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Vision loss is a major complication in common ocular infections and diseases such
as bacterial keratitis, age-related macular degeneration (AMD) and diabetic retinopathy
(DR). The prevalence of such ophthalmic diseases represents an urgent need to develop
safe, effective, and long-term treatments. Current therapies are riddled with drawbacks
and limitations which calls for the exploration of alternative drug delivery mechanisms.
Toxicity of the inorganic metals and metal oxides used for drug delivery raise safety
concerns that are alleviated with the alternate use of, a natural and organic polymer
which is both biocompatible and environmentally friendly. Carbon dots (CDs) represent
a great potential in novel biomedical applications due to their tunable fluorescence,
biocompatibility, and ability to be conjugated with diverse therapeutic materials. There is
a growing interest on the exploitation of these properties for drug delivery with enhanced
bio-imaging. However, there are limited reports of CD applications for ophthalmic
indications. In this review, we focus on the CD potential and the development of
translational therapies for ophthalmic diseases. The current review presents better
understanding of fabrication of CDs and how it may be useful in delivering anti-bacterial
agents, anti-VEGF molecules as well as imaging for ophthalmic applications.
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INTRODUCTION

While a number of carbon allotropes are available such as graphene oxides, carbon nanotubes, and
nanodiamonds, carbon dots (CDs) are the ideal choice for novel biomedical applications due to
their advantages such as tunable fluorescence, excellent biocompatibility, and facile conjugation
with diverse therapeutic materials (Ghosal and Ghosh, 2019; Sahiner et al., 2019). With their
low-cost synthesis, CDs are an ideal solution to the search for alternatives in most biomedical
applications. While the advantages of CDs in therapeutics and bioimaging have been thoroughly
investigated, there are limited reports of their use in ophthalmic applications.

Common ocular infections such as bacterial keratitis or endophthalmitis require safe and
effective antibiotic treatments. In the face of multi-drug antibiotic resistance, various nanomaterials
such as silver, copper oxide, iron oxide, titanium oxide and zinc oxide particles have been garnering
wide-spread attention for their novel anti-bacterial properties (Hajipour et al., 2012; Ananth et al.,
2015; Beyth et al., 2015; Duran et al., 2016; Yadav et al., 2016; Muthukumar et al., 2017). However,

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org 1

September 2020 | Volume 8 | Article 573407


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#editorial-board
https://doi.org/10.3389/fbioe.2020.573407
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fbioe.2020.573407
http://crossmark.crossref.org/dialog/?doi=10.3389/fbioe.2020.573407&domain=pdf&date_stamp=2020-09-25
https://www.frontiersin.org/articles/10.3389/fbioe.2020.573407/full
https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Garner et al.

Ocular Therapeutics Using Carbon Dots

the toxicity of such inorganic metals and metal oxides raise safety
concerns that could be alleviated with CDs, a natural and organic
polymer, both biocompatible and environmentally friendly (Vaz
et al., 2017; Sahiner et al., 2019).

A common treatment for retinal vascular diseases such
as exudative, or “wet” age-related macular degeneration
(WAMD) and diabetic retinopathy (DR) is anti-VEGF therapy
(Mandal et al., 2018). The greatest challenge for this therapy
remains its administration to the posterior eye, presenting
increased risks of infection, retinal detachment, and hemorrhage
(Peng et al,, 2017). CDs display an intrinsic anti-angiogenic
profile which can be safely and effectively utilized to inhibit
angiogenesis in vitro (Murugesan et al.,, 2007; Shereema et al,,
2015). Often, such therapies can be tracked using fluorescent
angiography (FA), a visualization of the retinal vasculature
using a fluorescein dye. The disadvantages of traditional dyes
such as a narrow excitation spectrum, photo-belching, and
relatively high cost (Jensen, 2012; Qu et al, 2017) allow the
CDs to shine as their tuned fluorescence can provide an
excellent alternative.

