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Abstract: Biologicals are important ocular drugs that are be delivered using monthly and bimonthly
intravitreal injections to treat retinal diseases, such as age-related macular degeneration. Long acting
delivery systems are needed for prolongation of their dosing interval. Intravitreal biologicals are
eliminated from the eye via the aqueous humor outflow. Thus, the anterior and posterior segments are
exposed to the drug. We utilized a kinetic simulation model to estimate protein drug concentrations
in the vitreous and aqueous humor after bolus injection and controlled release administration to the
vitreous. The simulations predicted accurately the experimental levels of 5 biologicals in the vitreous
and aqueous humor. The good match between the simulations and experimental data demonstrated
almost complete anterior segment bioavailability, and major dose sparing with ocular controlled
release systems. Overall, the model is a useful tool in the design of intraocular delivery of biologicals.

Keywords: intravitreal injection; ocular drug delivery; bevacizumab; ranibizumab; aflibercept;
controlled release

1. Introduction

Biologicals are widely used in the treatment of ocular diseases, such as age-related macular
degeneration and uveitis [1,2]. In clinics, ranibizumab, aflibercept and bevacizumab are injected into
the vitreous cavity to reach effective concentrations in the retina [3]. Antibodies are given intravenously
for the treatment of uveitis and associated rheumatoid arthritis [4], but there is growing interest in the
local uveitis treatment as exemplified by the development of an intravitreal fluocinolone acetonide
implant [5]. During the last decade, intravitreal injections have become widely applied routine
procedures in the clinics. The global number of intravitreal anti-VEGF injections has reached almost
20 million per year [6].

Intravitreal drugs are eliminated posteriorly across the blood retina barrier and anteriorly via
aqueous humor outflow. The posterior route is relevant for the small molecular drugs that are able
to permeate through the biological barriers (endothelia of the retinal capillaries, retinal pigment
epithelium (RPE), barriers in the ciliary body) [7]. Vitreal half-lives of such small molecular drugs are
less than 10 h, while half-lives of biologicals are in the range of one week [8]. Biologicals are mainly
(at least 82% of the dose) eliminated via the anterior route, because they permeate poorly through
the blood-ocular barriers [7,9–11]. Thus, the anterior chamber is exposed to the intravitreal protein;
bioavailability in the aqueous humor being >82% [9,10].
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Some diseases, for example uveitis and glaucoma, affect both anterior and posterior segments
of the eye. In such cases, exposure of both parts to the injected drug may offer therapeutic benefits.
Intravitreal delivery of biologicals has some advantages: a relatively long half-life (about one week),
and high bioavailability in the vitreous (100%) and anterior chamber (>82%). Intracameral injection
results in complete bioavailability in the aqueous humor, but the vitreal bioavailability of intracameral
injections is poor, the half-life in the aqueous humor is about one hour, and unlike intravitreal injections,
intracameral injections are not widely used in clinical practice like intravitreal injections. Topical
application of biologicals is not feasible, because the bioavailability is practically zero in both anterior
and posterior segments [7]. Sub-conjunctival injection may be feasible, but the bolus injections have
short half-lives (hours) and the drug bioavailability is less than 10% to the anterior chamber, and
about 0.1% to the retina [12,13]. Therefore, intravitreal delivery is an interesting delivery option for
biologicals that have posterior and/or anterior targets.

Transport of biologicals from the vitreous to the anterior chamber has been quantitated in many
experimental rabbit studies [14–18]. Furthermore, this has been modeled recently with physiologically
based pharmacokinetic (PBPK) and finite element models [8,19]. Since PBPK and finite element models
require specialized expertise in modeling, they are not accessible to most academic and industrial
investigators in the field of ocular drug delivery. Therefore, we developed a simple model that is based
on protein diffusion in the vitreous and its elimination via the anterior route.

2. Materials and Methods

2.1. Elimination of the Intravitreal Biological

The model structure is illustrated in Figure 1.
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Figure 1. Schematic illustration of the simulation model.

The model was built using the logic of Hutton-Smith et al. [8]. We assume that the protein drug
is injected in the middle of rabbit vitreous. Thereafter, the protein will diffuse within the vitreous.
The average diffusion time from the injection site in the rabbit vitreous to the border of vitreous and
posterior chamber is estimated as:

Tdi f f =
rvit

2

6D
(1)
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where D is the diffusion coefficient of the protein drug in the vitreous and rvit is the diffusional
pathlength in the vitreous. The diffusion coefficient depends on the molecular properties as defined in
the Equations (2) and (3). For parameter values, see Table 1.

