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Background: Studies indicate that electrical stimulation of retinitis pigmentosa (RP) retina is beneficial.
Quantum dots (QDs) can convert light to electrical stimulus and therefore may have therapeutic potential
for RP. Methods: This was an open-label, fellow eye-controlled, first-in-human safety study. Five adults with
end-stage (arm A) and 15 with severe (arm B) RP received one or two intravitreal injections of 0.2 or 2μM
cadmium/selenium 655 Alt QDs. Results: No adverse events were attributed to QDs. In arm A, median best
corrected visual acuity was unchanged. In arm B, mean best corrected visual acuity improved from 6/398
to 6/177, versus 6/147 to 6/144 in the fellow eye. Conclusion: Intravitreal QDs can be safely administered
to patients with RP. Vision appears to benefit and further validating studies are justified.
Lay abstract: This study investigated the use of quantum dots (QDs) to treat very advanced retinitis pigmentosa (RP), a disease characterized by progressive loss of peripheral and then central vision. QDs are
sometimes called ‘artificial atoms’. If they are injected into the eye, they settle in the retina, the lightsensing layer of cells that is damaged by RP. When light enters the eye, it is absorbed by the QDs in the
retina, and the light energy is converted to electrical energy. Electrical stimulation has been shown to benefit degenerating retina, as occurs in RP, and hence QDs may have the potential to improve or preserve
vision in people with RP. This preliminary study recruited 20 people with very severe RP and injected QDs
into their eyes. We aimed to see whether the QDs were safe. No adverse reactions were attributed to the
QDs, and the average vision of treated eyes improved, whereas the participants’ untreated fellow eyes
showed no real change in vision. Although encouraging, these results are only preliminary, and a larger
study is planned to explore these findings.
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Retinitis pigmentosa (RP) is a heterogeneous, genetic, degenerative retinal disease characterized by dysfunction of
the photoreceptors, which leads to progressive peripheral vision loss and night blindness. The prevalence of RP
is variable, but the condition is reported to affect 1 in every 3000–5000 individuals and more than 1 million
individuals worldwide [1,2].
The neuroprotective effect of electrical stimulation (ES) is well documented in the literature for diseases as
diverse as peripheral nerve and spinal cord injury [3,4], stroke [5,6], Parkinson’s disease [7] and optic nerve injury [8],
among others. It is thought that ES may upregulate the endogenous production of neurotrophic factors such as
nerve growth factor, neurotrophin-3, growth associated protein 43, and the phosphoinositide 3-kinase-dependent
pathway [6,9].
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Chronic or pulsed ES has been shown to prevent or delay apoptosis in each of the three retinal nuclear layers due
to the induction of autocrine and paracrine growth and survival factors [6,10–12]. Transcorneal or direct subretinal ES
has also been found to preserve structure and function in several animal models of inherited retinal degeneration,
including Royal College of Surgeons (RCS) rats, P347L transgenic rabbits, P23H-1 rats and light-induced rat
models [13–18]. As in other parts of the central nervous system, the retinal effects of ES are also thought to
be mediated through the release of neurotrophic factors, upregulation of structural and metabolic proteins and
immunomodulation [19].
A randomized controlled trial allocated 52 participants with RP to either sham treatment or 30 min per week of
transcorneal ES over 52 weeks, at one of two different power settings [19]. Transcorneal ES was well tolerated. There
was a trend for greater preservation of visual field area in the higher power setting and a significant improvement
of the light-adapted single flash b-wave versus sham. Other outcome measures were not statistically different across
groups. Another comparative study of transcorneal ES found statistically significant gains in best corrected visual
acuity (BCVA) and visual field at 1 month after treatment that diminished at month 6 [20]. Notwithstanding the
encouraging results with transcorneal ES, it would be desirable to provide a more sustained and proximal ES to
diseased RP retina.
Quantum dots (QDs) [21], sometimes referred to as artificial atoms, are semiconductor nanocrystals that can
be engineered to emit light in response to ES [22]; conversely, they can emit an electrical stimulus in response to
infrared, visible or ultraviolet light [23]. The optoelectric properties can be varied depending on the size and shape
of the QD, with smaller QDs emitting light of shorter wavelengths than larger QDs; thus it is possible to tune the
emission or absorption properties of a given QD.
The photovoltaic response of QDs has been shown to achieve light activation of neurons [24,25]. Further, QDs can
migrate across the retina within 6 h of intravitreal injection and remain evident in the retinal pigment epithelium for
up to 4 months [26]. Thus QDs could potentially generate an in situ electrical field in response to light.
Olson et al. studied the safety and efficacy of photoactive, silicon-based QDs in RCS rats, an established model
of retinal degeneration [27]. Animals given an intravitreal injection of photoactive silicon QDs showed a significant
improvement in their dark-adapted (rod) electroretinogram (ERG) response for 3 weeks, compared with controls.
There was no clinical or histological evidence of toxicity, with greater preservation of the outer nuclear layer versus
controls.
A similar study was conducted using RCS rats and photoactive QDs with a cadmium–selenium (CdSe) core
coated in a thin outer layer of zinc sulfide [26]. The QDs were delivered by intravitreal injection, with encouraging
results. Treated eyes had improved ERG responses within 2 weeks, with mitigation of the usual age-related decline
in the ERG response that occurred in control eyes over 6 weeks. There was a corresponding structural benefit, with
preserved retinal structure versus control eyes.
We hypothesized that an intravitreal injection of QDs may have utility as a treatment for RP, given the known
photovoltaic properties of QDs, the clinical and experimental studies suggesting that ES benefits RP, and Olson’s
preclinical studies with QDs [26–28]. We therefore planned a small first-in-human safety study of QDs in patients
with advanced RP. We aimed to gather preliminary safety data and establish the feasibility of a larger study.
Materials & methods
Study design

