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Abstract
Background: The present study is to assess the in vitro 
biocompatibility of colloidal gold nanoparticles (CGN) and to 
describe the effect of CGN over the normal electrical activity of the 
retina on an in vivo rat model.  

Material and Methods: Retinal pigment epithelium cells (ARPE-
19) were cultured to confluence. Three wells were incubated with 
a mixture of CGN conjugated to goat anti-mouse IgG and three 
were incubated with culture media as a control. After 2 days, 
media was aspirated and incubated again with 4,5-dimethylthiazol-
2-yl-2,5-diphenyltetrazolium bromide for 2 hrs. The absorbance 
of each well was measured by spectrophotometry at a 540 nm 
wavelength, subtracting the background measurement at 670 nm. 
A total of 16 eyes of eight brown Norway rats were used, being 
divided in two groups of eight eyes each; Right eyes received an 
intravitreal injection of 1µM/5µL CGN suspension at baseline. An 
electroretinogram (ERG) was done at baseline and then again after 
six weeks. A two-sample t-test was used as statistical method. 

Results: Absorbance signal for the CGN Group was 89.06% with 
respect to the reference values of 100% for untreated controls. 
There was no statistical difference between groups (p=0.1). The 
ERG yielded no statistically significant difference between groups 
at any time point for any of the five steps of the ERG. 

Conclusion: The in vitro viability of ARPE-19 cells seems not to be 
affected by addition of 5 nm CGN to the culture, with no significant 
morphological changes. The normal electrical activity of the retina 
seems not be disturbed by the intravitreal injection of CNG.
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Introduction
Nanotechnology is a relative new science that studies new way 

to manipulate matter on an atomic and molecular level scale [1,2]. 
Its rapid evolution has generated different nanoscale-sized materials, 
being the metal-based ones the most interesting and promising 
among them [3]. The unique physical and chemical properties of 
metal nanomaterials (due to the high quantity of surface situated 
atoms and high area/volume relation) have made its application in 
engineering, chemistry, biology and medicine feasible [3-5].  
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Since ancient times, humans have been fascinated by gold 
(Au) and its unique beauty, malleability and resistance to chemical 
modification [4]. The first description of the use of Au as a therapeutic 
agent is dated to the Chinese in 2500 BC. Since then, multiple medical 
properties have been assigned to Au with various degrees of success. 
Au is a remarkable material in nanoscale. In biomedical research, the 
most often used types of Au nanoparticles are: nanorods, nanospheres 
and nanoshells [4,5]. Their possible applications include non-invasive 
bioimaging, detection and regulation of DNA, drug delivery systems 
[6-8], cancer diagnosis and treatment [9-11], bacterial screening 
and even as a bactericide, independent on antibiotic action [3,12]. 
Although Au nanoparticles seem to be nontoxic and biocompatible 
despite ability to enter all cell types, little is known about local 
tolerability in ocular tissue [13]. Therefore, studies aimed to increase 
the information about the consequences as well as the effects of Au 
nanoparticles on ocular tissue in order to allow safe clinical trials are 
desirable. 

Nanoparticles in a solution are called colloids [4]. Colloidal Au 
nanoparticles (CGN) are prepared from the chemical reduction of 
an aqueous Au salt solution. Often, the particle morphology and size 
is controlled by the addition of one or more surfactants during the 
synthesis [14]. The Au colloid size distribution can be further narrowed 
by centrifugation, yielding monodispersive particle size distributions 
with diameters in the nanometer range [14]. The moderately reactive 
Au surface permits facile modification of the nanoparticle with a 
variety of different interface chemistries using charge attraction, 
hydrophobic interaction or chemical binding processes [15,16]. 
For biological applications, the CGN are commonly conjugated to 
proteins and other ligands via sulfur groups, which spontaneously 
form covalent bonds with the Au surface [4]. 

