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Abstract: Over 2.2 billion people across the globe face significant barriers to accessing essential ophthalmic 

care, with elderly, rural, and refugee populations being disproportionately affected. These obstacles deepen 

existing disparities in eye care. 3D printing is a novel technology that has the potential to transform the field 

and improve access through alleviating many patient-specific barriers. This article delves into the evolution of 

3D printing within ophthalmology, highlighting its current applications and future potential. It explores 

various 3D printing techniques and biomaterials, discussing their effectiveness in creating advanced solutions 

such as bioengineered corneas, ocular prosthetics, and innovative treatments for dry eye syndrome. 

Additionally, 3D printing has revolutionized drug delivery systems for conditions like glaucoma, retinal 

diseases, and for ocular brachytherapy. Despite its promise, the integration of 3D printing into clinical practice 

presents challenges, which the article addresses alongside strategies for overcoming them. By mapping out the 

technological advancements and challenges, this review offers a roadmap for enhancing global eye care 

accessibility and improving patient outcomes on a global scale. 

Keywords: 3D printing; corneal bioengineering; tissue engineering; barriers to eye care; bioinks; ocular 

prostheses; drug delivery systems 

 

1. Introduction 

In 2013, for the first time, physicians received the approval of the Food and Drug Administration 

(FDA) to create and place a customized, bioresorbable 3D printed tracheal splint in a newborn with 

life-threatening tracheobronchomalacia [1,2]. This revolutionary invention, approved through the 

emergency-use exemption, set a precedent for 3D printing in medicine. Since then, 3D printing has 

been increasingly gaining traction in medicine, including in ophthalmology. This traction has 

translated to significant developments over this past decade. For instance, recently, clinical trials of 

3D-printed custom ocular prostheses have been completed (NCT05093348, https://clinicaltrials.gov) 

[3]; elsewhere the first artificial corneal tissue was bioprinted in vitro [4]. 

3D printing continues to offer solutions to increasingly complex problems in ophthalmology. At 

the simplest level, it has allowed for the printing of non-biocompatible objects including customizable 

eyewear [5,6], adapters that enable smartphone-based retinal imaging [7,8], and surgical tools [9–11]. 

Increasing in complexity, 3D printing uses biocompatible materials for the design of medical devices 

such as ocular and facial prostheses to minimize the immunogenic response following implantation. 

Finally, in its most advanced form to date, 3D printing involves using both cellular and acellular 

biomaterials to generate scaffolds that promote tissue regeneration [12]. Figure 1 presents 

applications examples of 3D printing in ophthalmology that have been suggested in the literature. 
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Figure 1. Overview of 3D printing in ophthalmology. This figure was partly generated using Servier 

Medical Art, provided by Servier, licensed under a Creative Commons Attribution 3.0 Unported 

License. 

These advancements have not only facilitated growth in the field but have also provided a 

prospect for alleviating some barriers to accessing eye care. Even in its simplest form, where 3D 

printing is limited to creating inanimate, non-biocompatible objects such as a smartphone fundus 

imaging adapter, it can create a dramatic difference to resource-stricken regions that do not have 

access to traditional desktop fundus cameras. The difference is stark – an open source 3D printed 

adapter may be manufactured for $13, while traditional clinic fundus cameras can cost between $10 

000 to $14 000  [13]. Another prominent example of how 3D printing can drastically improve access 

to eye care is in corneal transplantation. Corneal transplants can restore sight to those living with 

corneal blindness from a variety of underlying etiologies including infectious, inflammatory, 

traumatic, or congenital causes. However, in a recent international survey of corneal transplantation 

and eye banking, there was a significant shortage of corneal graft tissue worldwide [14]. Globally, the 

authors estimated that only 1 cornea is available for every 70 needed, leaving 12.7 million people 

awaiting corneal transplants [14,15]. Unfortunately, these shortages are most severe in the least 

developed countries [16] due to a lack of eye banking infrastructure and a lack of donations possibly 

due to cultural attitudes or religious beliefs [14,15]. Corneal shortages are  a complex multi-factorial 

problem with economic, political, cultural, and ethical barriers [17,18]. Regardless of the underlying 

causes, this shortage demands action and a multifaceted solution. In addition to encouraging 

donations and creating the necessary infrastructure, complementary solutions such as corneal 

bioengineering and bioprinting have been suggested as a potential means to alleviate the shortages 

[14]. 