D =
kBT

6πηRh
(2)

where kB is Bolzmann constant, T is temperature, η is viscosity of physiological saline and Rh is
hydrodynamic radius of the diffusing compound. Rh is further defined in Equation (3):

Rh =

(
3νMW
4πNA

)1/3
(3)

where MW is molecular weight, v is the partial specific volume of protein, and NA is Avogadro’s
number. Overall, these equations define the diffusional time delay for drug distribution from the
vitreous to the posterior chamber.

Table 1. Physical and anatomical parameter values in the simulations.

Parameter Value Reference

Aqueous outflow rate (mL/day) 3.49 a [20,21]
Vvit (mL) 1.50 [22]
rvit (cm) 0.71 [8]
Vaq (mL) 0.30 [23]

S*/S 0.23 [8]
ν (mL/g)2 0.73 [24]

η (kg/s/m)3 7.53 × 10−4 general knowledge
kB (J mol−1 K−1) 8.314 general knowledge

T (K) 298 Temperature
NA 6.023 × 1023 general knowledge

a average of 2.65 [20] and 4.32 [21].

Drug elimination from the vitreous is also limited by the physical barriers of the eye (i.e., the lens
and iris). Therefore, only part (S*) of the surface area (S) bordering the vitreous and posterior chamber
is available for drug elimination (Equation (4)).

kel =
S∗

S
∗ 1

Tdi f f
(4)

Then, we can solve the value for the anterior clearance (CLvitreous→anterior) of the protein molecule
(Equation (5)). Vvit is the volume of the vitreous in the rabbit eye that is a reliable estimate for the
volume of drug distribution in the vitreous [9].

CLvitreous→anterior = kel ∗Vvit (5)

Drug clearance from the vitreous to the anterior chamber can be defined also as in Equation (6).

CLvitreous→anterior =
S∗

S
∗ Vvit

rvit
2 ∗

kBT
πηRh

(6)

In the aqueous humor, mixing of the drug takes place rapidly, like in a mixed tank [19]. Therefore,
no time delays were needed to describe drug distribution in the aqueous humor. Volume of distribution
(Vah) was assumed to be the anatomical volume of the aqueous humor, and clearance (CLah) was equal
with the rate of aqueous humor outflow rate in the rabbit.
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Then, the elimination rate (Janterior) from the aqueous humor was defined as:

Janterior = CLah × cah (7)

where cah is the drug concentration in the aqueous humor.
The parameter values for the Equations (1)–(5) are shown in Table 1.
We assumed that drug clearance posteriorly was 0 or 10% of the total clearance. The simulated

protein concentrations were compared with the published experimental data for bevacizumab [14],
ranibizumab [15], rituximab [16], conbercept [17], and aflibercept [18]. For the drug related parameters,
see Table 2.

Table 2. Drug-related parameters.

Drug Bevacizumab Ranibizumab Rituximab Conbercept Aflibercept

Molecular weight (kDa) 149 48 145 143 115
Bolus dose (mg) 1.25 0.50 1.00 0.50 1.20

Sustained release dose (mg) 3.75 1.50 3.00 1.50 3.60
Reference [14] [15] [16] [17] [18]

2.2. Sustained Intravitreal Drug Delivery

In addition to the bolus intravitreal injections, we also simulated controlled zero-order drug
release to the vitreous using total doses that were 3 times higher than the doses of simple injections
(Table 2). Clearance from the vitreous to the anterior chamber and from the aqueous humor via the
outflow system were defined as described earlier for the injections.

2.3. Simulations

The simulations were performed with Stella Professional software (ISEE Systems Inc, version 1.1.,
Lebanon, NH, USA).

3. Results

3.1. Injections

Kinetic simulations were performed with the doses that were used in the experimental
publications (Table 2). The simulation model described accurately the concentration profiles of
all tested biologicals in the vitreous and aqueous humor (Figure 2). The impact of additional
posterior elimination was very small as shown for bevacizumab (Figure 3). Thus, vitreal diffusion (D),
anatomical barrier (S*/S) and aqueous humor outflow were sufficient key parameters in defining the
concentrations of biologicals in the vitreous and aqueous humor. Concentrations of the biologicals in
the aqueous humor were about one order of magnitude lower than in the vitreous (Figure 2).

