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ABSTRACT

A comprehensive study of drug delivery in vitreous body was analyzed and zero order reaction rate mechanism compared
with first order mechanism. A simple Mathematical model was developed and numerical solution obtained by using
numerical iterative techniques. The effect of various parameter elimination rate reaction, diffusion coefficient, vitreous
humor volume on drug concentration was observed. Initially at a constant reaction rate the drug concentration increases
linearly and after some time it decays exponentially. MATLAB and other simulation software have been instrumental in
these studies, seeing to tremendous advancements in intravitreal drug kinetics modeling, many parameters are still untouched
like mathematically model and simulate intravitreal drug kinetics, focusing on the comparative analysis of zero-order and
first-order release mechanisms using MATLAB.

Keywords: Intravitreal Drug Delivery, Mathematical Model, Zero-Order Release, First-Order kinematics, MATLAB
Simulation.

1. INTRODUCTION

The posterior segment of the eye covers with the vitreous body, retina, choroid and the optic nerve. Vitreous body is a gel
like substance which is responsible to maintain the structure of the eye. The most common diseases in the posterior segment
of the eye are age related macular degeneration, glaucoma , diabetic retinopathy. A huge number of population across the
globe are suffering with these diseases. These vitroretinal diseases are treated by intravitral drug administration or control
implant of drugs. Many clinical studies reveals that drug diffusion, convection, metabolic rate may control the drug
bioavailability.
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Fig. 1: Schematic diagram of Vitreous humor.
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Traditional systematic drug delivery methods often fail to provide the adequate drug levels due to the retinal barrier at the
target site. A mechanism of drug transport in the vitreous body may understand by developing the mathematical model of
the invitreal drug transport, and theoretical investigation of the various parameters on the intravitreal drug concentration.

Numerous theoretical and experimental studies have analyzed the intravitral drug distribution

And drug elimination from the vitreous. Stay M. S investigated the mathematical model on how drugs behave within the
vitreous humor, considering factors like drug molecular weight, solubility, and interaction with ocular tissues [1].

Degradation and drug release presented by Ferreivra et al [2] by Mathematical Model for degradation and drug release from
an intravitreal biodegradable in plant, compartmental and COMSOL Multi physics 3D Model of Drug Diffusion to the
Vitreaous following the administration of a sustained- Release Drug Delivery System [3]. Mathematical Assessment of drug
build-up in the posterior eye following transceltral delivery [4]. Kim et al [5,6] contribution in Intraocular Distribution and
Kinetics of Intravitreally injected antibodies and nanoparticles in Rabbit Eyes. In the research of Drug Kinetics [7,8,9] are
considered as drug delivery system and vitreous Humor. In 2023, Toffoletto et al [10] made a physiology based mathematical
model to the back of the eye.

Several Studies [11, 12,13,14] have analyzed intravitreal drug release and the elimination of drug from the vitreous of the
eye. Previous studies [15, 16, 17] have assumed that the ocular transport of drugs released from an intravitreal implant using
magnetic resonance imaging.

The aim of this paper is to about the development of the Mathematical model for the invitreal drug concentration in the
vitreous body and investigation of various model parameter on the invitreal drug concentration. MATLAB and other
simulation software have been instrumental in these studies, seeing to tremendous advancements in intravitreal drug kinetics
modeling, many parameters are still untouched like mathematically model and simulate intravitreal drug kinetics, focusing
on the comparative analysis of zero-order and first-order release mechanisms using MATLAB. By examining both release
profiles under controlled conditions, it aims to offer insights that can guide future formulations and optimize treatment
strategies for intravitreal drug delivery [18]. Further it assist in developing a robust computational framework, and will
explore the implications of different release profiles on drug concentration over time, peak plasma levels, and elimination
half-lives. The findings are expected to provide valuable insights into optimizing drug formulations and delivery strategies,
ultimately contributing to improved therapeutic outcomes in ophthalmic treatments [19].