While a variety of top-down and bottom-up methods
are available for the synthesis of CDs, the feasibility and
reproducibility of a selected method is the foremost of
considerations. In addition to the selection of the method, there
are many parameters that must be reviewed for the CD synthesis
to yield a substantial therapeutic advantage. This work provides
an overview of how CDs may be useful in delivering therapeutics
such as anti-bacterial agents, anti-VEGF molecules, as well as
bioimaging agents for ophthalmic indications.

ANTIBACTERIAL CDS

Biocompatible, antibacterial CDs can be fabricated from a
wide range of materials such as Lawsonia inermis (the Henna
plant), bovine serum albumin (BSA) and spermidine (Jian et al.,
2017; Maruthapandi et al., 2019; Shahshahanipour et al., 2019).
Furthermore, the use of precursors from biological origins
such as amino acid, citric acid and so on in the synthesis
of CDs can impart natural biocompatibility and antibacterial
properties (Demirci et al., 2020). Modifications of CDs such
as the surface functionalization of polyethyleneimine (PEI),
colloidal polydopamine (PDA) and genipin have all led to
an enhancement of their inhibitory effect on various strains
of bacteria (Maruthapandi et al., 2019; Sahiner et al., 2019;
Chu et al, 2020). Recent publications not only show that
the potential of antibacterial CDs is being currently realized,
but with a greater therapeutic advantage than their precursors
and competitors.

Antibacterial CDs for Ocular Infections

The bacterial strain, Staphylococcus aureus (S. aureus), is a
common pathogen of eye infections like bacterial conjunctivitis,
bacterial keratitis, and endophthalmitis (O’Callaghan, 2018).
The most common treatment for such ocular infections
is a broad-spectrum antibiotic, which can be ineffective
against multi-drug resistance strains of S. aureus (MRSA)

(Shanmuganathan et al,, 2005; Lichtinger et al., 2012; Ong
et al, 2013; Deguchi et al, 2018). Nitrogen (N)-doped CDs
have shown antibacterial actions against both S. aureus and
MRSA and are comparable in effectiveness to vancomycin
on the MRSA-infected wounds in rats (Zhao et al, 2019)
without impacting structural organization. The antibacterial
mechanism proposed is the result of increased interactions
between the positively charged CDs and the negatively charged
surface of the bacterial membrane. While the concentration of
N-doped CDs applied to the wound was higher than that of
the vancomycin, N-doped CDs are produced from inexpensive
raw materials, making them more cost-effective even at a
higher concentration.

Topical treatment of super-cationic CDs from spermidine
(SPDS-CD) has proved to be an effective inhibitor of multiple
bacterial strains (including MRSA), exhibiting a lower minimal
inhibitory concentration (MIC) than silver nanoparticles (AgNP)
or PEI CDs (standards for strong antibacterial potency) (Jian
et al, 2017). Although traditional eye drops are generally
limited by poor corneal penetration and low bioavailability,
this was not the case with SPDS-CDs. As a result of its super
cationic property, SPDS-CDs induced an opening of the tight
junctions in the corneal epithelium, increasing its permeability
and therefore enhancing the bioavailability throughout the
cornea. In fact, the performance of SPDS-CDs was comparable
to a commercial eye drop formulation, sulfamethoxazole
(SMX) at 10 times the marketed concentration. Comparing
the efficacy of SPDS-CDs to other common antibiotics such
as ciprofloxacin and vancomycin may further validate the
therapeutic potential of SPDS-CDs.