The declining slopes of the concentrations in the vitreous and aqueous humor are identical
(Figure 2), indicating that the drug clearance from the vitreous to the anterior chamber controls the rate
of drug elimination from the aqueous humor. Compared to the intracameral injection, the intravitreal
injection of ranibizumab results in a more sustained drug delivery to the aqueous humor (Figure 4).
Ranibizumab concentrations in the aqueous humor are similar at one month after intravitreal injection
and one day after intracameral injection (Figure 4).
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Figure 2. Experimental data and simulations of intravitreal injections of bevacizumab (A), 
ranibizumab (B), rituximab (C), conbercept (D), and aflibercept (E). Experimental (symbols) and 
simulated (lines) protein drug concentrations in the vitreous (yellow squares) and aqueous humor 
(orange spheres) are shown. The simulated vitreal and aqueous humor concentrations are shown as 
a grey solid line and a blue dashed line, respectively. 

 
Figure 3. Experimental (symbols) and simulated (lines) bevacizumab concentrations in the vitreous 
(yellow squares) and aqueous humor (orange spheres). The simulated vitreal and aqueous humor 
concentrations with only anterior clearance are shown as a black solid line and a dark blue dashed 
line, respectively. The simulated vitreal and aqueous humor concentrations with anterior and 
posterior clearance are shown as a grey solid line and a light blue dashed line, respectively. 

Figure 2. Experimental data and simulations of intravitreal injections of bevacizumab (A), ranibizumab
(B), rituximab (C), conbercept (D), and aflibercept (E). Experimental (symbols) and simulated (lines)
protein drug concentrations in the vitreous (yellow squares) and aqueous humor (orange spheres) are
shown. The simulated vitreal and aqueous humor concentrations are shown as a grey solid line and a
blue dashed line, respectively.
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Figure 3. Experimental (symbols) and simulated (lines) bevacizumab concentrations in the vitreous
(yellow squares) and aqueous humor (orange spheres). The simulated vitreal and aqueous humor
concentrations with only anterior clearance are shown as a black solid line and a dark blue dashed
line, respectively. The simulated vitreal and aqueous humor concentrations with anterior and posterior
clearance are shown as a grey solid line and a light blue dashed line, respectively.
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Figure 4. Ranibizumab concentrations in the aqueous humor after intravitreal injection (orange spheres).
Simulated concentrations of ranibizumab after intracameral injection of the same dose (0.50 mg) are
shown as blue line.

3.2. Sustained Release

Sustained delivery of the biologicals was simulated with the model (Figure 5). Again, the role of
posterior elimination was negligible (data not shown).
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Figure 5. Simulations of intravitreal sustained release systems of bevacizumab (A), ranibizumab
(B), rituximab (C), conbercept (D), and aflibercept (E). Simulated protein drug concentrations in the
vitreous (solid lines) and aqueous humor (dashed lines) are shown. Simulations show intravitreal
bolus injection (blue lines), and sustained delivery for 3 months (orange lines), 6 months (grey lines)
and 12 months (yellow lines).
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Bolus injections result in high peak drug concentrations in the vitreous (Figure 5).
The concentrations decline at half-lives of about one week, so monthly injections are recommended
for bevacizumab and ranibizumab, and two months for aflibercept. These trough concentrations of
bevacizumab (at one month), ranibizumab (one month), and aflibercept (two months) can be compared
with the simulated drug concentrations during sustained delivery. For bevacizumab, the release of
3.75 mg in 12 months can maintain 14 times higher concentrations than the minimum levels during
the injection treatment (at 30 days) (Figure 2A). For ranibizumab, sustained delivery of 1.5 mg in
12 months results in about 160 times higher levels than the trough concentrations at 30 days after
injection (Figure 2B). In the case of aflibercept, delivery of 3.60 mg in 12 months results in approximately
1.9 × 105 fold higher drug levels than the trough concentrations during treatment at injection intervals
of 60 days. Furthermore, the simulated controlled release dose per year was 25% and 50% of the total
injected doses per year at monthly and bimonthly injection intervals, respectively. Thus, zero-order
controlled drug release might lead to major dose sparing, ranging from 1 to 5 orders of magnitude,
in the intravitreal anti-VEGF treatment. Overall, this means that a dose of a few milligrams per year is
sufficient to maintain the concentration in the range of ≈0.1–0.2 µM (10–30 µg/mL) in the vitreous.

The levels of biologicals in the aqueous humor are approximately one order of magnitude lower
than in the vitreous (Figure 5). The anterior segment drug levels of about 10–20 nM (1–3 µg/mL) can
be maintained even for a year with a drug dose of a few milligrams.