2. MATHEMATICAL MODEL
2.1 Governing Equations for Drug Transport

The intravitreal drug transport process is governed by a combination of diffusion, convection, and elimination mechanisms.
The general transport equation in the vitreous humor can be represented as:

ac ,
= =DV C =0 VC — ke, .C +$ 1)

where:
C(x,y,t): Drug concentration (mg/mL) as a function of space and time.
D: Diffusion coefficient of the drug in the vitreous humor (cm?day).
v: Convective velocity vector (cm/day), representing bulk fluid motion.
Keiim: Elimination rate constant (per day).
S:  Drug generation term
2.2 Assumptions and Boundary Conditions
Assumptions:
»  The vitreous humor is treated as a homogeneous and isotropic medium.
» The drug is uniformly distributed upon injection.
» The effects of convection are negligible (if the vitreous humor is not liquefied).
» The elimination process is first-order and proportional to the drug concentration.
» Drug binding to ocular tissues and other biochemical interactions are not considered.
Boundary Conditions:
» At the scleral boundary: C=0 (drug is eliminated at the boundary).

» At the injection site (for zero-order release): R(t)=constant
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» At the injection site (for first-order release): R(t)=keicase Creservoir» Where C reservoir is the concentration of the drug
in the release system.

First-Order Release Model

In a first-order release mechanism, the drug release rate depends on the remaining drug amount in the delivery system.

Drug Release Rate:
R(t) = krelease ' Creservoir (2)
where,

. Kyeiease: First-order release constant.
®  Creservoir : Initial drug concentration in the reservoir.
Simplified Transport Equation:

With negligible convection:

ac
E = DV?*C - kelim- C+ krelease ’ Creservoir +S (3)

This model typically results in an exponential decay of drug release over time.

3. Simulation Methodology
3.1 Numerical Model Development:

In Real world biological problems, most of the partial differential equation are either non linear or they have the complex
boundaries , which makes impossible to find a analytical solution. Thus, by using numerical iterative techniques the solution
can be approximated with high accuracy.

The present mathematical model a non steady state partial differential equation is formulated which includes the diffusion

process , convection, first order metabolic reaction rate along x and y axis and S is the drug generation term. The implicit
Crank Nicolson iterative technique is used to solve transient state partial differential equation which describes the drug
transport in the vitreous body.

Computational Mesh

For the computational study , we draw a two dimensional rectangular grid which consist of 100 equispaced points along the
x axis from 1 (at x=0) and 100 equispaced point along the y axis.

x=(-DAx i=1.M
v, =(j-DAy j=1..N
t,=(k-DAt k=123

Transient State: 100 x 100 Equispaced Computational Mesh
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Fig.2: Computational mesh diagram
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Discretisation of the Model :

This equation can be written in the finite difference form as follows:

At T2

Cijrr1-Cijk 1 [ Cit1,j-2Cijy c,-_l,,-] 1[ Ci+1,j-2Cijy ci_l,,-]
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Discretization of Boundary Condition:

Matrix Generation:
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3.2 Parameter Selection and Justification

Key parameters were selected based on physiological relevance and available literature: (Hou et al., 2015) [7].

Parameter Value Justification
Vitreous humor volume (V) 4.5mL Average vitreous humor volume in
humans.
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Diffusion coefficient (D) 2x10—4 cm?/day Typical drug diffusivity in vitreous
humor for small molecules.

Elimination rate constant (kelim) 0.1 per day Literature values for elimination of
intravitreal drugs.

Zero-order release rate (RO ) 1 mg/day Based on sustained-release implant data.

First-order release constant (krelease) 0.05 per day Common value for biodegradable drug
Ieservoirs.

Simulation time (tsim) 30 days Covers the clinically relevant timeframe
for intravitreal drug efficacy.

Initial drug concentration (C reservoir) | 2 mg/mL Typical initial loading dose for
intravitreal drug delivery.

3. RESULTS AND DISCUSSION

The effect of various model parameters on the concentration plot with respect to time have been displayed in the following
graphs. The graphs (a,b) depicts that initially when the drug is injected in the vitreous body then the drug concentration
reaches its maximum value , after that when the drug diffuses along the radial and axial direction the peak concentration
decreases, due to the drug has starting to spread, then as the diffusion increases, the peak concentration attains its minimum
value , since the more drug distribute around the vitreous body.
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Fig.3: Effect of diffusion coefficient on the Retinal concentration at a hyperoxic condition.

