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Abstract: Intravitreal injection is the gold standard therapeutic option for posterior segment 

pathologies, and long-lasting release is necessary to avoid reinjections. There is no effective 

intravitreal treatment for glaucoma or other optic neuropathies in daily practice, nor is there a 

non-invasive method to monitor drug levels in the vitreous. Here we show that a glaucoma 

treatment combining a hypotensive and neuroprotective intravitreal formulation (IF) of 

brimonidine-Laponite (BRI/LAP) can be monitored non-invasively using vitreous imaging 

captured with optical coherence tomography (OCT) over 24 weeks of follow-up. Qualitative and 

quantitative characterization was achieved by analysing the changes in vitreous (VIT) signal 

intensity, expressed as a ratio of retinal pigment epithelium (RPE) intensity. Vitreous 

hyperreflective aggregates mixed in the vitreous and tended to settle on the retinal surface. Relative 

intensity and aggregate size progressively decreased over 24 weeks in treated rat eyes as the 

BRI/LAP IF degraded. VIT/RPE relative intensity and total aggregate area correlated with 

brimonidine levels measured in the eye. The OCT-derived VIT/RPE relative intensity may be a 

useful and objective marker for non-invasive monitoring of BRI/LAP IF. 

Keywords: Brimonidine; Laponite; drug delivery; glaucoma; nanomedicine; monitoring; optical 

coherence tomography; vitreous; intravitreal. 

 

 

 

1. Introduction 
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Brimonidine is an ocular hypotension drug widely used in ophthalmological clinical care. For 

adequate therapeutic control, topical administration is recommended twice a day because of its 

short half-life (approximately 12 hours) [1]. Recently, brimonidine also exhibited a neuroprotective 

effect in retinal ganglion cells (RGCs), photoreceptors and other retinal cells [2] in animal and human 

studies [3] and with both topical and intravitreal administration [4]. The short half-life of 

brimonidine means that periodic intravitreal administration is needed to achieve therapeutic 

efficacy. However, repeated injection could lead to complications [5]. Therefore, development of 

sustained drug delivery systems is necessary. Laponite® Na+0.7[(Si8Mg5.5Li0.3)O20(OH)4]−0.7 is a 

biocompatible and biodegradable clay used in biomedicine [6]. Its safety in intravitreal injection has 

been demonstrated in animal studies [7–9]. Laponite® forms a transparent gel when dispersed in an 

aqueous medium. It is able to interact with other molecules, acting as a carrier and releasing the 

drug in a controlled manner [10]. In this regard, our research group recently demonstrated that an 

intravitreal formulation (IF) containing brimonidine-Laponite (BRI/LAP) produced a hypotensive 

and neuroprotective effect in a chronic glaucoma animal model over 6 months of follow-up [9]. 

The vitreous humour is a 3-D structure mainly composed of water, collagen fibres and hyaluronan 

that occupies 80% of eye volume. It allows light transmission and intervenes in eye metabolism [11]. 

A vitreous sample biopsy is a useful means of diagnosing inflammatory, infectious or oncological 

ocular diseases as well as of carrying out toxicological post-mortem analysis [12,13]. Furthermore, 

the vitreous humour is becoming increasingly important in clinical practice as it acts as a therapeutic 

target for posterior pole pathologies involving macular oedema, such as diabetic retinopathy, 

vascular occlusions or aged-related macular degeneration. However, as an intravitreal treatment for 

glaucoma is not yet available in clinical practice, many researchers are working to resolve this 

limitation within a medium-term horizon. The potential interest in using intravitreal administration 

is to circumvent ocular barriers while avoiding systemic adverse events and, by acting as a reservoir, 

maintaining therapeutic drug levels near the site of action [14]. 

Optical coherence tomography (OCT) is an easy-to-handle, cost-efficient, and objective technology 

that provides high-resolution cross-sectional images. It has long been widely used in clinical practice 

and research to study neuroretinal structure. Improved OCT devices with swept-source or enhanced 

vitreous imaging have made it possible to study the vitreous in normal and inflamed states and to 

study changes to it after treatment [15–17]. However, it has never been used to monitor drug levels 

in IFs. Currently, loss in IF therapeutic efficacy is evaluated on the basis of changes in neuroretinal 

structure or decreases in subjective visual acuity measurements, which indicate an increase in 

disease activity. It would be beneficial, however, to find an objective vitreous monitoring marker 

with which to quantify the degradation of the injected molecule and which could even anticipate the 

loss of therapeutic effect before structural retinal changes are detected by OCT, especially as 

compared with other more expensive or invasive techniques used in research, such as positron 

emission tomography or magnetic resonance imaging [18,19].  

In previous OCT-based studies by this group, BRI/LAP IF was visualized in the vitreous cavity as 

hyperreflective aggregates [9]. Expanding on this finding, this study uses OCT to analyse changes in 

the hyperreflectivity signal from the BRI/LAP IF in the vitreous humour in rat eyes over a 24-week 

period. This paper describes a monitoring marker for the IF, correlates the OCT vitreous signal to 
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drug levels and discusses the therapeutic effect of BRI/LAP IF [9]. It proposes serial OCT as a more 

affordable and simpler method for monitoring BRI/LAP IF in vivo in animal research. 

2. Materials and Methods  

2.1 Data collection 

OCT images of the vitreous and drug level data were obtained from the experiments carried out in a 

previous interventional study conducted by the authors [9]. In that study, chronic glaucoma was 

bilaterally induced by biweekly injections of hypertonic solution into the episcleral veins, according 

to the well-established Morrison model, [20] which led to episcleral vein sclerosis and therefore 

ocular hypertension (OHT). Thereafter, a single 3-µL BRI/LAP IF injection (10 mg BRI/LAP/mL) into 

the right eye (RE) of Long–Evans rats was performed at baseline. Left eyes (LEs) served as 

non-treated hypertensive controls. The material and methods used for the study were deeply 

detailed in [9]. In this study, OCT examinations of the 43 treated rats at baseline and at weeks 1, 2, 4, 

6, 8, 12, 24 after intravitreal injection were analysed to quantify BRI/LAP IF evolution over 6 months. 