4. Discussion

Ocular pharmacokinetics can be modeled at various levels of complexity. The most complex
models utilize a finite element approach that is based on accurate anatomical 3-D representation of
the eye with even >30,000 compartments [19,22]. This approach allows simulation of detailed 3-D
concentration gradients within the eye, but such models can be built or used only by researchers with
advanced modeling skills [19]. A previous mechanistic PK/PD model for ranibizumab [8] described
the drug transfer from the vitreous to the anterior chamber in the same way as we did in this study.
However, they did not report the simulated concentration profiles of ranibizumab in the aqueous
humor and used fitting procedures to estimate the PK/PD parameters. Our simplified model can be
used for successful bottom-up simulations as the model predicted accurately the concentrations of five
biologicals in the rabbit vitreous and aqueous humor after intravitreal injections. Compared to several
published models of intraocular pharmacokinetics [8,10,19,22], the model presented herein (Figure 1)
is simple and easily applicable with user-friendly software that utilizes a graphical user interface.
The model can be widely and conveniently used in the development of ocular delivery systems for
biologicals, and is particularly useful in the design of drug payload, release rate and dosing interval of
drug delivery systems.

Even though the model is useful, it has some limitations. Firstly, it is limited to the biologicals
and other large molecules that do not have significant permeation across the blood ocular barriers.
Secondly, the model can be used to simulate only the mean concentrations in the vitreous and aqueous
humor, but not concentration gradients in the vitreous. Significant gradients do not exist in the aqueous
humor [19]. Thirdly, this model neither includes pharmacodynamics nor distribution to the cells or
tissues. Fourthly, the drug release rate in the model is the release rate in the vitreous, which might
differ from the in vitro release rate. Reliability of the release rate depends on the quality of the in vitro
release test method.

Our results support the view that intravitreal biologicals are eliminated nearly completely via
the anterior route [7,9,25]. Some qualitative and outlier reports claim that biologicals are eliminated
via the posterior route [26,27], but quantitative data and kinetic analyses show that anterior segment
elimination of the biologicals is 4.5–50 times greater than the posterior elimination [8,19,25]. The good
predictions herein (Figure 2) also support the dominant role of the anterior route, and more precisely
aqueous humor outflow, in the ocular elimination of biologicals from the anterior chamber. Significant
elimination through blood vessels of the anterior uvea would lead to much lower concentrations in the
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aqueous humor. More complex finite element models have been successful in estimating vitreal and
aqueous humor kinetics of some other non-protein polymers, such as FITC-dextrans and hyaluronic
acid and ranibizumab [19].

Drug diffusion in the vitreous is the rate limiting step in the elimination of biologicals via anterior
route [28]. Diffusion in the vitreous can be modulated with protein size, but the size alone is not an
effective means for delaying drug elimination from the vitreous, since vitreal clearance is changed only
about 3-fold when molecular weight changes from 7.1 kDa to 177 kDa [25,28]. This is understandable,
because diffusion in the vitreous and clearance to the anterior chamber are inversely related to the cubic
root of the hydrodynamic radius (Rh

1/3) [8]. More significant delays may be reached by modulating
the drug interactions with the vitreous components, such as hyaluronic acid [29]. The vitreous may
become more heterogenous and its viscosity may decrease in elderly patients. Like many earlier
investigators [8,19,22], we used the viscosity of saline in the simulations and reached good match
between the simulations and experimental rabbit data (Figure 2). Thus, changes in the vitreous
viscosity may not be a major factor in the elimination of biologicals from the vitreous.

Polymers are currently investigated as excipients in the intravitreal controlled release systems [30],
but there is very little information about the elimination of the polymers from the vitreous [25]. It is
known that some polymers, such as hyaluronic acid and dextran, are cleared from the vitreous solely
via the anterior route [19,31]. The model presented here can also be useful in the estimation of polymer
exposure of the anterior chamber tissues. However, if the polymer is degraded to very small fragments,
the degradation products may be capable of crossing the blood-ocular barriers, resulting in more
complicated kinetics [25]. Likewise, small molecule drugs are eliminated from the vitreous via the
posterior route across the RPE and retinal capillaries [7]. Furthermore, they can be eliminated from the
aqueous humor through the venous circulation of the iris and ciliary body [23,32]. Therefore, clearance
from the anterior chamber may increase by an order of magnitude; for example, value of 35 µL/min
was reported for pilocarpine [23]. Thus, this model should not be used as such for kinetic modeling of
small molecular drugs.

Injectable and implantable long acting delivery systems are an interesting option in ocular drug
delivery, particularly in the chronic treatment of age-related macular degeneration [30]. Challenges in
the product development include loading capacity and stability of protein drugs in the formulation
at ocular temperature for months. The simulations suggest that the controlled release may lead
to significant dose sparing (per month), thereby reducing the need of the total drug dose in the
formulation (a few milligrams per year). Recently, protein engineering approaches have been reported
for their improved long-term stability in the vitreous [33].