In the following sections, a diverse selection of papers is reviewed, with a focus on the newest 

advancements related to 3D printing in ophthalmology. Specifically, this review highlights the 

inventions with clinical potential and discusses how these advance the field and potentially bridge 

many of the disparities in access. 

2. Brief Review of the Mechanisms of 3D Printing  
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3D printing is a method of additive manufacturing where structures are created through layer-

by-layer deposition of materials. Additive manufacturing is differentiated from traditional 

subtractive manufacturing in that the latter takes away material from a preset block to create the 

desired structure [19]. Regardless, both techniques rely on computer-aided design (CAD) to generate 

and guide the sequential manufacturing process. 

The first step of 3D printing is to generate a digital model of the final product [20]. This model 

is either designed through CAD or obtained by scanning the object. Typically, creating models 

through CAD is time-consuming and requires an experienced designer with knowledge of the 

software. Additionally, it can be difficult to replicate designs of natural anatomical structures, with 

their nuanced geometry. Consequently, to overcome these challenges, 3D data is now often generated 

by obtaining 3D scans or through other imaging modalities including CT or MRI [21]. Through these 

methods, it is possible to obtain accurate data on the topography of the scanned structure; however, 

these scans typically require further segmentation or refinement to obtain the final model. Once the 

model is created, the next step is to generate a toolpath for the printer to follow. This toolpath is a 

point-by-point instruction guiding the printer to create the desired model. It takes into consideration 

many input parameters including the printing speed, the desired quality, and the printing material. 

Most printers have an associated software that can generate these instructions in the form of a 

“GCODE” file that is uploaded to the 3D printer. At this stage, the printer is set up with the 

appropriate material, and the print is started. Upon completion, the final product undergoes some 

postprocessing, which is highly dependent on the type of printer used. Many 3D printers have been 

applied in medicine, which have been detailed in several reviews, including the advantages and 

disadvantages of each [22,23].  

3. 3D Printing in Ophthalmology 

In the following sections we present the current progress and applications of 3D printing in 

various subspecialities and areas within ophthalmology.  

3.1. Cornea 

3D bioprinting is an innovative process for creating artificial organs and tissues by using additive 

manufacturing to provide precise and intricate arrangements of cells and tissue structures. Years of 

research and development have led to the current advancements of bioprinting corneal tissue. 

Corneal bioprinting aims to manufacture a biomimetic scaffold that supports and integrates seeded 

corneal cells to regenerate [12,24]. However, manufacturing of artificial corneas requires a deep 

understanding of the basic anatomy, fundamental physiological properties, and cellular components 

of this unique and intricate structure. 

The cornea, though small, is remarkably complex. Its morphology is dome-shaped, extending 

11–12 mm in diameter and having a central thickness of approximately 560 μm [25]. The cornea is 

composed of cellular and acellular components. Corneal keratocytes are the most abundant of the 

cellular components and collagen is the most abundant acellular component, which comprises 70% 

of the entire corneal mass. Other constituents include glycosaminoglycans [25]. The cornea consists 

of six distinct layers – epithelium, Bowman’s membrane, stroma, pre-Descemet or Duas layer [26,27], 

Descemet’s layer, and endothelium. These structural elements and layers provide the cornea with its 

biomechanical properties and give rise to its functional qualities. The distinct arrangement of collagen 

lamellae in the corneal stroma and the complex composition of the extracellular matrix (ECM) with 

its glycosaminoglycans, for instance, are what provide the cornea with clarity and mechanical 

strength. A deviation in the number of these ECM glycosaminoglycans and distortion of the collagen 

fibers is then the underlying pathophysiology associated with keratoconus – the condition that in 

itself is the leading cause of corneal transplantation [12]. Similarly, the cornea’s symmetric curvature 

is fundamental to effectively transmit light and contributes to approximately two-thirds of the total 

eye refractive power [28,29].  

From this simplified overview of the corneal microstructure and physiology, one can begin to 

appreciate the complexity of the cornea, and learn of the intricacies that arise when attempting to 
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bioprinting corneal tissue. The creation of a biocompatible, mechanically stable, optically transparent 

scaffold that is capable of encapsulating corneal cells and promoting their growth, migration, 

proliferation, and functional expression, is undeniably difficult. Nevertheless, over the years, the field 

has advanced, overcoming many of these challenges; one main area of advancement is bioink 

development. 