Synthesis Methods for CDs

Carbon dot synthesis can be categorized into (1) top-down or
(2) bottom-up methods. The most recent publications display a
trend of employing a bottom-up method for antibacterial CD
synthesis such as hydrothermal synthesis, microwave synthesis,
and thermal decomposition (Jian et al., 2017; Ghosal and Ghosh,
2019; Maruthapandi et al., 2019; Shahshahanipour et al., 2019;
Zhao et al, 2019; Chu et al, 2020). Hydrothermal synthesis
of CDs is a common method that is both eco-friendly and
inexpensive (Ghosal and Ghosh, 2019). It involves a heating
of the reaction mixture at a temperature of 150-250°C for
40 min to 12 h (Jian et al.,, 2017; Ghosal and Ghosh, 2019;
Maruthapandi et al., 2019; Shahshahanipour et al., 2019; Zhao
et al, 2019; Chu et al, 2020). In contrast, a microwave
synthesis frequently takes under 5 min using microwaves at 500-
800 W to break down the carbon bonds of the organic source
(Ghosal and Ghosh, 2019). This method is especially useful
for quickly and efficiently delivering CDs that are uniform in
size (Ghosal and Ghosh, 2019; Sahiner et al., 2019). On the
other hand, thermal decomposition method is the best known
synthesis for CDs, as it offers a simple, cost-effective, and
large-scale production with short reaction times (Ghosal and
Ghosh, 2019). Regardless of the specific indications for which
a CD is being synthesized, the basic principles of each method
remain the same while different temperatures, durations, and
power are harnessed.
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Key Parameters for Antibacterial CD
Synthesis

To synthesize antibacterial CDs with a substantial therapeutic
advantage that can compete with the current market, one should
focus on the size, surface charge, and functionalization of the
CD. An important mechanism of nanoparticle (NP)-mediated
microbial resistance is the disruption of biofilm formation (Wang
et al., 2017). This is facilitated by the small size and higher
surface area-to-mass ratio of the NP (Wang et al, 2017). In
addition, CDs with neutral or positive charges have a greater
antibacterial efficacy than the negatively charged CDs due to
the facilitated interactions with the negatively charged lipid
membrane of bacterial cells (Verma et al., 2019). The generation
of reactive oxygen species (ROS), as a bactericidal mechanism,
is greater in uncharged versus positively charged CDs due to
the difference in the availability of negatively charged functional
groups (Verma et al,, 2019). For ophthalmic indications, CDs
with a positive zeta potential has been shown to better cross the
corneal epithelium, resulting in a high bioavailability, something
atypical in traditional topical treatments (Jian et al., 2017).
Surface functionalization is also important for enhancing the
antibacterial properties of CDs and their distribution across the
cornea. The conjugation of PEI to Arginine-CDs (A-CDs) results
in blood compatible CDs with reduced minimum inhibitory
concentration (MIC) and minimum bacterial concentration
(MBC) of S. aureus by 2.5-fold and 10-fold, respectively (Sahiner
et al., 2019). Together, the size, charge and functionalization of
CDs significantly affects the antibacterial potency of CDs and
therapeutic potential.

CDS FOR OCULAR
NEOVASCULARIZATION

The abnormal growth of blood vessels in the eye may originate
from cornea, retina and choroid. New blood vessels originating
from the choroid layer is a major implication in wAMD. New
blood vessels originating from retina are the clinical phenotype
for DR and retinopathy of prematurity (ROP). In either case,
local secretion of VEGF induces uncontrolled neovascularization
that ultimately causes irreversible damage to the retina causing a
loss of vision that cannot be restored. The ability to functionalize
the versatile surface of CDs with anti-VEGF agents presents
unique opportunities to investigate their effect in inhibiting
ocular neovascularization. Anti-VEGF agents have long been
tested in preclinical models of wAMD (Biswal et al., 2018), DR
and ROP (Biswal et al., 2014) and in a topical CD formulation,
may provide less invasive and more cost-effective treatments for
ocular neovascular diseases.

CDs for Anti-VEGF Therapy

Recently, the delivery of anti-VEGF agents through topical
formulations as an alternative to the more invasive intravitreal
injections has been garnering attention (Dastjerdi et al., 2009;
Wilkinson-Berka and Deliyanti, 2016; De Cogan et al., 2017). The
success of Vasotide, a small cyclic retro-inverted peptidomimetic

in an eye drop form shows the potential of such applications.
Vasotide successfully decreased angiogenesis in two mice
models of retinopathy and a monkey model of human wet-
AMD (Sidman et al.,, 2015). Traditionally, topical formulations
penetrate the corneal epithelium to diffuse throughout the
anterior segment with a limited capacity, and does not achieve
therapeutic concentrations in the posterior eye (Mandal et al.,
2018). However, small molecules, such as Vasotide, could be
absorbed through the conjunctiva, and have the potential to
reach the vitreous and the retina (Sidman et al., 2015; Rodrigues
et al., 2018). The results of this study demonstrate that the
efficacy of a topical formulation is not limited to the anterior
segment of the eye.