Another 23 non-treated healthy rats were examined for comparison as non-hypertensive controls. 

The experiment was approved beforehand by the Ethics Committee for Animal Research (PI34/17) 

and was carried out in strict accordance with the Association for Research in Vision and 

Ophthalmology’s Statement for the Use of Animals. 

2.2 Optical coherence tomography  

Images were acquired using a high-resolution OCT device (HR-OCT Spectralis, Heidelberg® 

Engineering, Germany) with a plain contact lens adapted to the rats’ cornea to obtain higher quality 

images. The rodent version of this system acquires cross-sectional images by means of 61 b-scans 

measuring around 3 mm in length and centred on the optic nerve. It has a resolution of 3 microns per 

pixel generated. A total of 1536 x 496 pixels were analysed. The retinal posterior pole protocol with 

automatic segmentation, eye-tracking software and follow-up application were used to ensure that 

the same points were re-scanned throughout the study. “Enhance depth imaging” mode was 

disabled in all cases.  

2.3 Analysis of the intravitreal formulation using OCT 

The BRI/LAP IF aggregates present in the OCT scans of the vitreous were studied. These aggregates 

were defined as being dots dispersed in the vitreous humour or vitreoretinal interface whose larger 

size, irregularity or greater signal hyperreflectivity differentiated them from background speckle 

noise. 

OCT image contrast was not adjusted at any time. OCT raw images were exported as AVI videos. 

These videos were analysed using a custom program implemented in Matlab (version R218a, 

Mathworks Inc., Natick, MA). This code allows us to find the inner limiting membrane (ILM) and 

the inner and outer layers of the retinal pigment epithelium (RPE) by grayscale conversion. This 

makes it possible to delimit vitreous space and RPE space in each b-scan (Fig. 1). The vitreous was 

defined as the space between the uppermost extent of the b-scan and the ILM, whereas the RPE was 

defined as the space between the inner and outer layer of the RPE [16,17]. The mean intensity value 

of these two spaces was calculated as the average of the intensity of all the pixels within each region, 
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obtaining the VIT/RPE relative intensity in each b-scan. Thus, the VIT/RPE relative intensity of each 

eye is the average of the 61 b-scans. Furthermore, as the BRI/LAP aggregates tend to be deposited on 

the ILM–RNFL (retinal nerve fibre layer), the inner and outer limits of the ILM–RNFL were 

determined to obtain the evolution of ILM–RNFL thickness throughout the 24 weeks of follow-up. 

 

Figure 1. Quantitative assessment of VIT/RPE relative intensity in the same right eye of a rat at (A) 

two weeks and (B) six weeks post-injection with brimonidine-Laponite intravitreal formulation. 

Abbreviations: IF: intravitreal formulation; VIT: vitreous; RPE: retinal pigment epithelium; ILM: 

inner limiting membrane. 

 

The size of the aggregates in each b-scan was also determined by calculating the number of pixels 

that each aggregate contains in the image. In the analysed b-scans, there are a total of 761,856 pixels 

and the image area is 2,906 mm2. Therefore, the ratio is 3,815 µm2/pixel. To calculate that correctly, 
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the background speckle noise of the image was deleted using a denoising filter, which made it 

possible to distinguish between aggregates and background noise. This filter was implemented in 

our custom code following the definition of aggregates as larger dots whose intensity is greater than 

the background intensity. Once we had calculated the size of each aggregate, we could compute the 

average area and total area of the BRI/LAP IF in each eye at different stages during the follow-up. 

The imaging data were analysed for clinical and drug level information by a masked reader. OCT 

segmentation was performed by two different researchers, likewise masked, to verify 

reproducibility. 

2.4 Statistical analysis 

All data were recorded in an Excel database, and statistical analysis was performed using SPSS 

software version 20.0 (SPSS Inc., Chicago, IL). To assess sample distribution, the Kolmogorov–

Smirnov test was used. However, given the non-parametric distribution of most of the data, the 

Mann–Whitney U test was employed to evaluate the differences between both cohorts, and a paired 

Wilcoxon test was used to compare the changes recorded in each eye over the study period. P values 

< 0.05 were considered to indicate statistical significance. 

3. Results 

A total of 186 OCT videos from 43 treated rats (43 hypertensive REs treated with BRI/LAP IF and 29 

non-treated hypertensive LEs) and 23 non-treated healthy rats (23 REs/23 LEs) were analysed. The 

REs injected with the BRI/LAP IF showed hyperreflective dots/aggregates mixing uniformly in the 

vitreous gel and dispersed as floaters, with a tendency to move toward the vitreoretinal interface 

during the 24-week follow-up [9]. There was also OCT-guided evidence of the hyperreflective dots 

crossing the vitreoretinal interface and embedding deeply in the retinal tissue. Particular qualitative 

characteristics of the behaviour of the BRI/LAP IF observed in several animals are shown in Fig. 2.  
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Figure 2. Milestones in the evolution of the brimonidine-Laponite intravitreal formulation (BRI/LAP 

IF) analysed using optical coherence tomography. (A): Cross-sectional image of the optic nerve 

showing hyper-reflective IF aggregates after crossing the posterior vitreous cortex (PVC). The green 

arrow points to the posterior vitreous cortex. Three hyper-reflective dots are found in the space 

between the PVC and the inner limiting membrane (ILM). (B): Hyper-reflective aggregates (green 

triangle) at the moment of crossing the posterior vitreous cortex. (C): Hyper-reflective aggregates 

(green circle) arranged one-by-one in a row. (D): Large BRI/LAP IF aggregate (green rhombus) in the 

vitreous humour. A light optical shadow is observed (indicating potential perception of floaters) 

similar to the shadow that retinal vessels produce. (E) and (F): Hyper-reflective aggregates 

penetrating the retinal layers. Deposits in the inner nuclear layer or perivascular (green square). 