There has been an increasing interest in the ophthalmic use of 
CGN because of its anti-angiogenic properties to treat diseases such 
as diabetic retinopathy, macular degeneration, and retinopathy 
of prematurity [13,17]. Bakri et al. [13] previously reported that 
intravitreal administration of gold nanoparticles at 67 µM/0.1 ml and 
670 µM/0.1 ml had no signs of retinal or optic nerve toxicity by light 
microscopy. The aim of this study is to expand the available evidence 
regarding intraocular biocompatibility of CGN by describing the 
effect of adding CGN to in vitro cultures of retinal pigment epithelium 
(RPE) cells. The study also aims to describe the effect of CGN over the 
normal electrical activity of the retina as well, on an in vivo rat model.

Material and Methods
The study was reviewed and approved by the University of 

Colorado Institutional Animal Care and Use Committee. All 
procedures were performed according to the statement for the use 
of animals in ophthalmic and visual research from the Association 
of Research of Vision and Ophthalmology (ARVO). The study was 
fully conducted at the University of Colorado facilities. There were no 
funds allocated for the realization of this study. 

RPE cell biocompatibility assay

ARPE-19 cells (American Type culture Collections, Manassas, 
VA) were cultured using a 1:1 mixture (vol/vol) of Dulbecco’s 
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modified Eagle’s and Ham’s nutrient mixture F-12 medium (DMEM 
F-12; Thermo Scientific HyClone, Logan, UT) with 4 mM glutamine, 
10% Fetal Bovine Serum (FBS; Gibco, Carlsbad, CA), Penicillin, and 
Streptomycin in a humidified incubator, kept at 37°C in a 5% CO2 
environment. The media was changed every 2 to 3 days [18,19].   

ARPE cells were allowed to grow to confluence in standard 96-
well culture plates. Three wells of cells were then exposed to two 
hundred µL of a 1:3 mixture of 5 nm CGN conjugated to goat anti-
mouse IgG antibodies (colloidal volume <12%; SPI-MarkTM; SPI 
Supplies, West Chester, PA) and culture media. Three other wells 
were incubated with culture media and served as controls (all cultures 
were conducted in triplicates).  

After 2 days, media was aspirated from each well and 100 µL of 
0.05% 4,5-dimethylthiazol-2-yl-2,5-diphenyltetrazolium bromide 
(MTT; Sigma, St. Louis, MO) in DMEM F-12 was added to each well 
and incubated at 37°C in a 5% CO2 environment for 2 hrs. Then, all 
media was removed from the wells and 100 µL of dimethyl sulfoxide 
(DMSO 99.7%; Sigma-Aldrich, St. Louis, MO) was added and 
incubated under the same conditions as before for 10 minutes.

The absorbance of each well was measured at a 540 nm 
wavelength, subtracting the background measurement at 670 nm 
using a SynergyTM 4 Microplate Reader and Gen5 Data analysis 
software (BioTek Instruments Inc, Winooski, VT). 

Electroretinograms (ERG)

Eight brown Norway rats (sixteen eyes) were used for the study. 
All animals were approximately 2 months of age at baseline testing. 
The animals’ eyes were divided into two groups: All right eyes received 
the intraocular CGN (1 µM/5 µL CGN suspension) and all left eyes 
served as controls (CGN vs. Controls). 

 ERGs were performed at baseline prior intravitreal injections of 
CGN and then again after six weeks.  Both dark- and light-adapted 
ERGs were recorded. Prior to recording, the animals were anesthetized 
using ketamine (80 mg/kg) and xylazine (5-10 mg/kg) and their 
pupils dilated with 1% tropicamide/2% phenylephrine drops [20]. 
The cornea was additionally anesthetized using 1% tetracaine drops 
and coated with 1% methylcellulose. Using a handheld Ganzfeld 
stimulator, bilateral ERGs were recorded simultaneously with DTL 
Plus electrodes (Diagnosys, Lowell, MA) in contact with the ocular 
surface through a coating of 1% methylcellulose [20]. Monopolar 
needle electrodes (Advena, Hereford, UK) were placed in the cheek 
(reference) and the tail (ground). 