3.1.1. Bioink in Corneal Applications 

A key component of the bioprinting process that dictates the functional and biomechanical 

properties of the manufactured cornea is the bioink. A bioink is a combination of biomaterial and 

living cells which, when deposited or crosslinked in the process of 3D bioprinting, creates the desired 

design [30]. Common biomaterials, which have been utilized in corneal bioprinting include both 

natural and synthetic materials. The natural biomaterials collagen, gelatin, chitosan, decellularized 

extracellular matrix (dECM), alginate, and hyaluronic acid (HA) are the most commonly studied [16]. 

These materials with their advantages and disadvantages, and relevant studies relating them to 

corneal bioprinting have been summarized in Table 1. 

Table 1. Common biomaterials adopted in corneal tissue bioprinting with their advantages and 

drawbacks. 

Biomaterial Advantages Disadvantages References 

Collagen 

• Collagen is the most abundant protein 

in the ECM of corneas. 

• Causes low immunological reactions. 

• Promotes increased cell growth, 

adhesion, and attachment. 

• Transparent. 

• Low mechanical strength.  

• Slow gelation time. 

• Acidic pH. 

• Lacks biosimilarity to the cornea in 

terms of the other components 

including cytokines and growth 

factors. 

[28]: collagen-alginate 

[31]: collagen-laminin 

[32]: collagen-agarose 

[33]: collagen–gelatin-hyaluronic acid 

[34,35]: collagen-alginate-gelatin 

Gelatin 

• Manufactured through the partial 

hydrolysis of collagen and thus retains 

transparency, biocompatibility, and 

non-toxicity [36]. 

• More economical than collagen.  

• Evokes a low immune response. 

• Lacks mechanical stability: however, 

modification by attaching 

methacrylate to create GelMA* as 

often been implemented to improve 

structural strength. 

[37]: Electrospun gelatin nanofibers + 

infiltrated alginate  

[38,39]: GelMA 

[40]: GelMA-agarose 

[41]: GelMA-HAMA* 

 

Chitosan 

• Low toxicity including degradation 

metabolites.  

• Biocompatible.  

• Antimicrobial activity. 

• Poor mechanical properties.  

• Rapid degradation. 

[42]: Chitosan + PVA* 

 

dECM* 

• Consists of many components which 

are naturally occurring in the cornea 

including collagen, growth factors, 

glycosaminoglycans (GAGs). 

• Transparent. 

• Supports differentiation of human 

turbinate-derived mesenchymal stem. 

cells (hTMSCs) to a keratocyte lineage 

• Biocompatible with no cytotoxic 

effects on cells.  

• Low transparency. 

• Non-printability. 

[43]: dECM 

[44,45]: dECM+GelMA 

Alginate 

• Biocompatible, non-immunogenic 

• Mucoadhesive [46] 

• Transparent 

• Contains a hydrogel water content like 

native corneal tissue [46]   

• Inexpensive 

• Poor cellular adhesion, proliferation, 

and differentiation. 

• Slow degradation rates. 

[28]: collagen-alginate 

[34,35]: collagen-alginate-gelatin 

[47]: alginate-gelatin 

HA* 

• Excellent shear thinning properties. 

• High viscosity. 

• Good printability with extrusion-

based bioprinting. 

• Self-healing properties.  

• Not naturally occurring in corneal 

tissue. 

• Associated with lymphangiogenesis in 

the limbus [48]. 

[49]: HA-carbodihydrazide + HA-

aldehyde + collagen & HA-

carbodihydrazide-dopamine + HA-

aldehyde + collagen 
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• High cytocompatibility. [50]: HA glycidyl methacrylate + 

GelMA 

 

* GelMA = gelatin methacrylate; HAMA = methacrylated hyaluronic acid; PVA = polyvinyl-alcohol; 

dECM = decellularized extracellular matrix; HA = hyaluronic acid. 

As can be seen in Table 1, often bioinks are formed through a combination of several 

complementary materials to overcome the disadvantages of one biomaterial. In a study by Wu et al., 

the authors bioprinted human corneal epithelial cells using a combination of collagen/gelatin/alginate 

incubated in a medium of sodium citrate [35]. While such significant modifications and mixtures of 

materials may lead one to conclude that the design is too complex for real-life manufacturing and 

clinical translation, some industries have demonstrated otherwise. For instance, in the clothing 

industry, textiles have evolved over the past decades to accommodate a variety of functional 

considerations including improved antibacterial properties, durability, UV resistance, 

hydrophobicity, and flame-resistant properties [51]. To achieve these functions, clothing produced 

globally is most often now, made of blended fabrics that combine several materials. Undoubtedly, 

such significant strides require time, research, and extensive trial-and-error, which, are currently 

underway for corneal bioprinting bioinks.  