Deposits in the outer nuclear layer (green star). Red lines indicate the ILM and retinal pigment 

epithelium (RPE) boundaries. (B) shows an example without boundaries (red lines) so as to permit 

measurement. (A) and (B) show images obtained at 6 weeks of follow-up. (C) and (D) show images 

obtained at 8 weeks of follow-up. (E) and (F) show images obtained at 12 weeks of follow-up. 

Representative images are extracted from different animals. 

 

OCT also detected a progressive decrease over time in the number and size of BRI/LAP aggregates 

(Fig.3). Fig. 4 shows the temporal change in aggregate size. Fig. 4A shows that total aggregate area 

decreased with time over the 24 weeks of follow-up. This drop was very marked during the first 4–6 

weeks, after which the change was more gradual. Moreover, total aggregate area increased two 

weeks after injection. Although a similar trend was observed (aggregate size increased at 2 weeks), 

this seems to be at the expense of an increase in mean aggregate size. A considerable decrease was 

then detected around 8 weeks, and from 12 weeks onwards mean aggregate size remained 

practically constant (Fig. 4B).  
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Figure 3. Progressive decrease in hyper-reflective aggregates (red arrows) of the 

brimonidine-Laponite intravitreal formulation (BRI/LAP IF) detected in the vitreous-retinal interface 

using optical coherence tomography over 24 weeks of follow-up. 
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Figure 4. Temporal change in aggregate area. (A) Total area of the aggregates located in the vitreous; 

(B) Mean area of the aggregates. 

 

OCT analysis revealed the decreasing intensity of the hyperreflective IF aggregates in the vitreous 

over 24 weeks of follow-up (Fig. 5A). The figure shows that the intensity peaked at the end of the 

second week and then decreased until stabilizing around week 12. It should be noted that the 

intensity index rose slightly from weeks 4 to 6 and that this coincided with a decrease in total 

aggregate area (Fig. 4A) and a slight increase in mean aggregate area (Fig. 4B). Comparison of the 

intensity indices for REs (treated with BRI/LAP IF) and LEs (non-treated) (Fig. 5A) shows that the 

intensity is very much lower in the LEs (0.30 vs, 0.25; p < 0.001). Interestingly, the index similarly 

increased over the first two weeks. This effect could be produced by the induction of glaucoma. 

Furthermore, the intensity index for non-treated eyes (right and left control eyes; the grey lines in 

Fig. 5A) was also computed. In this case, the intensity value remained constant (0.17). Finally, we 

observed that the aggregates were initially distributed throughout the entire vitreous but as time 

went by (6 to 8 weeks) they settled on top of the ILM–RNFL. It was not possible to distinguish 

between the aggregates and the ILM–RNFL because the intensity values are very similar. Therefore, 

this co-layer was segmented in order to measure the deposited aggregates. Fig. 5B shows how RE 

ILM–RNFL thickness increased until it plateaued at week 12. This increase in thickness is directly 

related to the aggregates’ distribution on top of the retina. In the same plot, LE (untreated) ILM–

RNFL thickness remained unaltered or decreased slightly during the follow-up if no aggregates 

were present. Furthermore, we previously not only ruled out that the thickness increase in the 

treated eye was a consequence of neurodegeneration or cystoid oedema, but also observed 

functional neuroprotection and a higher RGC count [9].  
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Figure 5. (A) Mean VIT/RPE relative intensity in rats with induced bilateral glaucoma (RE treated 

with brimonidine-Laponite) and healthy controls over 24 weeks of follow-up. (B) Segmentation of 

the ILM–RNFL in rats with induced bilateral glaucoma (RE treated with brimonidine-Laponite) over 

24 weeks of follow-up. Abbreviations: RE: right eye; LE: left eye; OH: ocular hypertension; T: treated; 

BRI/LAP IF: Brimonidine-Laponite intravitreal formulation; non-T: non-treated; hC: healthy control; 

ILM: inner limiting membrane; RNFL: retinal nerve fibre layer. 

 

Finally, a 3-D reconstruction of the 61 b-scans from a specific rat was performed in order to assess 

the qualitative decrease in aggregates with time. Fig. 6 shows the same eye at 2 weeks of follow-up 

and then 6 weeks later (8 weeks of follow-up). It clearly shows that the aggregates are widely 

dispersed 2 weeks post-injection, and that 6 weeks later the aggregates are fewer and smaller and 

have practically disappeared from the vitreous humour. 

 

Figure 6. 3-D reconstruction of the evolution of the aggregates at 2 weeks and 8 weeks of follow-up. 

The reconstruction is shown from two different perspectives at each point in time. Abbreviations: N: 

nasal; I: inferior; S: superior; IF: intravitreal formulation. 

 

In order to investigate if the vitreous OCT data could serve as an objective marker for non-invasive 

monitoring of the IF, the curve of the brimonidine levels extracted from our previous study [9] was 

correlated with the VIT/RPE relative intensities and with the curve of the total aggregate area (as an 

expression of the total amount of IF injected) obtained using OCT over the study. Both the 

brimonidine levels and the VIT/RPE relative intensity curves showed a negative linear tendency 

with a direct correlation (y = -0.0003x + 0.1016 R2 = 0.5616 vs y = -0.0002x + 0.2543 R2 = 0.4301, 

respectively). Moreover, the logarithmic curves of the brimonidine levels and the total aggregate 

area were very similar (Fig. 7).  
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Figure 7. (A) Decreasing brimonidine level curves in rat eyes expressed in ng/mL (data obtained 

from [9]) (bottom) and total aggregate area in the rat eye vitreous expressed in pixels, obtained using 

optical coherence tomography (top) over 24 weeks of follow-up. Logarithmic curves in dashes. (B) 

Positive linear correlation between drug levels and total aggregate area. 

  

4. Discussion 

This paper describes use of OCT to perform non-invasive monitoring of an intravitreal formulation 

(BRI/LAP) used to treat glaucoma. 