This Phase I, first-in-human, nonrandomized, open-label, fellow eye-controlled safety study received prospective
Institutional Review Board approval from Asociacion para Evitar la Ceguera en Mexico and was conducted in
accordance with the tenets of the Declaration of Helsinki. All participants provided written informed consent. The
trial is registered at ClinicalTrials.gov (NCT04008771).
Quantum dots

The investigational product (CdSe 655 Alt, 2C Tech Corporation, CO, USA) contains a CdSe crystalline core. Some
studies suggest bulk CdSe is a potential carcinogen, hence the QD uses two independent coatings to encapsulate
the nanocrystals and isolate them from the body. The first shell comprises zinc sulfide (ZnS) that is also designed
to protect the CdSe core and enhance its photovoltaic properties. An outer dipeptide hydrophilic coating consists
of amino acid building blocks normally found in the body; this coating further protects the core/inner shell from
oxidative damage and enables the QDs to be supplied as a colloidal aqueous solution. The average hydrodynamic
radius of a single QD is ≤6.5 nm with an emission peak of 655 nm. It is registered as a device rather than a drug.
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An independent toxicology center has undertaken testing of the QDs to the ISO 10993 standard, including
biocompatibility testing in rabbit, cytotoxicity, sensitization, intravitreal reactivity, systemic toxicity, genotoxicity
and implantation to day 180. They concluded there was no evidence of toxicity at the doses used in this study.
Eligibility

The study enrolled 20 adult male and female participants with advanced retinal degeneration between 6 January
and 11 November 2014. All had RP. The initial five study participants (arm A) had to have end-stage disease with
BCVA between 20/16000 and hand motions (HM). Assessment of visual function was very difficult with such
poor vision, and subsequent recruitment to arm B permitted BCVA between 20/200 and 20/16000. Full eligibility
criteria are provided in Supplementary Appendix 1.
Study treatment