As evident from the curves in Fig.3(a,b,c) shows that the decrease in the drug release rate decreases the peak drug
concentration. These result is consistent with results from Nomoto et al. [20] and demo and Urtti [21], who explained the
concentration of macromolecules in the vitreous body.
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Fig.4: Effect of metabolic rate on the Retinal concentration at a hyperoxic condition

These analyses provided insights into parameter optimization for achieving desired drug profiles.

4. CONCLUSION

The current research demonstrates that intravitreal drug delivery exhibits a characteristic peak in drug concentration
immediately after injection, followed by a decline as the drug diffuses radially and axially through the vitreous. The initial
high drug concentration decreases as the substance disperses, eventually reaching a more uniform distribution. A slower drug
release rate reduces the peak concentration and suggesting that the controlled-release formulations can modulate drug
distribution kinetics. The results produces need to optimize drug delivery parameters to maintain therapeutic levels while
minimizing sharp concentration fluctuations, thereby enhancing treatment efficacy and safety.

REFERENCES

(1]
(2]

(3]

(4]
(5]

(6]

[7]
(8]
9]

G Jahanmir (2020), Mathematical Modelling of Hydrogel Depot for Ocular Drug Delivery.

A. Ferreira, M.B. Gongalves, E. Gudifio, M. Maia, C.M (2020). Oishi,Mathematical model for degradation and
drug release from an intravitreal biodegradable implant,Computers & Mathematics with Applications, Volume
80, Issue 10, 2212-2240.

Dosmar, E., Vuotto, G., Su, X., Roberts, E., Lannoy, A., Bailey, G. J., Mieler, W. F., & Kang-Mieler, J. J.
(2021). Compartmental and COMSOL Multiphysics 3D Modeling of Drug Diffusion to the Vitreous Following
the Administration of a Sustained-Release Drug Delivery System. Pharmaceutics, 13(11), 1862.

P. Causin, P, et al.(2016), Mathematical assessment of drug build-up in the posterior eye following transscleral
delivery. J.Math.Industry 6, 9.

Kim, H. M., Ha, S., Hong, H. K., Hwang, Y., Kim, P., Yang, E., Chung, J. Y., Park, S., Park, Y. J., Park, K. H.,
Kim, H., & Woo, S. J. (2020). Intraocular Distribution and Kinetics of Intravitreally Injected Antibodies and
Nanoparticles in Rabbit Eyes. Translational vision science & technology, 9(6).

Kim, H. M., Ha, S., Hong, H. K., Hwang, Y., Kim, P., Yang, E., Chung, J. Y., Park, S., Park, Y. J., Park, K. H.,
Kim, H., & Woo, S. J. (2020). Intraocular Distribution and Kinetics of Intravitreally Injected Antibodies and
Nanoparticles in Rabbit Eyes. Translational vision science & technology, 9(6).

Hou, H., Nieto, A., Belghith, A., Nan, K., Li, Y., Freeman, W. R., Sailor, M. J., & Cheng, L. (2015). A sustained
intravitreal drug delivery system with remote real time monitoring capability. Acta biomaterialia, 24, 309-321.
Khoobyar A, Penkova AN, Humayun MS, Sadhal SS. Mathematical Model of Macromolecular Drug Transport
in a Partially Liquefied Vitreous Humor. J Heat Transfer. 2022 Mar 1;144(3) MB.

Gongalves M.B.,etal. (2023) Oishi,Mathematical modeling for drug delivery and inflammation process: An
application in macular edema,Applied Mathematical Modelling,Volume 121,2023,Pages 668-689.

[10] Toffoletto, N., Saramago, B., Serro, A.P. et al.(2023) A Physiology-Based Mathematical Model to Understand

Drug Delivery from Contact Lenses to the Back of the Eye. Pharm Res 40, 1939-1951.