Qualitative study made it possible to observe the behaviour of BRI/LAP IF in the vitreous and retina 

over a 24-week period [9]. In the early stages of the study the BRI/LAP IF was mixed in the vitreous, 

remaining in suspension in small microaggregates that later showed a tendency to approach and 

attach to the retina, possibly due to brimonidine tropism towards the alpha-adrenergic receptors 

present in the ganglion cell layer, inner nuclear layer and outer nuclear layer, [21] melanin, the RPE 

and the choroid. In animal studies, brimonidine has been shown to have both a functional and a 

structural neuroprotective effect. Intravitreal administration of brimonidine-loaded nanoparticles 

has shown a neuroprotective effect over 14 days of monitoring, [4] a hypotensive and 

neuroprotective effect lasting 4 weeks in an acute glaucoma model [22] and, recently, our group [9] 

demonstrated a functional and structural hypotensive and neuroprotective effect lasting 6 months 

with BRI/LAP IF in a chronic glaucoma model. This was proved not only by analysing the 

neuroretinal thickness with OCT and the functionally with electroretinography, but also by 

analysing images of the vitreoretinal interface obtained with OCT, which is a novel measurement 

method that could provide a non-invasive, objective and reliable means of monitoring the 

pharmacodynamics of the IF. In addition, brimonidine has been shown to be effective in clinical 

trials with human patients when administered topically to treat diabetic retinopathy [3] and 

intravitreally with a brimonidine drug delivery system (Brimo DDS Allergan®) in geographic 

atrophy from age-related macular degeneration [23]. The administration of Brimo DDS® requires an 

applicator and therefore larger gauge needles, as well as re-implantation every 3 months. A potential 

sustained-release intravitreal injection-based therapy such as BRI/LAP IF could be effective and 
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useful in these patients as it offers advantages such as injection with smaller micrometric needles, 

nanoscale formulation and longer therapeutic effects lasting up to 6 months [9]. 

Repeated intravitreal injections can increase intraocular pressure (IOP) and alter the structure of the 

optic nerve, [24] which can hinder or skew diagnosis and follow-up based on OCT measurements, 

which are very important in assessing progression in glaucoma. Hence, the use of sustained release 

systems is necessary in order to reduce re-injection and risk to patients. In this regard, Laponite 

produced sustained release of drugs for at least 6 months [7–9] and improved the solubility of 

hydrophobic substances such as brimonidine, thereby facilitating their administration and diffusion 

within the vitreous. 

For the formulation injected into the vitreous to reach the retinal cells (and exert its effect), it must 

pass through the posterior vitreous cortex (PVC) as well as the ILM, which has pores measuring 10–

20 nm. OCT showed hyperreflective aggregates capable of traversing the PVC and ILM and reaching 

the intraretinal space, possibly by diffusion (Fig. 2) due to the small size of the Laponite platelets 

(1 nm high, 30 nm diameter) [6] and the lipophilicity of brimonidine. In this regard, various authors 

also found internalization of drug delivery systems in the retina. Koo et al. [25] described the passage 

of intravitreal nanoparticles through the retina by both diffusion and endocytosis by the Müller cells, 

and Xu et al. [26] found that cationic amphiphilic intravitreal polymers reached RPE cells. The space 

between the ILM and the PVC houses an interdigitate extracellular matrix [15]. In this space, the 

authors observed that the BRI/LAP IF arranged itself in a row with the aggregates ordered one after 

the other at different heights, concentrically (see Fig. 2A, C and Fig. 6). This arrangement is similar to 

that proposed in the formation of Laponite film, [27] exhibiting a side-by-side arrangement of the 

Laponite platelets and subsequent stacking of them in different layers. This arrangement is favoured 

by several film-forming methods, including the Langmuir–Blodgett method, in a liquid–solid 

interface similar to the vitreous–retina interface, and even more so in the case of hybrid films with 

organic molecules and macromolecules [28]. 

OCT was fundamental to demonstrate in vivo degradation of the amount of BRI/LAP IF injected 

(based on total aggregate area) and morphological and dynamic aggregation of the Laponite 

molecules (based on mean aggregate area). Acidosis [29] and inflammatory proteins [30] have been 

detected in the vitreous of glaucoma patients. In both situations, Laponite degradation increases. In 

our study, the highest rate of BRI/LAP IF degradation with brimonidine release occurred in the early 

stages (the largest decrease in total aggregate area occurred in the first 2–6 weeks (Fig. 4A)). 

However, between the middle of the study and the end (at 24 weeks) degradation happened very 

slowly and the size of the aggregates remained stable. In our previous paper, [9] we demonstrated 

that the BRI/LAP IF produced an early hypotensive effect (peaking at 2 weeks) that coincided with 

higher levels of brimonidine in the eye, and a neuroprotective effect mainly occurring in the later 

stages (with sustainedly low levels of brimonidine), quantified in the form of reduced retinal RGC 

death. This reduced RGC death, which brimonidine achieves by blocking the excitotoxicity of the 

glutamate, [31] is probably why the vitreous acidosis was maintained or did not increase and, 

consequently, why the BRI/LAP IF degradation rate was slower in the later stages. In addition, 

Laponite aggregates in situations in which pH is very low (acidosis) [32]. Greatest aggregation 

observed using OCT (measured as an increase in the area of the aggregate) was found in the early 

stages, coinciding with the onset of the damage induced by ocular hypertension and, therefore, 
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increased acidosis. However, at later stages the aggregates were much smaller, suggesting less 

acidosis. Both OCT analyses of the aggregates (degradation based on total aggregate area, and 

aggregation based on mean aggregate area) support the idea of lower cell death due to 

neuroprotection in the later stages. This suggests a possible correlation/association between analysis 

of the vitreous using OCT with BRI/LAP IF and the results of structural analysis using OCT and 

retinal histology [9]. 

