare, Fin-
land) device. The animals were restrained with a towel, 
and after approximately two minutes, the measurements 
were performed. Three acceptable subsequent results from 
both eyes were collected from each animal, and an aver-
age of these three measurements was calculated. Other 
possible effects on the eye and adverse systemic effects 
were also recorded to provide a complete evaluation of 
the effects. Clinical signs were observed twice daily, and 
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completely in 24 h with an in-house in vitro in-sink dissolu-
tion testing method. Silica microparticles play a major role 
in controlling the dissolution rate of Silica Eye Drop. The 
dissolution rate of silica is influenced by several manufac-
turing parameters, including the precursor ratios (i.e., molar 
ratio of water to TEOS), aging of the silica sol, pH of the 
silica sol, nature of the diluent, and spray drying parameters. 
As mentioned above, silica microparticles are produced by 
the hydrolysis and condensation of TEOS via an acid-cata-
lysed reaction. A lower water-to-TEOS molar ratio and etha-
nol as diluent in the manufacturing process resulted in silica 
microparticles with a fast dissolution rate. Unlike traditional 
mesoporous silica systems [27], which rely on the loading 
of drugs into pores, the silica matrix in this study is non-
porous [28]. The dissolution of the matrix occurs through 
the surface erosion of the silica matrix in bodily fluids rather 
than through diffusion. Additionally, the rate of biodegrada-
tion can be finely tuned, enabling controlled release that can 
be tailored over a duration of days to months. The droplet 
size variation was determined by gravimetry from ten differ-
ent SDUs. The average droplet weight was 33.8 ± 4.8 mg, 
corresponding to 31.3 ± 4.4 µl. The minimum and maxi-
mum weights were 29.1 mg and 39.1 mg, respectively. It 
was concluded that dispensing the droplet manually from 
the SDU results in droplets with acceptable variability in 
size. This was substantiated by the content uniformity test 
results, which conformed to the European pharmacopeia 
[Ph. Eur 2.9.40]. The application of a droplet was easy and 
required only a minimum amount of pressing force by fin-
gers. The Silica Eye Drop formulation contained very low 
levels of endotoxin; the measured endotoxin content was 
below 0.2 EU/mg, which is the limit of quantitation of the 
method. Low endotoxin and bioburden (0.36 CFU/g) indi-
cated a good control strategy for endotoxin and microbial 
contamination during the manufacturing process of the eye 
drop used in this study. The product was terminally steril-
ised by gamma irradiation at 25 kGy, and sterilisation dose 
substantiation confirmed that the irradiation dose of 25 kGy 
was adequate to reach SAL 10− 6 level for the product. This 
study also demonstrated that the Silica Eye Drop formula-
tion tolerates well gamma irradiation without any sign of 
loss of critical properties needed for an eye drop.

A 2-month preliminary stability study was conducted 
with Silica Eye Drop to establish adequate stability of 
the product needed for the in vivo rabbit study. By visual 
inspection, the product looked the same, i.e., white to 
almost white homogenous suspension at all time points and 
both conditions. No changes were seen in silica or etha-
nol content over time. After 2 months, a slight decrease in 
pH from 6.1 to 5.9 and 5.7 was recorded at 5 ± 3  °C and 
25 ± 2  °C/60 ± 5%RH, respectively. Although the dissolu-
tion rate of silica was slower at 1 month and 2 months than 

Results and Discussion

Characterisation and Stability of Silica Eye Drop

The Silica Eye Drop formulation contained 23% (w/w) sil-
ica microparticles and 77% (w/w) silica hydrogel. By visual 
inspection, the eye drop was a white to nearly white homo-
geneous material. Figure 2 shows a photograph of the final 
eye drop product in its primary package. The silica mic-
roparticles in the eye drop exhibited a monomodal particle 
size distribution with D10 at 1.69 μm, D50 at 3.21 μm, and 
D90 at 5.78 μm. The D-values represent the fraction of the 
particles that are below the given values. For example, the 
D10 value is the diameter at which 10% of the sample’s mass 
comprises particles with a diameter less than this value. The 
amount of silica in the final eye drop product was measured 
to be 18.2 ± 0.65 wt%, the ethanol content was 3.9 wt%, 
and the pH was 6.1. Silica Eye Drop was shown to dissolve 

Fig. 2  A picture representation of the Silica Eye Drop product. Silica 
microparticles-silica hydrogel composite material inside single-dose 
units (SDU, primary package) and a drop of the product on a petri dish. 
The droplet weight is 33.8 ± 4.8  mg, corresponding to 31.3 ± 4.4  µl. 
Data are presented as mean ± SD
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eyes. The results of the haematological analyses, coagula-
tion tests, and clinical chemistry analyses were comparable 
between pre- and post-treatment. Histopathological evalu-
ation revealed no treatment-related findings in the exam-
ined organs, tissues, or structures (Fig. 4). Minimal (grade 
1) mononuclear cell infiltrates in the nictitating membrane 
were observed in one eye treated with Silica Eye Drop. 
Focal mononuclear infiltrate, grade 2, was observed in the 
eyelid dermis of one control eye. The findings were consid-
ered incidental/background changes that sometimes occur 
in this type of study.