Participants received a 100-μl pars plana intravitreal injection of buffer (50μM borate; pH 8.3), 0.2 μM CdSe
QDs or 2 μM CdSe QDs, repeated at day 21. Five participants received a 100-μl injection of buffer prior to their
CdSe QD injection, to assess its safety. One had both 0.2 and 2.0μM injections. The dosing regimen of each
participant is shown in Supplementary Table 1.
All injections used sterile technique, antibiotic eye drops, proparacaine anesthetic eye drops, 5% povidone iodine
preparation, gloves, lid speculum, drape and a 30-gauge needle injected at 3.5–4.0 mm from the limbus. Participants
were positioned supine for 15 min after the injection and were prescribed antibiotic eye drops (usually a third- or
fourth-generation fluoroquinolone) four-times daily for 3 days.
Study visits, procedures & visual function testing

At enrolment, participants underwent a complete medical and ophthalmic history and examination. Baseline
observations in both eyes included BCVA using the Feinbloom chart and methodology [29] designed to assess very
low vision, and sine-wave contrast sensitivity (VectorVision, OH, USA).
Several other tests were undertaken to assess the feasibility of using them in future studies: white line vision test
(whereby participants had to identify the direction of a white line against a black background); object recognition
test (white 3D geometric shapes presented on a table against a black background); navigation test (ability to follow
a black strip on the floor); and study-specific 20-item questionnaire modified from the National Eye Institute’s
25-item visual function questionnaire (Supplementary Appendix 2) [30].
Ocular examination included slit lamp biomicroscopy, intraocular pressure, spectral-domain optical coherence
R
, Heidelberg Engineering, Heidelberg, Germany), full-field ERG and multifocal
tomography (OCT; Spectralis
ERG (mfERG).
The schedule of procedures by visit is provided in Supplementary Appendix 3.
Safety outcomes

The safety outcomes comprised abnormal observations elicited or volunteered from the participant and those
detected with ophthalmic examination, visual function testing, tonometry, OCT or electrophysiology. Adverse
events (AEs) were defined as any unexpected untoward findings arising during the course of the study, whether or
not believed to be related to the study treatment, and were reported using the Medical Dictionary for Regulatory
Activities’ (MedDRA) System Organ Class and Preferred Terms, version 17.1. Serious adverse events (SAEs) were
as defined by the US FDA and the International Conference on Harmonisation of Technical Requirements for
Registration of Pharmaceuticals for Human Use, to include Important Medical Events. The definition of SAE also
included several prespecified ocular AEs, although reporting was not limited to these events: BCVA decreased by
at least 6 lines at least 1 h after an intravitreal injection; decreased BCVA to light perception (LP) or worse lasting
more than 1 h after an intravitreal injection; AEs requiring surgical intervention; severe intraocular inflammation
(at least 4+ anterior chamber cells/flare, or 4+ vitritis); corneal decompensation; retinal tear or detachment; retinal
vein occlusion; AEs that required medical intervention to prevent permanent loss of vision.
Severity and relatedness of the AE or SAE to QD treatment was determined by the reporting principal investigator.
Electrophysiology

A full-field ERG and mfERG were completed at baseline and then weekly from day 14 to day 42 using the
RetiPORT and RETIscan programming inherent to Roland Consult ERG equipment (Brandenburg, Germany).
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Scotopic dark-adapted 0.01 ERG (rod response), scotopic dark-adapted 3.0 ERG (combined rod–cone response),
scotopic dark-adapted 3.0 oscillatory potentials, scotopic dark-adapted 30.0 ERG, photopic light-adapted 3.0 ERG
(cone response) and photopic light-adapted 3.0 flicker (30 Hz flicker) were all captured and analyzed according to
International Society for Clinical Electrophysiology of Vision standards [31,32].
Statistical analysis

This study aimed to make a preliminary assessment of safety and determine the feasibility of further studies, hence
no formal hypothesis testing was performed. Continuous variables are summarized by descriptive statistics. Discrete
variables are summarized by frequencies and percentages. The safety population comprised all participants who
received at least one dose of intravitreal buffer or CdSe QD. If either the baseline or final (week 42) outcome
measures were missing, the patient was excluded from the analysis of that measure unless the week 35 data were
available, in which case this last observation was carried forward. Mean values are presented ± 1 standard deviation,
unless noted otherwise. Visual acuity is reported using Snellen equivalents.
Results
Patients demographics & disposal
Baseline demographics, medical issues, and ocular features are shown in Supplementary Table 2. All participants
had RP.
Arm A: Participant 2 withdrew consent and exited the study on day 22. All others completed the 42-day
follow-up.
Arm B: Participant 3 was seen for day 1 post-injection review following his second 2.0μM CdSe injection and
was then lost to follow-up. Participant 15 failed to complete multiple study assessments prior to being lost to
follow-up after day 22.
Adverse events