The OCT study of the vitreoretinal interface was also helpful in understanding a phenomenon that 

was unresponsive in our previous study [9]. We found that although BRI/LAP IF generally exerted a 

hypotensive effect on the eye treated, a peak in IOP was detected in week 3 compared to the 

non-treated LE. Laponite swells in aqueous media, so we hypothesized that an increase in the size of 

the aggregate was responsible for the IOP increase. In this study based on OCT monitoring of 

aggregates, and as expected, an increase in size of the BRI/LAP IF was measured in the early stages 

(2–3 weeks), confirming our hypothesis. 

Studying pharmacokinetics or tracing in relation to an IF in the visual pathway is not simple [14] as 

it requires invasive biopsies or tests that are either very expensive or only accessible to researchers 

[18]. OCT is a non-invasive technology capable of offering almost histological images depending on 

the light transmitted or reflected as light passes through different structures with differing densities. 

Those areas that light finds it harder to pass through have higher optical densities (e.g. lipid or 

calcium membranes), and different optical density ratios have been found according to pathology 

[33]. The increase in signal offered by BRI/LAP IF may be a consequence of the lipophilicity of the 

brimonidine and the silicon and magnesium components of the Laponite.  

As OCT is a light-scattering imaging technique, higher VIT/RPE relative intensity would indicate 

greater light scattering, with risk of perception of floaters. In this regard, the size of the aggregates 

was in the order of microns (from 850 to 760 microns) (Fig. 4B), much smaller than the commercially 

available Ozurdex® implant measuring 0.46 x 6 mm (22G needle) or Brimo DDS® (25G needle) [23]. 

Larger aggregates potentially perceivable as floaters (Fig. 2D) were nevertheless observed 

occasionally. It was only in the largest and least frequently occurring sizes that a posterior shadow 

was detected. In most aggregates no shadow was detected, suggesting that potential floater 

perception would be minimal or non-existent. This was reinforced by the fact that the animals did 

not exhibit any abnormal behaviour. 

Two previous studies involving intravitreal administration of Laponite and using indirect 

ophthalmoscopy [7,8] describe the IF as a single floccule/lump floating in the vitreous. However, in 

this study observations of large floccules were incidental/isolated. Laponite has thixotropic 

characteristics that facilitate IF injection fluidity by using smaller-gauge needles (such as the 

Hamilton µLSyringes® used in this study) [9]. Likewise, the injection force or speed and the needle 

gauge used have been shown to influence turbulence and mixing after injection of aqueous and 

viscous solutions into the vitreous gel [34]. This study suggests that BRI/LAP IF administration 

using smaller-gauge needles would, in addition to causing less patient discomfort, prevent the 

formation of large floccules. 
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In this paper, OCT analysis of the vitreous shows that VIT/RPE relative intensity is 1) significantly 

higher in eyes treated with IF than in non-treated eyes; 2) that intensity values decrease over time; 3) 

that scores can be calculated with a high degree of reproducibility; and 4) that the total aggregate 

area correlates with the amount of brimonidine at all stages of the study and shows a similar 

degradation curve. Therefore, VIT/RPE relative intensity would be an objective marker. The 

advantage of this OCT-guided analysis of IF persistence in the vitreous would be the possibility of 

acquiring simple measurements in repeatable explorations at any stage of disease development. This 

would help detect or predict a loss of treatment efficacy, avoiding detection of the absence of 

therapeutic effect only after retinal structural damage occurs, in other words as the disease 

progresses, as is currently the case with glaucoma. Moreover, it also makes it possible to evaluate the 

rate of IF degradation individually per patient, thereby making precision medicine more 

personalized [35]. In addition, guided OCT evaluation can reduce sample size as well as cost both in 

animal studies and in future clinical trials with patients. 

VIT/RPE relative intensity has been used because in previous studies it proved, as a marker of 

inflammation, to be a repeatable measure with a high degree of reproducibility and sensitivity [16]. 

Furthermore, Sreekantam et al. [17] mentioned that the RPE signal may be slightly attenuated in the 

case of macular oedema, resulting in lower VIT/RPE relative intensity. However, glaucoma does not 

present with oedema, so presumably the utility would be maintained in this pathology, perhaps 

with even greater reliability. 

4.1 Limitations of the study 

The depth of the vitreous analysed using OCT is partial and limited to a maximum of 1.9 mm. The 

authors consider that the analysis performed on the vitreoretinal interface using a follow-up 

protocol (which involves studying the exact same location in serial scans) presents a representative 

sample of the complete vitreous gel. This view is shared by other researchers who have analysed 

vitreous inflammation [36,37]. The high correlation shown in the results (OCT signal intensity vs 

brimonidine concentration in the eye), presented as a logarithmic scale, suggests that study of the 

whole vitreous body would not be necessary. However, further studies with full analysis of the 

vitreous body would be recommended to corroborate this outcome. For that purpose, swept-source 

OCT would help to enhance visualization of the vitreous cavity. Moreover, this study was 

conducted without enhanced vitreous imaging technology, which could have helped reveal more 

subtle diffusion characteristics that were not found with the technology used. This research was 

performed using a commercially available OCT device employed in animal study and a protocol 

customized specifically for OCT image analysis. Automated analysis of the type that already exists 

for the study of the neuroretina and that would allow for graduation of signal intensity loss or its 

rate at the time of acquisition would be beneficial and would facilitate real-time clinical 

decision-making.  

Another limitation could be that some of the hyperreflective dots were due to latent inflammation 

[16] (eye infection and severe vitritis were discarded in rat eyes injected with BRI/LAP IF in our 

previous study [9]) secondary to the induction of glaucoma, or to the injection of hypersaline 

solution that could be deposited in the retina [20] and alter or increase signal intensity. To our 

knowledge, this is the first OCT-based study to detect an alteration in the vitreous of eyes with 
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glaucoma (higher signal intensity) when compared with healthy eyes. As both eyes were injected to 

induce OHT, the increased signal intensity found in the RE is considered a consequence of BRI/LAP 

IF. 