Optimizing the bioink, in the context of manufacturing artificial corneas, involves accounting 

for physical properties, rheological characteristics, and biological factors. In terms of the physical 

properties, the material ought to provide sufficient mechanical strength and optical transparency. 

Specifically, the structure should be capable of withstanding an intraocular pressure, at least up to 21 

mmHg, and ideally have a tolerance for higher pressures. In studies, these mechanical properties are 

typically assessed by comparing the stress-strain curves of the material with that of the cornea [12]. 

Often, with the naturally occurring materials mentioned in Table 1, one of the common disadvantages 

is their weak mechanical properties. To overcome this, and thereby allow scaffolds to support 

themselves, researchers have identified that adding sodium alginate imparts mechanical strength 

when combined with other materials [34]. When studying the optical properties, usually, the 

refractive index, transmittance assessments at various wavelengths, and qualitative analyses are 

performed [12]. These properties have been thoroughly researched in the field, and combinations of 

materials have been used to optimize the transparency, including the use of GelMA to optimize the 

optical properties of dECM [44]. Concerning the rheological characteristics of scaffolds, the bioink 

must be adjusted for gelation time and shear thinning. Both gelation and shear thinning viscosity 

properties are essential variables to control to ensure that the bioink is suitable for the printing 

process. Not only do the intrinsic properties of the material matter, but the selection of the 3D printing 

method and specific printer is equally important to ensure the desired outcomes. Finally, from a 

biological perspective, the bioink must be biocompatible, biodegradable, and have sufficient 

permeability to oxygen and nutrients [16]. Biocompatibility involves ensuring that the material does 

not provoke an immunologic reaction and that it is nontoxic for the laden cells. Further, the material 

should encourage high cell viability consequently allowing the expression of proteins; often, to 

achieve high viability materials ought to be permeable. With every material used, biocompatibility is 

tested with the seedings of cells and serial assessments of cell viability.  

3.1.2. Challenges and Future Prospects in Corneal Bioprinting 

Clinical translation of biomimetic corneal tissue requires overcoming a few challenges and 

traversing through the regulatory pathways. One of the challenges encountered by researchers thus 

far is the bioprinting of several layers of the cornea. Most of the studies in the field have focused, 

unsurprisingly, on bioprinting the stromal layer, given that it is the thickest of the corneal layers. 

Some studies have examined epithelial bioprinting, but only a limited number of studies have 

assessed the potential of endothelial bioprinting [52–54]. Unfortunately, since the endothelium 

remains a clinical challenge given its lack of regenerative capacity, further research in this area is 

essential and should be pursued. Additionally, it would be beneficial for researchers to continue 

examining the potential of bioprinting bilayers, such as the epithelium and stroma, which have been 
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previously studied in a few instances [24,31,55]. While current bioprinting would not meet the needs 

of penetrating keratoplasty (full thickness graft), having the capacity to bioprint one of the bilayers 

would allow us to supply tissue for DALK (Deep Anterior Lamellar Keratoplasty) which transplants 

all but the inner layers. 

Focusing on the corneal stroma, one of the main challenges encountered in the bioprinting 

process is replicating the stroma’s highly ordered structure, which is crucial for its biomechanical and 

optical properties [56]. Often, when cultured under standard conditions, corneal cells can lose their 

original phenotype and take on a fibroblastic phenotype, leading to a disorganized ECM that is 

similarly seen with corneal scarring. Further, when corneal cells are cultured, they often lose their 

ability to produce cornea-like ECM after the cell population doubles [57]. In a study by Gouveia et al. 

(2019), the authors demonstrated that by regulating topographical cues in vitro, corneal stromal 

fibroblasts can be guided to align in a manner like their native structure [58]. This study provides a 

possible path forward, and further research should focus on expanding the field’s understanding of 

these topographical features. Along with understanding the organization of the ECM, it is important 

to continue studying the incorporation of other cells and acellular components in the corneal scaffold. 

For instance, the cornea includes many immune cells and serves an important protective role. 