Long acting intracameral implants have been developed as an alternative for the use of
anti-glaucoma eyedrops that have poor patient compliance in the clinical practice [34,35]. Biologicals
cannot be used as eyedrops for anterior segment treatments, because they do not permeate across
the cornea and the bioavailability after sub-conjunctival delivery is less than 10% [7]. Obviously,
intracameral delivery would result in 100% bioavailability in the anterior chamber, but controlled
release is needed because even large molecules have aqueous humor half-lives in the range of one
hour (Figure 4). Interestingly, even a bolus injection of protein drug to the vitreous should extend the
concentrations in the anterior chamber to one month (Figure 2). Furthermore, the aqueous humor
bioavailability of an intravitreal protein drug is almost complete, because nearly a whole dose is
eliminated via the anterior route. Sampling of aqueous humor has also been used as an indicator of
drug activity for intravitreally administered protein drugs, which also applies in humans [34].

Intravitreal controlled release systems can deliver biologicals to the anterior chamber, but the
steady-state concentrations will be about 10 times lower than in the vitreous (Figure 2). Thus, a few
milligrams of intravitreal drug in the intravitreal delivery system should be sufficient for one year if the
drug is active at 10 nM concentrations. The steady-state concentrations in the aqueous humor can be
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estimated as the ratio of drug release rate (mass/time) and aqueous humor outflow rate (volume/time)
(Equation (8)):

Css,aqueous =
Css,vitreous ∗ CLvitreous→anterior

aqueous out f low rate
=

sustained release rate
aqueous out f low rate

(8)

The same ratio, sustained release rate/aqueous humor flow rate, also defines the steady state
concentration during drug release from an intracameral implant (Equation (8)). This principle should
also be applicable to the intravitreal polymers that dissolve from an implant. It should be noted
that larger implants can be placed on the vitreous as compared to on the anterior chamber and the
intravitreal drug administration is more widely used in clinical practice.

It is important to note, however, that the pharmacokinetics of small molecule drugs are different:
anterior segment bioavailability of an intravitreal drug can be even below 10% (due to the high extent
of posterior elimination) and the drug clearance from the aqueous humor is greater (even up to one
order of magnitude). Thus, the steady state concentrations of small molecules, relative to the dose,
can be two orders of magnitude lower than those of biologicals.

5. Conclusions

A simple kinetic model was successfully used to simulate the concentrations of biologicals in the
vitreous and aqueous humor after intravitreal injections. The model is a useful tool in the design of
administration routes and release rates of ocular biologicals.

Author Contributions: Conceptualization, A.U., I.K. and F.D.; Methodology, A.-K.R., I.K., F.D., and A.U.; Software,
A.-K.R., I.K., and F.D.; Validation, A.-K.R.; Formal Analysis, A.-K.R., I.K., and A.U.; Investigation, A.-K.R.,
I.K., and F.D.; Resources, A.U. and H.K.; Data Curation, A.-K.R.; Writing-Original Draft Preparation, A.U.;
Writing-Review & Editing, A.U., A.-K.R., H.K., I.K. and F.D.; Visualization, A.-K.R. and A.U.; Supervision, A.U.
and H.K.; Project Administration, A.U. and H.K.; Funding Acquisition, A.U.

Funding: This research was supported from the Government of Russian Federation Mega-Grant 14.W03.031.0025
“Biohybrid Technologies for Modern Biomedicine”.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Barakat, M.R.; Kaiser, P.K. VEGF inhibitors for the treatment of neovascular age-related macular degeneration.
Exp. Opin. Investig. Drugs 2009, 18, 637–646. [CrossRef] [PubMed]

2. Bakall, B.; Folk, J.C.; Boldt, H.C.; Sohn, E.H.; Stone, E.M.; Russell, S.R.; Mahajan, V.B. Aflibercept therapy for
exudative age-related macular degeneration resistant to bevacizumab and ranibizumab. Am. J. Ophthalmol.
2013, 156, 15–22. [CrossRef] [PubMed]

3. Holz, F.G.; Tadayoni, R.; Beatty, S.; Berger, A.; Cereda, M.G.; Cortez, R.; Hoyng, C.B.; Hykin, P.; Staurenghi, G.;
Heldner, S.; Bogumil, T.; Heah, T.; Sivaprasad, S. Multi-country real-life experience of anti-vascular
endothelial growth factor therapy for wet age-related macular degeneration. Br. J. Ophthalmol. 2015,
99, 220–226. [CrossRef] [PubMed]

4. Bhatt, N.; Tucker, W.; Sen, H.; Nussenblatt, R.B. Biologic therapies: Anti-tumor necrosis factor-,
anti-interlekins, rituximab and others. Dev. Ophthalmol. 2016, 55, 252–264. [PubMed]

5. Haghjou, N.; Soheilian, M.; Abdekhodaie, M.J. Sustained release intraocular drug delivery devices for
treatment of uveitis. J. Ophthal. Vis. Res. 2011, 6, 317–329.