Considering translation to clinical settings, one issue to take into consideration would be the 

vitreous opacities that are normally present in older humans, which are the primary target 

population for this formulation. However, in general, floaters are usually kept in a stable range, and 

the monitoring method presented in this study is conducted with a relative signal (VIT/RPE). 

Therefore, the change of signal in the successive re-scans (monitoring) would be the consequence of 

a change in the formulation. Furthermore, in the case of pathology the metabolism of the drugs is 

altered. Recently, an increase in vitreous signal VIT/RPE has been described in pathologies such as 

diabetic retinopathy, [36] meaning future studies would be necessary to shed light on these doubts. 

Nevertheless, this study presents a non-invasive, cost-efficient and customizable monitoring method 

that would facilitate precision medicine [35]. 

5. Conclusions 

This longitudinal study describes for the first time a qualitative and quantitative method of using 

OCT to analyse the signal generated in the vitreous by the BRI/LAP IF for glaucoma treatment. It 

enables initial monitoring of a therapeutic intravitreal formulation based on objective measurement 

of changes in the vitreous using OCT and demonstrates an adequate correlation with brimonidine 

drug levels. These results are a preliminary step in the validation of this potential biomarker 

identified with OCT for use in therapeutic monitoring, IF monitoring or tracing and could also be 

useful for conducting more accurate clinical trials based on early critical points of loss of efficacy. 

They could also potentially be transferred to clinical settings employing new OCT devices that offer 

higher image resolution. 

6. Patents 

J.M.F., J.A.M, V.P., and E.G.M., are inventors on a pending European patent application (No. 20 382 

021.2) related to this technology. The terms of this arrangement are being managed by the Aragon 

Health Research Institute (IIS Aragon) and Zaragoza University in accordance with its conflict of 

interest policies. 

Author Contributions: Conceptualization, Maria Jesus Rodrigo and Amaya Pérez del Palomar; Formal 

analysis, Amaya Pérez del Palomar, Alberto Montolío and Eugenio Vispe; Investigation, José Cegoñino and José 

Mayoral; Methodology, Maria Jesus Rodrigo, Amaya Pérez del Palomar, Alberto Montolío, Silvia 

Mendez-Martinez , Manuel Subias, Maria Jose Cardiel, Teresa Martinez-Rincon and Jose M. Fraile; Resources, 

Vicente Polo; Software, Alberto Montolío, Manuel Subias and Teresa Martinez-Rincon; Validation, Maria Jesus 

Rodrigo; Visualization, Alberto Montolío, Jose M. Fraile, José Mayoral and Elena Garcia-Martin ; Writing – 

original draft, Maria Jesus Rodrigo, Amaya Pérez del Palomar, Alberto Montolío, Silvia Mendez-Martinez , Jose 

M. Fraile and Elena Garcia-Martin ; Writing – review & editing, Maria Jesus Rodrigo, Amaya Pérez del Palomar 

and Elena Garcia-Martin . All authors read and approved the final version of the manuscript. 

Funding: This study was supported by Carlos III Health Institute, [grants numbers: M17/00213, PI17/01726, 

PI17/01946], and by MINECO/AEI/ERDF, EU [grants numbers: MAT2017-83858-C2-2].  

Conflicts of Interest: J.M.F., J.A.M, V.P., and E.G.M., are inventors on a pending European patent application 

(No. 20 382 021.2) related to this technology. The terms of this arrangement are being managed by the Aragon 

Health Research Institute (IIS Aragon) and Zaragoza University in accordance with its conflict of interest 

policies. “The funders had no role in the design of the study; in the collection, analyses, or interpretation of data; 

in the writing of the manuscript, or in the decision to publish the results”.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 November 2020                   doi:10.20944/preprints202011.0748.v1

https://doi.org/10.20944/preprints202011.0748.v1


 

 

  

References 

1.  Walters, T.R. Development and use of brimonidine in treating acute and chronic elevations of 

intraocular pressure: A review of safety, efficacy, dose response, and dosing studies. Surv. Ophthalmol. 

1996, 41, doi:10.1016/s0039-6257(96)82028-5. 

2.  Nizari, S.; Guo, L.; Davis, B.M.; Normando, E.M.; Galvao, J.; Turner, L.A.; Bizrah, M.; Dehabadi, M.; 

Tian, K.; Cordeiro, M.F. Non-amyloidogenic effects of α2 adrenergic agonists: Implications for 

brimonidine-mediated neuroprotection. Cell Death Dis. 2016, 7, e2514-13, doi:10.1038/cddis.2016.397. 

3.  Simó, R.; Hernández, C.; Porta, M.; Bandello, F.; Grauslund, J.; Harding, S.P.; Aldington, S.J.; Egan, C.; 

Frydkjaer-Olsen, U.; García-Arumí, J.; et al. Effects of topically administered neuroprotective drugs in 

early stages of diabetic retinopathy: Results of the EUROCONDOR clinical trial. Diabetes 2019, 68, 457–

463, doi:10.2337/db18-0682. 

4.  Kim, K.E.; Jang, I.; Moon, H.; Kim, Y.J.; Jeoung, J.W.; Park, K.H.; Kim, H. Neuroprotective effects of 

human serum albumin nanoparticles loaded with brimonidine on retinal ganglion cells in optic nerve 

crush model. Investig. Ophthalmol. Vis. Sci. 2015, 56, 5641–5649, doi:10.1167/iovs.15-16538. 

5.  Dossarps, D.; Bron, A.M.; Koehrer, P.; Aho-Glélé, L.S.; Creuzot-Garcher, C.; Berthon, L.; Maftouhi, Q. El; 

Bakhti, A.; Conrath, J.; Le Mer, Y.; et al. Endophthalmitis after intravitreal injections: Incidence, 

presentation, management, and visual outcome. Am. J. Ophthalmol. 2015, 160, 17-25.e1, 

doi:10.1016/j.ajo.2015.04.013. 