However, this has not yet been studied in the literature. Additional work is necessary to ensure that 

while replicating the cornea, all its fundamental functions are considered. 

Finally, one of the main challenges to clinical translation is ensuring that the final product is 

compatible with regulatory pathways including appropriate sterilization techniques, storage 

methods, and appropriate shelf life [12]. From a review of the literature, there is evidence to suggest 

that clinical testing and translation is on the horizon. This is evidenced by the copious amount of 

research in the field that has demonstrated significant progress in optimizing bioinks and bioprinting 

techniques, combined with a strong understanding of the natural cornea, and ongoing establishment 

of regulatory pathways [12]. Further, some of the previously reported challenges including the 

printing time associated with 3D bioprinting have already been addressed, at least partially. For 

instance, in an experimental study, scientists developed a support scaffold that facilitates the printing 

of 6–12 corneas at a time, by using a combination of stereolithography printing, extrusion based 

printing, and micro-transfer molding techniques [34]. The field has demonstrated clear growth over 

the past decade and should continue to be driven with a purpose – to alleviate the shortages of corneal 

transplants worldwide, and to thus, enable restoration of vision to those who are currently living 

with corneal blindness. 

3.2. Oculoplastics 

3.2.1. Ocular Prosthetics 

An ocular prosthesis is an artificial substitute for an enucleated eyeball. Ocular prosthetics are 

an opportunity to restore function and symmetry to anophthalmic patient. The most common 

etiologies of enucleation and evisceration are traumatic in nature, thus, making young people often 

the affected demographic [59]. Reproducing the pigmented human iris with its intricacies and 

manufacturing an implant that replaces the orbital volume is challenging [60]. Historically, 

prostheses have been produced through two main methods: 1) ready-made stock shells or 2) custom 

design. Of the two methods, custom ocular prostheses are better fitting, increase the movement of the 

eyeball, and provide better cosmetic outcomes [61]. Unfortunately, the fabrication of custom 

prostheses is time-consuming, labor-intensive, costly, and involves reliance on the experience of the 

ocularist [3,62]. These challenges undoubtedly form barriers to those living in developing countries 

where the health care system may already be fragile. To overcome some of these barriers, 3D printing 

has been implemented to create a streamlined, automated, and affordable option. An example of the 

success of using 3D printing for creating personalized medical aids has been its use in creating hand 

and arm prosthetics for patients in a rural area of Sierra Leone, a country that ranked 184 of 187 on 

the UN development index [63,64]. Through international collaboration and by harvesting the most 

advanced technology from around the globe, a feasibility study demonstrated that 3D printing is 

suitable for creating customized, 3D-printed arm prostheses in resource-stricken areas [63]. A follow 
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up study demonstrated an increase in the health-related quality of life with the use of these prostheses 

[64]. 

The first documented case of a 3D-printed ocular prosthetic being designed and fitted to a patient 

occurred in 2016 [65]. Since then, with the increasing emphasis on research [60,66,67,68], the field has 

made significant developments. First, researchers created pathways that incorporated 3D printing of 

prostheses while maintaining a dependence on manual painting by an ocularist [69]. Then, the 

process evolved to a semi-automated one, where, after obtaining an impression of the anophthalmic 

socket, a 3D scanner is used to obtain 3D model data of the shape of the eye, which is 3D printed 

without the iris or vessels. In conjunction, a slit lamp biomicroscope is used to obtain photographs of 

the contralateral iris/vessels, and the mirrored images were transferred onto the 3D printed model 

via a sublimation process [70]. This process is demonstrated in Figure 2. Finally, and most recently, 

researchers developed a fully automated digital end-to-end 3D printing pathway for creating a 

customized prosthesis [3], a process that was recently studied in clinical trials (NCT05093348, 

https://clinicaltrials.gov). In this process, image data from the contralateral eye is obtained by using 

an anterior segment optical coherence tomography device (OCT). Then, using an automatic data-

driven design software, an appropriate prosthesis shape is determined, and a textured 3D model is 

generated. Finally, a multi-material full-color 3D printer is used to create the prosthetic [3]. 

 

Figure 2. Semi-automated approach to manufacturing ocular prostheses. This figure was partly 

generated using Servier Medical Art, provided by Servier, licensed under a Creative Commons 

Attribution 3.0 Unported License. 