6. Market Scope Estimate. Available online: http://market-scope.com/ (accessed on 3 December 2018).
7. Maurice, D.M.; Mishima, S. Ocular pharmacokinetics. In Pharmacology of the Eye; Springer: Berlin/Heidelberg,

Germany, 1984; Volume 69, pp. 16–119.
8. Hutton-Smith, L.A.; Gaffney, E.A.; Byrne, H.M.; Maini, P.K.; Schwab, D.; Mazer, N.A. A mechanistic

model of intravitreal pharmacokinetics of large molecules and the pharmacodynamic suppression of ocular
vascular endothelial growth factor levels by ranibizumab in patients with neo-vascular age related macular
degeneration. Mol. Pharm. 2016, 13, 2941–2950. [CrossRef] [PubMed]

http://dx.doi.org/10.1517/13543780902855316
http://www.ncbi.nlm.nih.gov/pubmed/19388880
http://dx.doi.org/10.1016/j.ajo.2013.02.017
http://www.ncbi.nlm.nih.gov/pubmed/23706500
http://dx.doi.org/10.1136/bjophthalmol-2014-305327
http://www.ncbi.nlm.nih.gov/pubmed/25193672
http://www.ncbi.nlm.nih.gov/pubmed/26501216
http://market-scope.com/
http://dx.doi.org/10.1021/acs.molpharmaceut.5b00849
http://www.ncbi.nlm.nih.gov/pubmed/26726925


Pharmaceutics 2019, 11, 9 10 of 11

9. del Amo, E.M.; Vellonen, K.S.; Kidron, H.; Urtti, A. In Silico Prediction of Intravitreal Primary
Pharmacokinetic Parameters and Drug Concentrations: Tool for Ocular Drug Development. Eur. J.
Pharm. Biopharm. 2015, 95, 215–226. [CrossRef]

10. Hutton-Smith, L.A.; Gaffney, E.A.; Byrne, H.M.; Maini, P.K.; Gadkar, K.; Mazer, N.A. Ocular
pharmacokinetics of therapeutic antibodies given by intravitreal injection: Estimation of retinal permeabilities
using a 3-compartment semi-mechanistic model. Mol. Pharm. 2017, 14, 2690–2696. [CrossRef]

11. Pitkänen, L.; Ranta, V.P.; Moilanen, H.; Urtti, A. Permeability of retinal pigment epithelium: Effects of
permeant molecular weight and lipophilicity. Investig. Ophthalmol. Vis. Sci. 2005, 46, 641–646. [CrossRef]

12. Kim, H.; Robinson, M.R.; Lizak, M.J.; Tansey, G.; Lutz, R.J.; Yuan, P.; Wang, N.S.; Csaky, K.G. Controlled
drug release from an ocular implant: An evaluation using dynamic three-dimensional magnetic resonance
imaging. Investig. Ophthalmol. Vis. Sci. 2004, 45, 2722–2731. [CrossRef]

13. Ranta, V.P.; Mannermaa, E.; Lummepuro, K.; Subrizi, A.; Laukkanen, A.; Antopolsky, M.; Murtomäki, L.;
Hornof, M.; Urtti, A. Barrier analysis of periocular drug delivery to the posterior segment. J. Control. Release
2010, 148, 42–48. [CrossRef] [PubMed]

14. Bakri, S.J.; Snyder, M.R.; Reid, J.M.; Pulido, J.S.; Singh, R.J. Pharmacokinetics of intravitreal bevacizumab
(Avastin). Ophthalmology 2007, 114, 855–859. [CrossRef] [PubMed]

15. Bakri, S.J.; Snyder, M.R.; Reid, J.M.; Pulido, J.S.; Ezzat, M.K.; Singh, R.J. Pharmacokinetics of intravitreal
ranibizumab (Lucentis). Ophthalmology 2007, 114, 2179–2182. [CrossRef] [PubMed]