IOP (intraocular pressure) values for treated and control 
eyes are shown in Fig. 5. IOP values for all animals in this 
study remained within the normal reference range for labora-
tory animals despite showing a variation over 14 days (12–
25 mmHg). This may be due to the fact that the IOP can be 
influenced by restraint techniques, animal stress, diurnal or 
circadian rhythm, eye position, sedation or anesthesia, cor-
neal thickness, and several other variables [29]. Therefore, 
the observed fluctuations were considered to be within physi-
ological limits and were not attributed to the treatment. Che-
mosis, which is the swelling of the conjunctiva, was observed 
in the test and control groups. In rabbits, these changes can 
be triggered by various factors, including environmental con-
ditions often present in animal holding centers [30]. Addi-
tionally, stress resulting from the experiment may weaken a 

at the 0-month timepoint (Fig.  3), all the silica dissolved 
within 24 h at all conditions studied. In addition, the simi-
larity factor (f2) calculated against T0 for samples stored at 
25 ± 2 °C/60 ± 5%RH and 5 ± 3 °C was 66 and 56, respec-
tively, at the 2-month timepoint. Since f2 was ≥ 50, the dis-
solution profiles were considered equivalent. In conclusion, 
Silica Eye Drop was stable for at least 2 months and can be 
stored for this period of time either at 25 ± 2 °C/60 ± 5%RH 
or 5 ± 3 °C.

GLP Toxicity Study

All animals gained weight normally during this study (data 
not shown). No unusual clinical signs were recorded in 
any of the animals. The clinical observations of the eyes 
recorded are summarised in Table 1. A total of 4 left eyes 
that were treated and 4 right eyes that served as controls. 
No severe irritation or corrosion was observed in any of the 
animals. Scores of grades 1 to 2 of test item residues were 
observed in the conjunctival sac of the test eyes in two out 
of four animals during eye examinations on Days 3, 7, 8, 
10, and 15. Eyelid swelling (chemosis) above normal was 
observed in both control and treated eyes of the animals. 
The Silica Eye Drop group had 8 observations on the test 
(left) eye and 4 on the control (right) eye. These changes 
were not persistent. There were no other reactions in the 

Fig. 3  Dissolution curves for 
Silica Eye Drop at 5 ± 3 °C and 
25 °C/60%RH storage conditions 
for 0, 1, and 2 months. The data 
represent the average of three 
replicate dissolution tests per 
sample, and standard deviations 
are represented by error bars
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in this material represents only trace levels of daily intake for 
humans [31–35]. It was concluded that 14-day repeated daily 
dosing of Silica Eye Drop was well-tolerated and considered 
to be safe and non-irritant. This is in line with a recent study 
in Sprague-Dawley rats, which received an ocular topical 
dose of nonporous silica nanoparticles four times a day for 
one month [36]. The authors of this study did not find any 
significant local or systemic safety concerns for the nanocar-
rier material after a 12-week follow-up period.

Conclusion

The Silica Eye Drop formulation was designed with the 
following target product properties: a dissolution time of 
approximately 24 h in the conjunctival sac and tear fluid, easy 
administration by the patient, a drop weight of around 33 mg 
(30 µl), and a sterile composition that is non-toxic and well-
tolerated. The results in this study demonstrate that a silica 
composite eye drop formulation meeting these criteria was 
successfully developed. The eye drop formulation containing 
23% (w/w) silica microparticles and 77% (w/w) silica hydrogel 
dissolved in 24 h according to the in vitro dissolution results. 
Moreover, in the rabbit in vivo GLP study with daily dosing 
for 14 days, no residual silica material was detected before 
the next dosing in 9/10 cases. Additionally, no unusual clinical 
signs were observed during the experiment. At necropsy, no 
abnormalities were found in any of the animals. No patho-
logical changes were observed in this study; the control and 
test groups showed similar results throughout the entire period 
without any statistically significant differences. IOP values for 
all animals in this study remained within the normal reference 
range for laboratory animals. The data show that Silica Eye 
Drop is safe and well-tolerated for once-a-day use for 14 days 
in NZW rabbits without causing any toxic effects in tissues 
and organs, either locally or systemically. The Silica Eye Drop 
formulation was easy to administer, and the average drop-
let weight was 33.8 ± 4.8 mg, corresponding to 31.3 ± 4.4 µl, 
which is in line with the target value. In conclusion, this study 
demonstrates the potential of the silica platform technology as 
a drug carrier material in topical ophthalmology. Additional 
experiments are necessary, particularly those that involve 
combining the Silica Matrix with a drug, to evaluate clinical 
efficacy and pharmacokinetics of this technology.

Author Contributions  L. L. – сonceptualisation and study design, M. 
N. A-P., H. A. – supervision, M. N. A-P., P. S. – analytical develop-
ment and stability studies (experiments), M. V., H. A. – formulation 
development and manufacturing (experiments), M. N. A-P., A. P., P. 
S., M. V., H. A. – data collection, analysis, and interpretation, M. N. 
A-P., A. P., P. S. – preparation of tables and figures, L. L., M. N. A-P., 
A. P. – manuscript writing. All authors reviewed and approved the final 
version of the manuscript and agree to be accountable for all aspects 
of the work.

rabbit’s immune system, increasing its susceptibility to infec-
tions that can lead to conjunctival swelling. This explains the 
minor histological changes observed in the tissues of some 
animals in both study groups. After administering Silica Eye 
Drop, significant absorption of the main compounds of the 
medication into the eye structures or directly into the blood-
stream is not expected due to their very low quantities and 
physicochemical properties. When the drop is in contact with 
tear fluid, the silica material begins to dissolve into silicic acid 
(SiA). This material may then be transported via the nasolac-
rimal duct. Additionally, some SiA could be absorbed directly 
into the bloodstream through the epithelium of the conjunc-
tival sac and later excreted in the urine by the kidneys. Com-
pared to other sources of silica and SiA, the amount contained 

Fig. 5  Intraocular pressure values in control and treated eyes in the 
rabbit GLP toxicity study. Data are presented as mean ± SD; sample 
sizes of 4 are reported for each group

 

Fig. 4  Hematoxylin and eosin (H&E)–stained sections of the cornea 
in the rabbit GLP toxicity study. The image was acquired using bright-
field microscopy at 5× objective magnification
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