In arm A, participant 2 developed loss of BCVA on day 7 from LP to no light perception (NLP) (MedDRA:
Eye Disorders; Visual Acuity Reduced), determined by the site’s principal investigator as severe but unlikely to be
related to the study intervention, as the initial light perception was only very faint and there were no ocular signs to
suggest an adverse reaction; loss of vision was instead attributed by the principal investigator to disease progression.
The same participant developed moderate chemosis in the study eye (MedDRA: Eye Disorders; Conjunctival
Oedema) associated with hyperthyroidism (MedDRA: Endocrine disorders; Hyperthyroidism) recorded on day 21,
and elected to withdraw from the study prior to the second injection. The site’s principal investigator determined
the severity of chemosis as moderate, and that it was not related to the study treatment. Participant 3 developed
loss of BCVA from HM to LP (MedDRA: Eye Disorders; Visual Acuity Reduced) at day 42, determined as mild,
unrelated to the study intervention and attributed to disease progression.
In arm B, participant 1 developed intraocular inflammation in the study eye (MedDRA: Eye Disorders; Uveitis)
10 days after the second intravitreal 2.0μM injection. The inflammation commenced at day 31, was treated with
topical prednisolone eye drops and resolved without sequelae by day 42. The site’s principal investigator determined
the severity as moderate and that it was unlikely to be related to the study treatment.
No participant experienced toxicity or discontinuation for treatment-related AEs. A summary of the clinical
particulars of those with ocular AEs in the study eye is provided in Supplementary Table 3. The OCTs of the study
eyes with AEs did not reveal any change, comparing the images at baseline, immediately before and immediately
after the AE (Supplementary Figure 1).
Serious adverse events

There were no deaths. Participant 9 in arm B had a myocardial infarction (MedDRA: Cardiac Disorders; Myocardial
Infarction) 18 days after his second 0.2μM injection. However, he was able to return for the 58- and 131-day
follow-up. The event was classified by the site investigator as severe, not related to the study intervention, unresolved
post-catheterization procedure, and prompted the participant to miss the day 42 exit visit.
Visual acuity

Arm A: baseline BCVA in the study eye was HM in four participants and LP in one participant. Median BCVA
was HM before and after treatment. The BCVA was unchanged in three participants, declined from LP to NLP in
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Mean best-corrected visual acuity vs time after first quantum dot injection
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Figure 1. Visual acuity. The graph shows the mean (± standard error of the mean) best corrected visual acuity in arm
B, with both doses combined and separately (0.2 μM in green vs 2.0 μM in red). The mean fellow eye best corrected
visual acuity is shown in gray. The horizontal axis shows time since the first quantum dot injection, with most
participants receiving a second injection at day 21. The vertical axis shows the Snellen fraction, with higher values
representing better visual acuity. Mean visual acuity improved in the study following the first and second injections,
with no material change in the fellow untreated eyes.

one, and from HM to LP in another. The site’s principal investigator determined that the reduction in BCVA was
due to disease progression in both cases. In the fellow eye, BCVA was unchanged, except for one participant whose
BCVA declined from HM to LP, then back to HM.
Arm B: mean Snellen BCVA improved from 20/1325 at baseline (range: 20/100 to 20/7000) to 20/590 at day
42 (final) review (range: 20/100 to 20/1300) (n = 14). Mean logarithm of the minimum angle of resolution BCVA
improved from 1.49 ± 0.54 to 1.30 ± 0.42. Figure 1 shows the mean BCVA over time, with an improvement
following both the first and second injection at Day 21. The fellow eye mean BCVA changed minimally, from
20/490 at baseline to 20/480 at final review. Seven participants had improved BCVA in the study eye, five had
no change and two got worse. Of those who got worse, one changed from 20/200 to 20/300 and the other from
20/300 to 20/650, but this was attributed to natural history, with the untreated fellow eyes showing a similar
reduction in BCVA, from 20/150 to 20/200 and from 20/200 to 20/650, respectively.
Contrast sensitivity