16. Kim, H.; Csaky, K.G.; Chan, C.C.; Bungay, P.M.; Lutz, R.J.; Dedrick, R.; Yuan, P.; Rosenberg, J.;
Grillo-Lopez, A.J.; Wilson, W.H.; et al. The pharmacokinetics of rituximab after intravitreal injection.
Exp. Eye Res. 2006, 82, 760–766. [CrossRef] [PubMed]

17. Li, H.; Lei, N.; Zhang, M.; Li, Y.; Xiao, H.; Hao, X. Pharmacokineitics of long-lasting anti-VEGF fusion protein
in rabbit. Exp. Eye Res. 2012, 97, 154–159. [CrossRef] [PubMed]

18. Park, S.J.; Choi, Y.; Na, Y.M.; Hong, H.K.; Park, J.Y.; Park, H.K.; Chung, J.Y.; Woo, S.J. Intraocular
pharmacokinetics of intravitreal aflibercept (Eylea) in a rabbit model. Investig. Ophthalmol. Vis. Sci. 2016, 57,
2612–2617. [CrossRef] [PubMed]

19. Lamminsalo, M.; Taskinen, E.; Karvinen, T.; Subrizi, A.; Murtomäki, L.; Urtti, A.; Ranta, V.P. Extended
Pharmacokinetic Model of the Rabbit Eye for Intravitreal and Intracameral Injections of Macromolecules:
Quantitative Analysis of Anterior and Posterior Elimination Pathways. Pharm. Res. 2018, 35, 153–167.
[CrossRef]

20. Gaul, G.R.; Brubaker, R.F. Measurement of aqueous flow in rabbits with corneal and vitreous depots of
fluorescent dye. Investig. Ophthalmol. Vis. Sci. 1986, 27, 1331–1335.

21. Barany, E.; Kinsey, V.E. The rate of flow of aqueous humor; the rate of disappearance of para-aminohippuric
acid, radioactive rayopake, and radioactive diodrast from the aqueous humor of rabbits. Am. Ophthalmol.
1949, 32, 177–188.

22. Missel, P.J. Simulating intravitreal injections in anatomically accurate models for rabbit, monkey, and human
eyes. Pharm. Res. 2012, 29, 3251–3272. [CrossRef]

23. Conrad, J.M.; Robinson, J.R. Aqueous chamber drug distribution volume measurement in rabbits. J. Pharm.
Sci. 1977, 66, 219–224. [CrossRef] [PubMed]

24. Harpaz, Y.; Gerstein, M.; Chothia, C. Volume Changes on Protein Folding. Structure 1994, 2, 641–649.
[CrossRef]

25. del Amo, E.M.; Rimpelä, A.; Heikkinen, E.; Otto, K.; Ramsay, K.E.; Lajunen, T.; Schmitt, M.; Pelkonen, L.;
Bhattacharya, M.; Richardson, D.; et al. Arto Urtti: Pharmacokinetic Aspects of Retinal Drug Delivery.
Progr. Ret. Eye Res. 2017, 57, 134–185. [CrossRef]

26. Nomoto, H.; Shiraga, F.; Kuno, N.; Kimura, E.; Fujii, S.; Shinomiya, K.; Nugent, A.K.; Hirooka, K.; Baba, T.
Pharmacokinetics of bevacizumab after topical, subconjunctiuval, and intravitreal administration in rabbits.
Investig. Ophthalmol. Vis. Sci. 2009, 50, 4807–4813. [CrossRef] [PubMed]

27. Heiduschka, P.; Fietz, H.; Hofmeister, S.; Schultheiss, S.; Mack, A.F.; Peters, S.; Ziemssen, F.; Niggemann, B.;
Julien, S.; Bartz-Schmidt, K.U.; Schraermeyer, U. Penetration of bevacizumab through the retina after
intravitreal injection in the monkey. Investig. Ophthalmol. Vis. Sci. 2007, 48, 2814–2823. [CrossRef] [PubMed]