The latest 3D printed devices have demonstrated several advantages. Firstly, the material used 

for manufacturing these prostheses has been assessed for biocompatibility and revealed no evidence 

of toxicity, per the stringent criteria of ISO 10993 [3,71]. Secondly, 3D printing, when implemented 

through an automated process, can accurately replicate the color and anatomy of the adjacent eye, 

providing patients with the hope of restoring symmetry and promoting comfort [3]. Thirdly, the full 

automation of the process minimizes labor time and is always reproducible. Given that OCT images 

are now being introduced into the process, it eliminates the need for impressions [3]. This is important 

because impressions were needed in the traditional customized method, were time consuming, and 

uncomfortable for the patient. All these advantages can serve to reduce the barriers to access 

including cost associated with the customization and ocularist labor and the multiple visits needed 

to appropriately fit a prosthesis. While weighing these significant advantages, the main limitation of 

this design and process is the affordability [3]. To truly make this product affordable for patients, 
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these prostheses must be manufactured in larger quantities – a problem that is common to many 

industries. Scaling this product allows companies to find areas of optimization and reduce their 

overall costs, making such products affordable for the end user.   

3.2.2. Facial & Orbital Implants  

Restoring the anatomical structure of the face and orbit after a fracture is notably difficult and 

can unfortunately lead to problems such as diplopia and enophthalmos. While ocular prostheses are 

limited to mimicking the shape and function of the globe, orbital prostheses typically involve the 

reconstruction of the surrounding bone structure(s) and can be more complex. The application for 3D 

printing in orbital prosthesis has seen significant growth over the past few years, with ongoing 

clinical translational efforts [72–74,75–77]. The results have been promising thus far, but have been 

demonstrated predominantly in case reports [78–80]. An overall review of the literature reveals that 

the use of 3D printing in orbital fracture surgeries has demonstrated several benefits, including 

reducing the duration of the procedure, lowering operating room costs, and achieving consistent 

orbital volume outcomes [81]. Undeniably, these benefits make it possible to alleviate many barriers 

to care. For instance, many of the elderly with comorbidities may only have surgical interventions if 

operative time is reduced. However, while continuously growing, one of the areas requiring further 

research is the reliance on using the adjacent eye anatomy to create most of these prostheses. While 

it is often possible to rely on the contralateral orbit for a 3D model, this is not always possible in cases 

of severe trauma where both orbits may be impacted or when a systemic disease causes a need for 

bilateral implants. Additionally, it should be noted that facial anatomy is not perfectly symmetric, 

and direct mirroring can sometimes result in functional defects [82]. As such, other approaches 

should continue to be researched including reconstruction software that take the contralateral eye as 

an input and using spline interpolation for further refinement [83].  

3.2.3. Eyelid Crutches  

Another use of 3D printing in oculoplastics has been its application to manufacture eyelid 

crutches for patients with blepharoptosis [84]. Blepharoptosis, or ptosis, is an abnormally low-

positioned upper eyelid that can often occlude the visual axis and dramatically impact the quality of 

life. Often, for visually significant ptosis, operative intervention is the treatment of choice. However, 

in many cases such as patient refusal, high operative risk due to comorbidities, or a lack of medical 

and surgical infrastructure, surgical approaches may not be possible. In these cases, where certain 

barriers limit access, ptosis crutches may be considered [85]. Conventional crutches have drawbacks 

because they are inflexible and must be tailored individually, necessitating the expertise of a 

specialized optician, increasing their cost to around $80-$100 [84]. 3D printing offers a cost-effective 

alternative for producing eyelid crutches, especially with the widespread adoption of the technology. 

In a case report from the United States, the authors successfully printed a set of personalized eyelid 

crutches for a patient with recurrent ptosis, who was reluctant to pursue any further surgical 

intervention [84]. The designed crutches were customized to the patient’s eyelid dimensions and their 

existing eyeglasses. The final printed device was produced with a biocompatible material and 

provided significant visual improvement to the patient. Specifically, the patient’s MRD-1 

measurement, which was at -2mm prior to the crutches improved to an MRD-1 of 1mm following the 

application of the crutches. Further, the patient was also able to achieve adequate eye closure while 

wearing the crutches [84]. This case study clearly demonstrates the application of eyelid crutches to 

provide the best quality care to a patient with evident barriers to eye care.  