The ERG protocol was the same for all animals and it was as 
follows:

Step (1) Dark-adapted rod response: single flash intensity of -24 
dB, low cut filter of 0.3 Hz and high cut filter of 500 Hz, gain: ± 500 µv 
and time between stimulus of at least 5 s. 

Step (2) Dark-adapted maximal combined response: single flash 
intensity of 0 dB, low cut filter of 0.3 Hz and high cut filter of 500 Hz, 
Gain: ± 1250 µv and time between stimulus of at least 10s. 

Step (3) Dark-adapted oscillatory potentials: single flash intensity 
of 0 dB, low cut filter of 0.3Hz and high cut filter of 500 Hz, gain: ± 
1250 µv.

Step (4) Light-adapted single-flash cone response: single flash 

intensity of 0 dB, white background light intensity of 30 cd/m2, low 
cut filter of 0.3 Hz and high cut filter of 500 Hz, gain: ± 250 µv and 
time between stimulus of at least 10 s. 

Step (5) Light-adapted 30 Hz flicker response: flash intensity of 0 
dB, rate of 30.3 Hz, background light intensity of 30 cd/m2, low cut 
filter of 0.3 Hz and high cut filter of 500 Hz, Gain: ± 250 µv and time 
between stimulus of 0.033 s.

All animals went into a dark adaptation phase of at least 30 minutes 
before step 1 to 3 and a light adaptation phase of at least 10 minutes 
before step 4 and 5. The LKC Epic 4000 electroretinography system 
(LKC Technologies, Gaithersburg, MD) was used for data filtering, 
acquisition, and averaging. A complete photopic, scotopic and flicker 
response were recorded each time [20,21]. Every measurement was 
recorded a minimum of five times. 

The b-wave amplitude was measured for steps 1 (scotopic -25 
dB), 2 (scotopic 0 dB), and 4 (photopic 0 dB).  The amplitude of the 
b-wave is determined by measuring the difference from the peak of 
the a-wave (if present) to the peak of the b-wave or from the baseline 
to the peak of the b-wave. 

For step 3 (oscillatory potentials) and step 5 (30 Hz flicker), 
the measurements are automated by the EmWin software (LKC 
Technologies, Gaithersburg, MD), using automated root mean 
square for two-frequency bands in five horizontal and four vertical 
locations for the oscillatory potentials calculation.

Intravitreal injection 

After baseline ERG was recorded and with the animal under 
anesthesia, right eyes were prepped with topical povidone iodine 
(10%). The procedure was made under a slit lamp and using micro-
forceps to help stabilize the eye. After the limbus was visualized, 
the conjunctiva and sclera was pierced with a 30 gauge needle 2 
mm posterior to the limbus, and a 1 µM/5 µL CGN suspension 
was injected with a 32 gauge needle into the mid-vitreous cavity. 
After the procedure, topical instillation of analgesics (diclofenac 
0.1%) and antibiotics (tobramicyn ointment 3.0 mg) were given as 
a single dose. The animals were monitored every 4-5 minutes while 
under anesthesia by observing any response to a toe or skin pinch 
until complete recovery. The animals were monitored daily for 
the first five days following injection for any signs of infection or 
alteration in behavior. All the animals were then evaluated six weeks 
post-injection. Animals with traumatic crystalline lens puncture, 
vitreous hemorrhage or retinal detachment (as a complication of the 
intravitreal injection) were excluded from analysis.  