[11] Junnuthula, V., Sadeghi Boroujeni, A., Cao, S., Tavakoli, S., Ridolfo, R., Toropainen, E., Ruponen, M., van

Hest, J. C. M., & Urtti, A. (2021). Intravitreal Polymeric Nanocarriers with Long Ocular Retention and Targeted
Delivery to the Retina and Optic Nerve Head Region. Pharmaceutics, 13(4), 445.

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 32s

pg. 971



Dr. Deepti Seth, Dr. Rashid Ali, Dr. Pinky Saxena, Dr. Kuldeep Sharma, Dr.
Anuj Pathak

[12] Awwad, S., Ibeanu, N., Liu, T., Velentza-Almpani, A., Chouhan, N., Vlatakis, S., Khaw, P. T., Brocchini, S.,
& Bouremel, Y. (2023). Real-Time Monitoring Platform for Ocular Drug Delivery. Pharmaceutics, 15(5), 1444.

[13]J., Pablo, L., Garcia-Martin, E., Herrero-Vanrell, R., & Bravo-Osuna, I. (2024). Multi-loaded PLGA
microspheres as neuroretinal therapy in a chronic glaucoma animal model. Drug delivery and translational
research, 10.1007/s13346-024-01702-x. Advance online publication.

[14] Costello, M. A., Liu, J., Kuehster, L., Wang, Y., Qin, B., Xu, X., Li, Q., Smith, W. C., Lynd, N. A., & Zhang,
F. (2023). Role of PLGA Variability in Controlled Drug Release from Dexamethasone Intravitreal
Implants. Molecular pharmaceutics, 20(12), 6330-6344.

[15] Kim, H., Robinson, M. R., Lizak, M. J., Tansey, G., Lutz, R. J., Yuan, P., Wang, N. S., & Csaky, K. G. (2004).
Controlled drug release from an ocular implant: an evaluation using dynamic three-dimensional magnetic
resonance imaging. Investigative ophthalmology & visual science, 45(8), 2722-2731.

[16] Kim, H., Lizak, M. J., Tansey, G., Csaky, K. G., Robinson, M. R., Yuan, P., Wang, N. S., & Lutz, R. J. (2005).
Study of ocular transport of drugs released from an intravitreal implant using magnetic resonance
imaging. Annals of biomedical engineering, 33(2), 150—164.

[17] Tan, L. E., Orilla, W., Hughes, P. M., Tsai, S., Burke, J. A., & Wilson, C. G. (2011). Effects of vitreous
liquefaction on the intravitreal distribution of sodium fluorescein, fluorescein dextran, and fluorescent
microparticles. Investigative ophthalmology & visual science, 52(2), 1111-1118.

[18] A R Welborn (2010). Simulation of diffusion in three unique situations for the novel capsule drug ring,
Scholarly Articles.

[19] Hutton-Smith, L. A., Gaffney, E. A., Byrne, H. M., Maini, P. K., Schwab, D., & Mazer, N. A. (2016). A
Mechanistic Model of the Intravitreal Pharmacokinetics of Large Molecules and the Pharmacodynamic
Suppression of Ocular Vascular Endothelial Growth Factor Levels by Ranibizumab in Patients with
Neovascular Age-Related Macular Degeneration. Molecular pharmaceutics, 13(9), 2941-2950.

[20] Nomoto, Y., Shiraga, F., Kuno, N., Kimura, E., Fujii, S., Shinomiya, K., Nugent, A. K., Hirooka, K., & Baba,
T. (2009).Pharmacokinetics of bevacizumab after topical, subconjunctival, and intravitreal administration in
rabbits.Investigative Ophthalmology & Visual Science, 50(10), 4807—4813. https://doi.org/10.1167/i0vs.08-
3148.

[21] Urtti, A., del Amo EM, Rabbit as an animal model for intravitreal pharmacokinetics: clinical predictability and
quality of the published data. Eur J Pharm Sci. 2008 Sep;35(3):161-174. doi:10.1016/j.ejps.2008.07.002.

Journal of Neonatal Surgery | Year: 2025 | Volume: 14 | Issue: 32s
pg. 972