3.2.4. Dry Eye Syndrome: Lacrimal Gland Regeneration & Punctal Plugs 

Keratoconjunctivitis sicca, also known as dry eye syndrome (DES), is an ocular disease that is 

highly prevalent, impacting more than 50% of the population in some groups [86]. DES is 

characterized by inflammation and damage of the ocular surface due to tear lake hyperosmolarity 

secondary to a decrease in tear production or an increase in tear evaporation. Unsurprisingly, DES 
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has significant economic burdens and impacts on quality of life [87]. As a significant challenge in 

ophthalmology, researchers have leaned on 3D printing as a possible tool for addressing the disease.  

Interestingly, among the solutions in development over the past two decades is regenerating the 

lacrimal gland [88]. One method of 3D bioprinting that has been attempted in engineering other 

secretory epithelial organoids, like salivary glands, has been magnetic 3D bioprinting [89]. In this 

method, biocompatible magnetic nanoparticles are employed to label cells for printing into a specific 

3D arrangement [88]. Magnetic 3D bioprinting has been successful in producing salivary gland 

organoids with printed cells having a 90% viability three days following differentiation [89]. 

However, magnetic 3D bioprinting has not yet been trialed for the lacrimal gland. While still 

evidently in the research stages regarding its application for the lacrimal gland, these results are 

promising for the utilization of bioprinting in gland regeneration.  

Another area of research addressing dry eye disease is 3D printed punctal plugs [90,91]. Punctal 

plugs are a widely used non-invasive treatment approach to alleviate symptoms of DES. By blocking 

the canaliculi, which usually drains the tear fluid to the nasopharynx, these plugs prevent tear 

drainage [92]. Consequently, these plugs reduce the ocular tear lake hyperosmolarity, which is a 

major contributing factor in the pathophysiology of DES [93]. Further, it would be advantageous to 

use these plugs, which can stay in the canaliculi for several weeks or months, to administer 

medications to patients who may be unable to adhere to frequent dosages. For instance, this can be 

applied to those who are elderly, or to those with limitations to their mobility. In a European 

experimental study, the authors developed 3D-printed punctal plugs that were loaded with 

dexamethasone, a commonly used corticosteroid [90]. Their results demonstrated that punctal plugs 

made with 100% polyethylene glycol diacrylate exhibited prolonged drug release of more than three 

weeks [90]. The application of drug-loaded punctal plugs across other subspecialties of 

ophthalmology is yet to be exploited. For example, drug-loaded punctal plugs is still being 

researched for glaucoma therapy [94], where strict medication regimens and adherence are both 

necessary, but also often difficult to comply with [95]. 

3.3. Drug Delivery Systems – Glaucoma, Retina, & Uveal Melanoma 

Glaucoma is one of the primary causes of irreversible blindness worldwide. Due to the aging 

population and growing prevalence, there is an urgent need for effective treatments to alleviate the 

global burden of the disease. Unfortunately, glaucoma management is often demanding to patients 

and non compliance is prevalent [96]. Financial hardship, older age, advanced glaucoma, and 

lengthier frequency of follow-up have been associated with non adherance [96]. These factors 

exacerbate the necessity of an appropriate solution.  

One of the management techniques for glaucoma, namely trabeculectomy, involves surgically 

creating a permanent fistula between the anterior chamber and the subconjunctival space, allowing 

the drainage of aqueous humor. While trabeculectomy is one of the suitable interventions in 

glaucoma treatment [97], management with (antifibrotic) antifrotic agents like 5-fluorouracil (5-FU) 

is often necessary to prevent failure secondary to scarring following surgery [98]. 5-FU requires 

frequent administration through subconjunctival injections, causing barriers for those with limited 

mobility to clinics, those at increased risks for infections, and anyone without the financial means. 

Consequently, sustained drug delivery systems (DDS) which can gradually release antifibrotic agents 

can then potentially alleviate some of these barriers to care, since they will allow patients to receive 

the drug at home. 

In a recent international, experimental study by Ioannou et al. (2023), the authors used 3D 

printing to design a long-acting drug-eluting scaffold made of polycaprolactone and chitosan, 

infused with 5-FU [99]. The scaffold was evaluated with cultured human conjunctival fibroblasts and 

demonstrated excellent biocompatibility with no significant effect on cell viability. Further, the 

authors evaluated the implant’s ability to suppress conjunctival fibrosis, by measuring the expression 

of a key fibrotic regulator, the myocardin-related transcription factor (MRTF). Their results 

demonstrated that the implant effectively downregulated the MRTF pathway that contributes to 

conjunctival fibrosis [99]. In another international, experimental study, Mohamdeen et al. fabricated 
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a drug-eluting contact lens that provides sustained release of timolol, a glaucoma medication [100]. 