6.  Tomás, H.; Alves, C.S.; Rodrigues, J. Laponite®: A key nanoplatform for biomedical applications? 

Nanomedicine Nanotechnology, Biol. Med. 2018, 14, 2407–2420. 

7.  Prieto, E.; Vispe, E.; De Martino, A.; Idoipe, M.; Rodrigo, M.J.; Garcia-Martin, E.; Fraile, J.M.; 

Polo-Llorens, V.; Mayoral, J.A. Safety study of intravitreal and suprachoroidal Laponite clay in rabbit 

eyes. Graefe’s Arch. Clin. Exp. Ophthalmol. 2018, 256, 535–546, doi:10.1007/s00417-017-3893-5. 

8.  Prieto, E.; Cardiel, M.J.; Vispe, E.; Idoipe, M.; Garcia-Martin, E.; Fraile, J.M.; Polo, V.; Mayoral, J.A.; 

Pablo, L.E.; Rodrigo, M.J. Dexamethasone delivery to the ocular posterior segment by sustained-release 

Laponite formulation. Biomed. Mater. 2020, doi:10.1088/1748-605X/aba445. 

9.  Rodrigo, M.J.; Cardiel, M.J.; Fraile, J.M.; Mendez-Martinez, S.; Martinez-Rincon, T.; Subias, M.; Polo, V.; 

Ruberte, J.; Ramirez, T.; Vispe, E.; et al. Brimonidine-Laponite intravitreal formulation has an ocular 

hypotensive and neuroprotective effect throughout 6 months of follow-up in a glaucoma animal model. 

Biomater. Sci. 2020, doi:10.1039/D0BM01013H. 

10.  Lapasin, R.; Abrami, M.; Grassi, M.; Šebenik, U. Rheology of Laponite-scleroglucan hydrogels. 

Carbohydr. Polym. 2017, 168, 290–300, doi:10.1016/j.carbpol.2017.03.068. 

11.  Holekamp, N.M. The Vitreous Gel: More than Meets the Eye. Am. J. Ophthalmol. 2010, 149, 32-36.e1, 

doi:10.1016/j.ajo.2009.07.036. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 November 2020                   doi:10.20944/preprints202011.0748.v1

https://doi.org/10.20944/preprints202011.0748.v1


 

 

12.  Margolis, R. Diagnostic vitrectomy for the diagnosis and management of posterior uveitis of unknown 

etiology. Curr. Opin. Ophthalmol. 2008, 19, 218–224. 

13.  Bévalot, F.; Cartiser, N.; Bottinelli, C.; Fanton, L.; Guitton, J. Vitreous humor analysis for the detection of 

xenobiotics in forensic toxicology: a review. Forensic Toxicol. 2016, 34, 12–40, 

doi:10.1007/s11419-015-0294-5. 

14.  del Amo, E.M.; Rimpelä, A.K.; Heikkinen, E.; Kari, O.K.; Ramsay, E.; Lajunen, T.; Schmitt, M.; Pelkonen, 

L.; Bhattacharya, M.; Richardson, D.; et al. Pharmacokinetic aspects of retinal drug delivery. Prog. Retin. 

Eye Res. 2017, 57, 134–185. 

15.  Uji, A.; Yoshimura, N. Microarchitecture of the Vitreous Body: A High-Resolution Optical Coherence 

Tomography Study. Am. J. Ophthalmol. 2016, 168, 24–30, doi:10.1016/j.ajo.2016.04.021. 

16.  Keane, P.A.; Karampelas, M.; Sim, D.A.; Sadda, S.R.; Tufail, A.; Sen, H.N.; Nussenblatt, R.B.; Dick, A.D.; 

Lee, R.W.; Murray, P.I.; et al. Objective measurement of vitreous inflammation using optical coherence 

tomography. Ophthalmology 2014, 121, 1706–1714, doi:10.1016/j.ophtha.2014.03.006. 

17.  Sreekantam, S.; Macdonald, T.; Keane, P.A.; Sim, D.A.; Murray, P.I.; Denniston, A.K. Quantitative 

analysis of vitreous inflammation using optical coherence tomography in patients receiving 

sub-Tenon’s triamcinolone acetonide for uveitic cystoid macular oedema. Br. J. Ophthalmol. 2017, 101, 

175–179, doi:10.1136/bjophthalmol-2015-308008. 

18.  Fernández-Ferreiro, A.; Luaces-Rodríguez, A.; Aguiar, P.; Pardo-Montero, J.; González-Barcia, M.; 

García-Varela, L.; Herranz, M.; Silva-Rodríguez, J.; Gil-Martínez, M.; Bermúdez, M.A.; et al. Preclinical 

PET study of intravitreal injections. Investig. Ophthalmol. Vis. Sci. 2017, 58, 2843–2851, 

doi:10.1167/iovs.17-21812. 

19.  Li, S.K.; Lizak, M.J.; Jeong, E.K. MRI in ocular drug delivery. NMR Biomed. 2008, 21, 941–956. 

20.  Morrison, J.C.; Cepurna, W.O.; Johnson, E.C. Modeling glaucoma in rats by sclerosing aqueous outflow 

pathways to elevate intraocular pressure. Exp. Eye Res. 2015, 141, 23–32, doi:10.1016/j.exer.2015.05.012. 

21.  Kalapesi, F.B.; Coroneo, M.T.; Hill, M.A. Human ganglion cells express the alpha-2 adrenergic receptor: 

Relevance to neuroprotection. Br. J. Ophthalmol. 2005, 89, 758–763, doi:10.1136/bjo.2004.053025. 

22.  Lambert, W.S.; Carlson, B.J.; Van der Ende, A.E.; Shih, G.; Dobish, J.N.; Calkins, D.J.; Harth, E. 

Nanosponge-mediated drug delivery lowers intraocular pressure. Transl. Vis. Sci. Technol. 2015, 4, 1–16, 

doi:10.1167/tvst.4.1.1. 