More recently, CDs were successfully functionalized with anti-
VEGF aptamers to effectively reduce angiogenesis in an in vitro
model of CNV. The authors found the anti-angiogenic effect of
the anti-VEGF-CDs to be similar to that of two anti-VEGF agents
available on the current market, bevacizumab and aflibercept
(Shoval et al.,, 2019). As expected, the anti-VEGF-CDs did not
exhibit any in vitro cytotoxicity to human fibroblasts, ARPE-
19 cells, and human embryonic stem cell-derived photoreceptor
cells, or any in vivo cytotoxicity to Long-Evans pigmented rats
(Shoval et al., 2019). Both Sidman et al. (2015) and Shoval
etal. (2019) have demonstrated a remarkable ability to effectively
deliver anti-VEGF agents to the posterior eye using non-invasive
topical treatments. This represents a breakthrough in terms of a
treatment that will improve a patients quality of life, especially
those in the aging population that continue to suffer from
debilitating diseases such as wAMD and DR.

Key Parameters for Anti-VEGF CD
Synthesis

The size of CDs for ocular neovascularization is of great
importance, especially for a topical formulation. As previously
mentioned, the size of the molecules intended for delivery is
critical for passage through the conjunctiva route. Vasotide, for
example, had a molecular weight of 26 kDa, for reference, a
peptide of 20 kDa (when folded into a single domain protein)
is roughly equal to the size of 1.78 nm (Erickson, 2009).
Because an anti-VEGF functionalized CD of this size is unlikely,
further investigations are needed to find the ideal CD size
for anterior administration and posterior indications. Studies
indicate molecules of molecular weight as large as 66 kDa
(~7.2 nm) can diffuse through the human cornea while those
larger than 76 kDA are severely limited in their diffusion to the
retina (Charalel et al., 2012; Kim et al., 2014). For the synthesis
of anti-VEGF-CDs, particles should generally be small enough
to pass through the specific ocular barrier while also being
large enough to avoid accelerated clearance from its destination,
the posterior eye.

In addition to size, the hydrophobicity and fluorescence
quenching should also be taken into account. Shoval et al. (2019)
found the anti-VEGF functionalization resulted in hydrophilic
regions on their hydrophobic CDs creating an amphiphilic
complex critical for delivery. The complex could easily penetrate
the hydrophobic corneal epithelium and the hydrophilic corneal
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FIGURE 1 | (A) Fundus imaging and (B) fluorescein angiography (FA) of mouse retina.

stroma. Although the conjugation of anti-VEGF aptamers is
important, their effect on CD luminescence is a concern.
Ideally, surface functionalization should be achieved in a way
that preserves the photoluminescence properties of the CDs
for bioimaging. Basiri et al. found the conjugation of VEGF
resulted in varying degrees of fluorescence quenching depending
on the concentration of the aptamer (Basiri et al., 2020).
A similar effect has been seen in conjugation of proteins to
semiconductor and carbon quantum dots (Devi and Tyagi, 2019)
and demonstrates the importance of considering such factors
during the functionalization of CDs.

CDS FOR OCULAR BIOIMAGING

As the number of reports continue to increase on CDs
for enhanced bioimaging applications, their translation to
fluorescein angiography (FA) becomes more relevant. FA is a
method of visualizing microvascular changes in the retina for
both animal research and clinical applications (Figure 1). Such
applications include the tracking of a therapeutic delivery or the
diagnosis of ophthalmic diseases such as wAMD and DR (Kim
et al,, 2013; Qu et al,, 2017). However, this technique is currently
limited by the disadvantages of fluorescent dyes such as a narrow
excitation spectrum, photo-bleaching, and relatively high cost
(Jensen, 2012; Qu et al, 2017). Unlike organic dyes, CDs are
known for their high photostability and intrinsic fluorescence
which is tunable rendering CDs an excellent alternative to
fluorescent dyes in FFA applications.