In their study, the 3D-printed contact lenses designed from biocompatible medical-grade polymers 

provided a sustained release of timolol over 3 days. Similar studies have evaluated the use of 3D 

printed contact lenses for a variety of applications [100–102,103–105]. 

When considering other applications of drug delivery systems, retinal vascular diseases are at 

the forefront, given the requirement for repeated intravitreal drug injections. These requirements lead 

to significant health and economic burdens. To address these challenges, Won et al. developed a new 

drug delivery system that relies on a 3D-printed drug rod to deliver two drugs—bevacizumab (BEV) 

and dexamethasone (DEX) from a single implant [106]. Through this design, the rod's size and drug 

concentration can be optimized for drug release. The rod can be injected into the vitreous using a 

small-gauge needle, making the procedure less invasive. In animal models, the drug rod 

demonstrated superior efficacy in reducing inflammation and providing long-term suppression of 

neovascularization compared to traditional BEV injections, suggesting it as a promising alternative 

for treating retinal vascular diseases [101]. 

In the realm of drug delivery, 3D printing has also been studied for brachytherapy, a type of 

treatment also known as internal radiation therapy [107]. Ocular brachytherapy is often implemented 

in the management of uveal melanoma. In it, episcleral plaques (EPs), which are hemisphere-shaped 

metal objects that carry the radioactive seeds, are implanted to administer radiation. EP 

brackytherapy is an effective treatment, but is unfortunately associated with significant side effects 

due to a lack of precision in dose delivery. In a Canadian study, to improve treatment precision, 

Lescot et al. designed and 3D printed a tumour specific implant with a biocompatible material called 

Polyetheretherketone [107]. In their study, the authors demonstrated that through the custom 

implant, they were able to modulate the dose profile of the radioactive material, which can be used 

to target the contours of cancerous tissues. Evidently, this study has implications to the future of 

personalized medicine, and in reducing the side effects, costs to patient and the healthcare system. 

4. Future Directions 

It is evident from this review that the application of 3D printing in ophthalmology is underway. 

While some applications, including ocular prostheses, are in clinical trials and are likely to be 

commercialized by companies soon, other areas still require significant research prior to clinical 

translation, including the use of 3D printing for drug delivery.  

It is interesting to envision some of the possibilities 3D printing can have on ophthalmology. 

One interesting consideration is the design of custom 3D printed intraocular lens (IOL) for managing 

color blindness [108]. In a study by Alam et al., the authors used a wavelength selective Atto 565 

filtering dye and combined it with an in-house prepared printing resin made of highly transparent 

in-situ synthesized poly-2-hydroxyethyl methacrylate (pHEMA) and polyethylene glycol diacrylate 

(PEGDA) resin. Through this, they successfully created an IOL that successfully blocks 50% of the 

unwanted wavelength (565 nm) which is responsible for red-green color blindness [108]. Similarly, it 

would be interesting to see the application of 3D printing to aid with other technologic advancements 

being studied in ophthalmology, including intraocular pressure biosensors [109] and retinal 

prostheses [110]. There is a possibility in the future to incorporate in situ bioprinting, that is, direct 

printing onto the patient, when the technology is ready. The potential for this could be application in 

trauma settings, when, for instance, there may be a need for urgent orbital floor fracture repair. 

Additionally, the concept of 4D printing, where a time-based variable allowing printed materials 

change in response to a stimuli, may be possible.  

5. Conclusions 

3D printing has shown tremendous growth in ophthalmology over the past decade. It is evident 

from this review that the needs of patients in underserved communities can possibly be met using 3-

D bioprinting technology. The technology has great implications for reducing global health 

disparities through improving access, lowering costs, and enabling personalized medical treatments. 

There are also great implications for improving patient outcomes, reducing wait times, and 
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improving overall quality of care. Whether as demonstrated in Sierra Leone, or through the 

numerous examples noted here, 3D bioprinting can be used to personalize healthcare, increasing 

affordability and accessibility to underserved populations. It could be possible that in more stable 

healthcare systems around the world, such technology could be implemented to provide even more 

success concerning ophthalmic care access. 
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