Statistical analyses

Statistical analyses were made using Excel (Excel 2007; Microsoft 
Corp., Redmond, WA). A two sample t-test for means of two unpaired 
samples, with a p value of less than 0.05 for statistical significance, 
was used to compare the absorbance’s signals of the cell cultures. A 
two-sample t-test for means of two paired samples, with a p value 
of less than 0.05 for statistical significance was used to compare the 
differences of the means of the ERG recordings. Sample size was 
determined by using a power analysis, assuming a type I error (alpha) 
of 0.05 and a power of 80% for the test to detect a difference of 20% 
between groups, which yielded a minimum sample size of 7 per group.
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Results
CGN in ARPE cell culture

After normalizing the MTT absorbance signal to untreated 
controls, absorbance signal from the CGN group was 89% ± 0.33% 
(average ± standard deviation) with respect to the reference value 
100.0% ± 0.34% for untreated controls (Control versus CGNs 
incubated ARPE-19 wells absorbance chart, Figure 1. There were 
no statistical differences between the two groups. SD: Standard 
deviation). There was no statistical difference between the absorbances 
of the groups (p=0.1). (Comparative pictures between control and 
CGN treated ARPE-19 wells, after and before incubation with CGNs, 
Figure 2 (Nikon Eclipse TS100 microscope with the Nikon DS-Fi1 
camera; Nikon Metrology Inc, Irvine CA, at 10x and no filter)). It 
is important to note that despite the general cell morphology on the 
CGNs incubated ARPE-19 wells is preserved, the cells look larger due 
to increased vacuolization). Figure 2 depicts the microphotographs 
of two representative wells before and after the incubation with the 
CGN. 

ERG 

None of the animals were excluded from analysis due to 
traumatic cataract, vitreous hemorrhage or retinal detachment. There 
was no statistically significant difference between the control and 
CGN injections groups, at any time point for any of the five steps 
of the electroretinogram. For the scotopic -25 dB test, the average 
b-wave amplitude was 78.9 µV in the control group and 62.8µV in 
the CGN group (t-test for paired samples, p = 0.05) at baseline.  At 
the end of six weeks, the average b-wave amplitudes were 70.5 µV 
for the controls and 56.7µV for the CGN group (p= 0.118).  In the 
maximal combined test (scotopic 0 dB), the baseline readings were 
180.1µV in the controls and 167.8 µV in the CGN group (p=0.22). 
After six weeks, the readings were 165.5 µV in the controls and 159.1 
µV in the CGN group (p=0.14).  Measuring oscillatory potentials at 
baseline, the control group averaged 47.2 µV and the CGN group 
36.8 µV (p=0.11).  After six weeks, oscillatory potentials measured 
39.8 µV and 34.8 µV in the control and CGN groups respectively 
(p=0.77). Looking at the light-adapted portion of the testing, the 

baseline readings for the photopic 0 dB b-wave testing were 61.5 µV 
and 56.2 µV (p=0.59) and after six weeks were 38.3 µV and 39.3 µV 
(p=0.93), respectively.  Lastly, the baseline flicker readings were 14.4 
µV and 13.5 µV in the CGN and control groups (p=0.74) and after 
six weeks 9.5 µV and 6.2 µV (p=0.27).  As can be seen from figure 
3 (Graphical depiction of ERG amplitudes for both the nanogold 
and control groups at baseline and six weeks following intravitreal 
injection. There was no statistically significant difference between the 
control and nanogold groups on any of the five steps of the ERG at 
baseline or at six weeks after injection): there is a general trend for an 
overall decrease in the amplitudes in both groups over time, which 
is consistent with normal aging changes.  (Error bars represent +/- 
standard error of measurement). There was a tendency for overall 
amplitudes to decrease slightly within each group between the 
baseline and 6 week testing, but this difference was equal between the 
two groups and represents the normal decrease in ERG amplitude 
with increasing age.

Discussion 
The fast evolution of nanotechnology in recent years has allowed 

the development of new materials with very promising properties Figure 1: ARPE-19 cell absorbance results.

Figure 2: Comparative ARPE-19 cell cultures of treated and untreated cells 
with CGN.