CDs for Fluorescein Angiography

Qu et al. (2017) demonstrated the use of heteroatom-doped CDs
in FA with advantages such as a longer wavelength excitation
and emission. A simple, 8-h hydrothermal synthesis yielded
in selenium and nitrogen co-doped CDs with a high green

TABLE 1 | Summary of strengths and weaknesses of carbon dot applications.

CcD Strengths Weaknesses
Application
Anti- o Biocompatibility e May require higher

bacterial concentrations for substantial
therapeutic effect.
e Low cost
o Higher efficacy
o Effective against
MDR-bacteria.
Anti-VEGF e Biocompatibility e Penetration capacity may
differ based on formulation.
e Low cost
e Non-invasive when e Anti-VEGF functionalization
applied topically may decrease fluorescence.
e Provides therapy tracking
through fluorescence
Fundus o Biocompatibility o Native fluorescence occurs in
Angiography the UV spectra.

Low cost

o Tunable fluorescence e Functionalization may
decrease fluorescence
depending on the moiety.
o Photostability

e Increased resolution

fluorescence and low cytotoxicity. Post-administration to
C57BL/6] mice, the co-doped CDs produced a clear FFA image
of the retinal vasculature as well as details of the capillary bed,
providing the proof of concept for CDs as high-performance
fluorescent imaging agents for angiography. However, a
limitation of this study remains the extent of cytotoxicity
characterization, as only in vitro results in murine liver cells
were reported. No further data was available on the structural
organization of ocular tissues post in vivo studies. In addition, this

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

September 2020 | Volume 8 | Article 573407


https://www.frontiersin.org/journals/bioengineering-and-biotechnology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/bioengineering-and-biotechnology#articles

Garner et al.

Ocular Therapeutics Using Carbon Dots

study may be improved with a pharmacokinetic characterization
of the CDs, including bioavailability, retention time as well as the
clearance from the posterior eye.

Another study demonstrated the synthesis of red-emissive
nitrogen-doped CDs for enhanced bioimaging (Karakocak et al.,
2018). Their synthesis protocol was the result of an optimization
of three different factors, including the ratio of amine to acid
precursor molar ratio, duration of microwave analysis, and the
concentration of citric acid. The optimization resulted in CDs
with a red fluorescence of 600-700 nm. In vitro cytotoxicity
results revealed that LDsg of synthesized CDs to both retinal and
lens epithelial cells was approximately 0.6 mg/mL (10 times the
concentration needed for in vitro imaging). The ex vivo results of
porcine eyes demonstrated the effective diffusion and distribution
of the intravitreally injected CDs throughout multiple layers
of the eye. As previously mentioned, this study may also be
improved by the evaluation of CD pharmacokinetics, as the
percentage and duration of bioavailability as well as the route
of clearance which are important factors to consider in the
development of bioimaging agents.

CD Synthesis Parameters for FA

The primary parameters of CD synthesis for FA remain the
excitation and emission of the fluorescence which determine
the viability of CD applications. Although CDs possess a
native blue fluorescence, the low penetration depth along with
biological tissue interference (autofluorescence) limits their use
in bioimaging applications (Qu et al.,, 2017; Karakogak et al,
2018). In addition, the excitation of CD’s native fluorescence
occurs in the UV spectra, leading to severe photodamage.
Therefore, modifications must be made to fabricate CDs with
excitations and emissions of longer wavelengths.

As previously mentioned, Qu et al. (2017) synthesized
selenium and nitrogen co-doped CDs with low cytotoxicity and a
high fluorescence. Interestingly, the addition of Se to the N-doped
CDs expanded the absorption from the UV to the visible light
spectrum (~497 nm), resulting in a strong green fluorescence
with a deep penetration. Another study optimized three different
parameters, including the ratio of amine to acid precursor molar
ratio, duration of microwave pyrolysis, and the concentration
of citric acid to produce CDs with a deep red fluorescence
(Karakogak et al., 2018). The resulting emission type was ideal for
optimal bioimaging due the lack of tissue interference. Authors
found that the emission around 600-700 nm increased with
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