23.  Kuppermann, B.D.; Patel, S.S.; Boyer, D.S.; Augustin, A.J.; Freeman, W.R.; Kerr, K.J.; Guo, Q.; Schneider, 

S.; López, F.J. PHASE 2 STUDY OF THE SAFETY AND EFFICACY OF BRIMONIDINE DRUG 

DELIVERY SYSTEM (BRIMO DDS) GENERATION 1 IN PATIENTS WITH GEOGRAPHIC ATROPHY 

SECONDARY TO AGE-RELATED MACULAR DEGENERATION. Retina 2020, Publish Ah, 1, 

doi:10.1097/IAE.0000000000002789. 

24.  Gómez-Mariscal, M.; Puerto, B.; Muñoz-Negrete, F.J.; de Juan, V.; Rebolleda, G. Acute and chronic optic 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 November 2020                   doi:10.20944/preprints202011.0748.v1

https://doi.org/10.20944/preprints202011.0748.v1


 

 

nerve head biomechanics and intraocular pressure changes in patients receiving multiple intravitreal 

injections of anti-VEGF. Graefe’s Arch. Clin. Exp. Ophthalmol. 2019, 257, 2221–2231, 

doi:10.1007/s00417-019-04354-7. 

25.  Koo, H.; Moon, H.; Han, H.; Na, J.H.; Huh, M.S.; Park, J.H.; Woo, S.J.; Park, K.H.; Chan Kwon, I.; Kim, 

K.; et al. The movement of self-assembled amphiphilic polymeric nanoparticles in the vitreous and 

retina after intravitreal injection. Biomaterials 2012, 33, 3485–3493, doi:10.1016/j.biomaterials.2012.01.030. 

26.  Xu, X.; Xu, Z.; Liu, J.; Zhang, Z.; Chen, H.; Li, X.; Shi, S. Visual tracing of diffusion and biodistribution 

for amphiphilic cationic nanoparticles using photoacoustic imaging after ex vivo intravitreal injections. 

Int. J. Nanomedicine 2016, 11, 5079–5086, doi:10.2147/IJN.S109986. 

27.  Le Luyer, C.; Lou, L.; Bovier, C.; Plenet, J.C.; Dumas, J.G.; Mugnier, J. A thick sol-gel inorganic layer for 

optical planar waveguide applications. Opt. Mater. (Amst). 2001, 18, 211–217, 

doi:10.1016/S0925-3467(01)00111-2. 

28.  Schoonheydt, R.A. Functional hybrid clay mineral films. Appl. Clay Sci. 2014, 96, 9–21, 

doi:10.1016/j.clay.2014.04.010. 

29.  Gala, A. OBSERVATIONS ON THE HYDROGEN ION CONCENTRATION IN THE VITREOUS BODY 

OF THE EYE WITH REFERENCE TO GLAUCOMA. Br. J. Ophthalmol. 1925, 9, 516–519, 

doi:10.1136/bjo.9.10.516. 

30.  Mirzaei, M.; Gupta, V.B.; Chick, J.M.; Greco, T.M.; Wu, Y.; Chitranshi, N.; Wall, R. Vander; Hone, E.; 

Deng, L.; Dheer, Y.; et al. Age-related neurodegenerative disease associated pathways identified in 

retinal and vitreous proteome from human glaucoma eyes. Sci. Rep. 2017, 7, 

doi:10.1038/s41598-017-12858-7. 

31.  Lee, D.; Kim, K.Y.; Noh, Y.H.; Chai, S.; Lindsey, J.D.; Ellisman, M.H.; Weinreb, R.N.; Ju, W.K. 

Brimonidine Blocks Glutamate Excitotoxicity-Induced Oxidative Stress and Preserves Mitochondrial 

Transcription Factor A in Ischemic Retinal Injury. PLoS One 2012, 7, doi:10.1371/journal.pone.0047098. 

32.  Tawari, S.L.; Koch, D.L.; Cohen, C. Electrical double-layer effects on the Brownian diffusivity and 

aggregation rate of Laponite clay particles. J. Colloid Interface Sci. 2001, 240, 54–66, 

doi:10.1006/jcis.2001.7646. 

33.  Fujimoto, J.G. Optical coherence tomography for ultrahigh resolution in vivo imaging. Nat. Biotechnol. 

2003, 21, 1361–1367. 

34.  Hartman, R.R.; Kompella, U.B. Intravitreal, subretinal, and suprachoroidal injections: Evolution of 

microneedles for drug delivery. J. Ocul. Pharmacol. Ther. 2018, 34, 141–153, doi:10.1089/jop.2017.0121. 

35.  Moroi, S.E.; Reed, D.M.; Sanders, D.S.; Almazroa, A.; Kagemann, L.; Shah, N.; Shekhawat, N.; Richards, 

J.E. Precision medicine to prevent glaucoma-related blindness. Curr. Opin. Ophthalmol. 2019, 30, 187–

198. 

36.  Korot, E.; Comer, G.; Steffens, T.; Antonetti, D.A. Algorithm for the measure of vitreous hyperreflective 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 November 2020                   doi:10.20944/preprints202011.0748.v1

https://doi.org/10.20944/preprints202011.0748.v1


 

 

foci in optical coherence tomographic scans of patients with diabetic macular edema. JAMA Ophthalmol. 

2016, 134, 15–20, doi:10.1001/jamaophthalmol.2015.3949. 

37.  Chu, C.J.; Herrmann, P.; Carvalho, L.S.; Liyanage, S.E.; Bainbridge, J.W.B.; Ali, R.R.; Dick, A.D.; 

Luhmann, U.F.O. Assessment and In Vivo Scoring of Murine Experimental Autoimmune Uveoretinitis 

Using Optical Coherence Tomography. PLoS One 2013, 8, e63002, doi:10.1371/journal.pone.0063002. 

 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 30 November 2020                   doi:10.20944/preprints202011.0748.v1

https://doi.org/10.20944/preprints202011.0748.v1