Contrast sensitivity was not attempted in any participant in arm A given their poor vision. Contrast sensitivity was
assessed in ten participants in arm B at both baseline and final review, but none had a measurable value at either
time point.
Functional vision tests & visual function questionnaire

The object recognition score ranged from a possible score of 0 (no objects recognized) to 5. The white line test
ranged from 0 (worst) to 5. The navigation test (following a black strip on the floor) was graded as not possible,
completed or inconsistent. The navigation test was dropped after arm A, and the study-specific visual function
questionnaire was introduced for arm B participants (details in Supplementary Appendix).
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Arm A: object recognition in the study eye remained unchanged in two participants, improved in one and
declined in two. The white line test remained unchanged in two, improved in two and declined in one. The
navigation test was unchanged in three participants, improved in one and declined in one.
Arm B: among the five participants who completed the questionnaire at both baseline and final review, the
mean score was 68.6 ± 6.3 (baseline), 65.8 ± 3.9 (day 21) and 68.4 ± 5.5 (day 42). The mean baseline object
recognition was 3.46, improving to 4.38 at final review (+0.92; n = 13). One participant had an improved white
line test and the others were unchanged.
Ocular examination findings

Intraocular pressure was normal (10–21 mm Hg) at all time points, in all study eyes, except for a measurement of
9 mm Hg in participant 5 of arm B at day 28; intraocular pressure measured 13 mm Hg at the next visit. Lens
opacity grading remained unchanged in all 11 phakic study eyes.
Optical coherence tomography

There was no evidence of retinal toxicity or damage on OCT.
Arm A: baseline central subfield thickness in the study eye (range: 57–176 μm) reduced from 117 ± 45 μm
to 100 ± 56 μm at final review (n = 5). The fellow eye central subfield thickness reduced from 115 ± 45 μm to
88 ± 55 μm.
Arm B: baseline central subfield thickness in the study eye (range: 52–240 μm) reduced from 139 ± 49 μm to
110 ± 49 μm at final review (n = 13). The fellow eye central subfield thickness reduced from 125 ± 58 μm to
112 ± 47 μm.
Figure 2 shows the change in central subfield thickness over time, with both study arms combined, and compared
with the fellow eye.
Electrophysiology

Baseline ERGs and mfERGs were flat in all participants in both arms, and remained flat at all subsequent visits
(n = 18 ERG; n = 17 mfERG).
Discussion
This study aimed to undertake preliminary safety testing of intravitreal CdSe QDs, administered for the treatment
of advanced RP. Overall, safety was satisfactory, with no evidence of any functional or structural damage and no
AEs attributed by the site’s principal investigator to the study device. One participant had moderate anterior uveitis
that resolved fully and rapidly with topical steroids; given that the inflammation commenced 10 days after the
second QD injection, the site investigator determined that it was unlikely to be caused by QDs. Regardless, any
future studies of CdSe QDs should watch closely for uveitis. Another participant developed chemosis associated
with newly diagnosed hyperthyroidism that the site investigator thought was unlikely to be related to the study
device, and was an isolated finding across 20 participants. In arm A (those with extremely poor vision), two of five
participants had reduced visual acuity (from faint LP to NLP and from HM to LP), but vision testing in those
with ultra-low vision is often difficult; for example, the non-study eye of participant 5 had alternating HM and LP
vision. The attending investigator determined that the change in study eye vision was unrelated to QDs.
In addition to preliminary safety testing, this study also aimed to establish the feasibility of undertaking a
larger study. Recruitment rates were acceptable. Across both arms, three participants (15%) were lost to follow-up
and a larger study may need to accommodate a similar attrition rate in any sample size determination. Most,
but not all, outcome measures were feasible to collect. The white line test and contrast sensitivity were not
especially discriminating, given that they were, respectively, too easy or too difficult for most participants. The
navigation test was dropped after completion of arm A, as it also did not appear very discriminating. There were
considerable missing data for the study-specific questionnaire. Macular OCT imaging was not anticipated to show
an efficacy signal – because in the absence of macular edema, RP tends not to produce any short-term structural
changes – but OCT remains an appropriate test for future studies as it has the potential to detect structural
damage. Electrophysiology also showed no change, with flat tracings before and after treatment. As such, it could
be considered to offer little insight into the risks and benefits of QD treatment, but if a future trial recruited patients
with less severe disease who had recordable baseline readings, then it could provide a useful measure of both safety
and efficacy.
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Figure 2. Optical coherence tomography. The graph shows the mean (± 1 standard error of the mean) central
retinal thickness measured using optical coherence tomography, over time, combining participants from arms A and
B, and compared with the fellow untreated eye. Most participants received a second injection at day 21.