28. Shatz, W.; Hass, P.E.; Mathieu, M.; Kim, H.S.; Leach, K.; Zhou, M.; Crawford, Y.; Shen, A.; Wang, K.;
Chang, D.P.; et al. Contribution of antibody hydrodynamic size to vitreal clearance revealed through rabbit
studies using a species-matched fab. Mol. Pharm. 2016, 13, 2996–3003. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.ejpb.2015.01.003
http://dx.doi.org/10.1021/acs.molpharmaceut.7b00164
http://dx.doi.org/10.1167/iovs.04-1051
http://dx.doi.org/10.1167/iovs.04-0091
http://dx.doi.org/10.1016/j.jconrel.2010.08.028
http://www.ncbi.nlm.nih.gov/pubmed/20831888
http://dx.doi.org/10.1016/j.ophtha.2007.01.017
http://www.ncbi.nlm.nih.gov/pubmed/17467524
http://dx.doi.org/10.1016/j.ophtha.2007.09.012
http://www.ncbi.nlm.nih.gov/pubmed/18054637
http://dx.doi.org/10.1016/j.exer.2005.09.018
http://www.ncbi.nlm.nih.gov/pubmed/16289160
http://dx.doi.org/10.1016/j.exer.2011.09.002
http://www.ncbi.nlm.nih.gov/pubmed/21933673
http://dx.doi.org/10.1167/iovs.16-19204
http://www.ncbi.nlm.nih.gov/pubmed/27258433
http://dx.doi.org/10.1007/s11095-018-2435-0
http://dx.doi.org/10.1007/s11095-012-0721-9
http://dx.doi.org/10.1002/jps.2600660222
http://www.ncbi.nlm.nih.gov/pubmed/839419
http://dx.doi.org/10.1016/S0969-2126(00)00065-4
http://dx.doi.org/10.1016/j.preteyeres.2016.12.001
http://dx.doi.org/10.1167/iovs.08-3148
http://www.ncbi.nlm.nih.gov/pubmed/19324856
http://dx.doi.org/10.1167/iovs.06-1171
http://www.ncbi.nlm.nih.gov/pubmed/17525217
http://dx.doi.org/10.1021/acs.molpharmaceut.6b00345
http://www.ncbi.nlm.nih.gov/pubmed/27244474


Pharmaceutics 2019, 11, 9 11 of 11

29. Luoma, T.D.; Wyatt, E.A.; Shi, W.; Shatz, W.; Hass, P.E.; Mathieu, M.; Yi, L.; Corn, J.E.; Maass, K.F.; Wang, K.;
et al. Protein engineering to increase the potential of a therapeutic antibody Fab for long-acting delivery to
the eye. mAbs 2017, 9, 1297–1305.

30. Lau, C.M.; Yu, Y.; Jahamir, G.; Chau, Y. Controlled release technology for anti-angiogenesis treatment of
posterior eye diseases: Current status and challenges. Adv. Drug Deliv. Rev. 2018, 126, 145–161. [CrossRef]

31. Araie, M.; Maurice, D.M. The loss of fluorescein, fluorescein glucuronide and fluorescein isothiocyanate
dextran from the vitreous by the anterior and retinal pathways. Exp. Eye Res. 1991, 52, 27–39. [CrossRef]

32. Miller, S.C.; Gokhale, R.D.; Patton, T.F.; Himmelstein, K.J. Pilocarpine ocular distribution volume. J. Pharm.
Sci. 1980, 69, 615–616. [CrossRef]

33. Loyet, K.; Hass, P.E.; Sandoval, W.N.; Morando, A.; Liu, P.; Shatz, W.; Dickmann, L.; Kenrick, M.; Good, J.;
Davancaze, T.; et al. In vivo profiles of anti-factor D molecules support long-acting delivery approaches.
Mol. Pharm 2018, in press. [CrossRef] [PubMed]

34. Kim, J.; Kudisch, M.; Konichida Silva, N.R.; Asada, H.; Shibuya, E.A.; Bloomer, M.M.; Mudumba, S.;
Bhisitkul, R.B.; Desai, T.A. Long-term intraocular pressure reduction with intracameral polycaprolactone
glaucoma devices that deliver a novel anti-glaucoma agent. J. Control. Release 2018, 269, 45–51. [CrossRef]
[PubMed]

35. Kholdebarin, R.; Campbell, R.J.; Jin, Y.P.; Buys, Y.M. Multicenter study of compliance and drop administration
in glaucoma. Can. J. Ophthalmol. 2008, 43, 454–461. [CrossRef] [PubMed]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.addr.2018.03.013
http://dx.doi.org/10.1016/0014-4835(91)90125-X
http://dx.doi.org/10.1002/jps.2600690544
http://dx.doi.org/10.1021/acs.molpharmaceut.8b00871
http://www.ncbi.nlm.nih.gov/pubmed/30444371
http://dx.doi.org/10.1016/j.jconrel.2017.11.008
http://www.ncbi.nlm.nih.gov/pubmed/29127001
http://dx.doi.org/10.3129/i08-076
http://www.ncbi.nlm.nih.gov/pubmed/18711461
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Elimination of the Intravitreal Biological 
	Sustained Intravitreal Drug Delivery 
	Simulations 

	Results 
	Injections 
	Sustained Release 

	Discussion 
	Conclusions 
	References