Figure 3: ERG amplitudes for both the nanogold and control groups at baseline 
and six weeks following intravitreal injection. 
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like gold nanoparticles.  CGNs are unique tools with a size of 100 
nm or less. They have unique optical, electronic and structural 
properties that allow them to be used in a wide range of scientific 
fields [22]. The interest for the use of CGN as therapeutic agent due 
to its antiangiogenic and anti-inflammatory properties is increasing. 
Their potential application in ophthalmology for the treatment of 
ophthalmic diseases such as macular degeneration and diabetic 
retinopathy is a logic and viable research option to pursue [13,17]. 
CGNs can also be easily conjugated to peptides, antibodies, and 
a variety of other organic molecules which make them extremely 
effective as imaging contrast and potentially as drugs delivery vessels 
[3,4]. In ophthalmology, CGN could potentially be used to deliver 
genetic material to treat inherited diseases such as Leber’s congenital 
amaurosis and certain forms of retinitis pigmentosa [23,24]. Besides 
the fact that CGNs can enter all cells types, when they are in the range 
of 20 nm when administered systemically, they can also cross the 
blood-brain barrier and distribute into all retina layers, representing 
a new drug delivery paradigm and biocarrier for retinal diseases [25].  

In the present study, we evaluated the biocompatibility of 5 nm 
CGN with ARPE cells by analyzing the specific absorbance of the cells 
by spectrophotometry. We compared the viability after exposing the 
cells to a known concentration of CGNs to a control of cells in fresh 
culture media. Cultured RPE cells exposed to CGN show a slight 
decrease in viability compared against the control (Figure 1), and 
these cells seem to have increased vacuolization (Figure 2). Although 
we are not entirely sure about the reasons why this happens, it is 
possible that it is because CGNs uptake by the ARPE cells. Cell density 
appears similar between CGN and control treatment, suggesting 
there is no evidence of cell death. The decrease in MTT absorbance, 
therefore, may reflect reduced cellular metabolic activity instead of 
cell death.  It should be noted that the concentration of CGN used 
here is extremely high compared to that used in vivo. These findings 
support the notion that CGNs are probably nontoxic for RPE cells and 
that can be use safely in the eye. The current study also demonstrates 
that CGNs can be injected intravitreally in a rat model with no major 
disturbances on the retinal electrical activity as evidenced by normal 
electroretinographic recording in the study group. Nevertheless, the 
specific details about the dynamic behavior of CGN within the eye 
and migration rate (by dose concentration) still needs to be studied 
in greater detail as this may alter the results observed in this study.

In vivo studies with CGN have shown antiangiogenic properties 
by inhibiting the activity of heparin-binding glycoproteins [26]. 
They also inhibit vascular endothelial growth factor 165 and basic 
fibroblast growth factor by inhibiting vascular endothelial growth 
factor receptor 2 phosphorylation, intracellular calcium release and 
migration and RhoA activation [26]. CGN was also successfully 
used as a contrast in X-ray CT in imaging of tumor vasculature in 
mice [27]. Chitosan reduced CGN have proved to be a viable way 
to improve transmucosal insulin absorption [28]. The ease with 
which CGNs can be conjugated with chemotherapeutic drugs and 
the possibility of its photothermal activation has opened a new 
door for cancer treatment and diagnosis [10,11]. Regarding specific 
toxicities, it is known that metal poisoning can have deleterious effect 
over renal and hepatic function. In a study in where renal and liver 
function were determined after CGN administration, there were no 
significant differences between serum levels of creatinine, bilirubin, 
blood urea nitrogen, alkaline phosphatases, alanine aminotransferase 
and aspartate aminotransferase between the CGNs group and the 

control group [26]. In the eye specifically, Bakri et al. [13] investigated 
the histological effect in the retina and optic nerve by means of light 
microscopy. Their result showed that there is no evidence of retina or 
optic nerve toxicity even after 1 month of follow-up and relative high 
doses of CGNs.  

In summary, the in vitro viability of ARPE 19 cells seems not 
to be affected by the addition of CGNs to the culture media, with 
no significant morphological changes. There was no evidence of 
electrophysiologic disturbances after intravitreal injection of CGNs 
as evidenced by a normal electrical activity of the retina in a rat model.
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