This first-in-human safety study was not designed to determine efficacy. Nonetheless, it is interesting that the
mean BCVA in arm B appeared to improve after both the first and second injections (Figure 1). This may be a
chance finding or possibly a learning effect, although the fellow eyes did not show a corresponding improvement.
Further studies are needed to confirm this preliminary observation, and until that occurs any conclusion on the
efficacy of QDs is not possible.
Limitations of this study include its small size and unmasked design. Nonetheless, these design features are
appropriate for first-in-human safety studies, as it would not be ideal to start with a large or masked trial for a novel
first-in-class treatment. It may have been useful to have tested visual fields, but this can be difficult to undertake in
patients with very poor visual acuity. Future studies might include measurement of the width of any ellipsoid layer
defect, as this is known to map closely to visual field defects [33,34].
Notwithstanding the potential objectivity of OCT measurements [33], any outcome measures need to be clinically
meaningful. Future studies might consider a validated patient-reported outcome measure, if such a tool emerges
for those with end-stage RP [35], as standard BCVA tests are poorly suited to ultra-low vision. For example, the
Functional Low-vision Observer Rated Assessment tool has been developed to assess patients with advanced RP
undergoing subretinal implant surgery. Another option is multiluminal mobility testing, which was recently used
as the primary outcome measure in a successful registration study of voretigene neparvovec, for patients with
RPE65-mediated inherited retinal dystrophy [36,37]. Future studies should consider longer follow-up, to assess the
durability of any therapeutic response and long-term safety.
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If QDs were proven clinically safe and effective, they would have several potential advantages. Unlike complex
retinal implant surgery [38,39], QDs could be delivered via a simple intravitreal injection and that could commence
before pronounced photoreceptor degeneration occurs, to prevent vision loss. Notwithstanding the emerging success
of gene therapies for retinal dystrophies, the relative simplicity of QDs may be advantageous and treat a wider range
of gene defects [37]. Treatment could be repeated, and thereby titrated to an individual’s needs.
Conclusion
The current study was not designed to establish the safety or efficacy of CdSe QDs, but it does suggest that a larger
trial is feasible. The finding of improved BCVA is of considerable interest. If proven effective in future studies, QDs
would represent a first-in-class treatment for a presently untreatable, genetically heterogeneous, blinding retinal
disease.
Executive summary
Animal studies indicate that electrical stimulation benefits degenerating retina.
Similarly, human studies suggest electrical stimulation may benefit eyes with retinitis pigmentosa.
Quantum dots can convert light energy to electrical energy.
Hence intraocular quantum dots might benefit patients with retinitis pigmentosa.
This first-in-human safety study found intravitreal quantum dots were safe.
Mean visual acuity improved in the study eye following each of two quantum dot injections, with no material
change in the untreated fellow eye.
• Further studies are planned to explore these preliminary findings.
• If quantum dots were proven effective, they would be a first-in-class treatment for a progressive disease that is
largely untreatable.
•
•
•
•
•
•
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