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Purpose. To investigate the movement of intravitreally injected human serum albumin nanoparticles
(HSA-NP) with respect to nanoparticle surface charge and retinal injury.
Methods. HSA-NPs were developed by a desolvation technique. HSA-NPs were cationized by covalent
coupling of hexamethylenediamine on the particle surface. Either anionic or cationic HSA-NPs were
injected to determine the effect of surface charge on intravitreal nanoparticle movement. HSA-NPs were
injected intravitreally into both normal and laser photocoagulated eyes to examine the effect of the
integrity of retinal tissue on the retinal penetration. The retinal penetration of fluorescence labeled
anionic HSA-NPs was investigated by confocal microscopy.
Results. Anionic particles (−33.3±6.1 mV) more easily diffused through the 3-dimensional vitreal
network of collagen fibrils than did their cationic counterparts (11.7±7.2 mV). In the laser photo-
coagulated retina, more HSA-NPs were detected in the choroidal space, compared to the normal retina.
The immunohistochemical studies indicated that HSA-NPs were taken up into Müller cells.
Conclusions. The movement of intravitreal nanoparticles depended on both nanoparticles surface charge
and retinal injury. The Müller cells might play an important role in the retinal penetration of
nanoparticles. The anionic HSA-NP is a promising drug or gene delivery carrier to the sub-retinal space
and RPE.
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INTRODUCTION

Long-term delivery of therapeutic agents to the retina
and retinal pigment epithelium (RPE) is limited and chal-
lenging because of several ocular barriers (1,2). Currently,
intravitreal injection is the most efficient method used in the
clinic to deliver drugs directly to the posterior segment of the
eye (3). Although direct intravitreal injection has shown
favorable results in clinical trials, the short half-life of this
method necessitates frequent administration, which is accom-
panied by the risk of vitreous hemorrhage, retinal detach-
ment, and/or endophthalmitis (4,5). Nano-sized drug delivery
systems have been studied extensively to deliver therapeutic
agents to the posterior segment of the eye for an extended
period of time (6). However, the distribution and elimination
of intra-ocularly administered nano-sized drug delivery sys-
tems is not yet well understood. Without understanding the
factors influencing the distribution and elimination of nano-
sized drug delivery particles in the eye, it is difficult to
develop an optimized drug-delivery system to treat retinal
diseases.

We sought to understand the movement of intravitreally
administered nanoparticles in the vitreous and retina. Herein,
we present the distribution of intravitreal nanoparticles, with
respect to both nanoparticle surface charge and retina injury.
Additionally, we introduce a possible mechanism for trans-
retinal penetration of intravitreal nanoparticles into the sub-
retinal space. We used a human serum albumin nanoparticle
(HSA-NP) because it has been well studied for ocular drug
delivery and showed excellent intraocular tolerance (7–9).
Furthermore, the particles could be easily prepared under
soft conditions, by coacervation or controlled desolvation
processes (7).

METHODS

Animals

All procedures adhered to the guideline from the
Association for Research in Vision and Ophthalmology for
the Use of Animals in research, with approval from the
Institutional Animal Care and Use Committee at Duke
University.

Nanoparticle Preparation

The HSA-NPs were prepared by a previously described
desolvation technique (10). Thirty milligrams of human serum
albumin (Sigma, St. Louis, MO, USA) was dissolved in 5 mL
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of pure water. Ethanol, 6.5 mL, was added dropwise to the
human serum albumin solution and stirred for 1 h; 0.5 μL of
50% glutaraldehyde was added to the HSA-NP suspension
and stirred overnight at room temperature. After 24 h of
constant stirring, the resulting nanoparticles were purified by
three times centrifugation (12,500 RPM, 55 min, at 4°C) and
re-suspension with pure water. Finally, the particle suspension
was centrifuged (3,000 RPM, 5 min, at 4°C) to remove
aggregates.

Particle Analysis

Particle size was determined by photon correlation
spectroscopy (PCS) using quasi-elastic light scattering equip-
ment (ZetaPlus™ equipped with particle sizing mode,
Brookhaven Instrument Crop., Holtsville, NY, USA). A
dilute suspension of nanoparticles was prepared in distilled
water. The sample was subjected to particle size analysis and
analyzed in duplicate with ten readings per nanoparticle
sample. Zeta potential of nanoparticles in distilled water was
determined using ZetaPlus™ in the zeta potential analysis
mode in duplicate with three readings per nanoparticle
sample.

Preparation of Fluorescent Dye Conjugated HSA-NPs

One milligram of Alexa555 carboxylic acid succinimidyl
ester (Invitrogen, Carlsbad, CA, USA) was dissolved in
100 μL of DMSO. 10 μL of the Alexa dye solution was
added to 2 mL of HSA-NP suspension and stirred overnight
without light. To remove non-conjugated Alexa dye from the
solution, the particles were centrifuged (12,500 RPM, 55 min,
at 4°C) and re-suspended three times. Both size and surface
charge of the final product were determined as described
above. Finally, particle aggregates were removed as described
above.

Preparation of Cationic HSA-NPs

HSA-NPs were cationized by covalent coupling of ethyl-
enediamine to carboxyl groups, as previously described (11).
Briefly, 1 mL of 15 M ethylenediamine (Sigma, St. Louis,
MO, USA) was added to 9 mL of anionic HSA-NP
suspension. The pH of the solution was then adjusted to 7.8
with 1 N HCl. After stirring for 30 min at room temperature,
0.5 g of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (Pierce Biotechnology, Rockford, IL, USA)
was added and cationization was allowed to proceed at room
temperature for 4 h. Excess reagent was removed by repeated
centrifugation (12,500 RPM, 55 min, 4°C) and the particles
were re-suspended with ultrapure water. Alexa 555 fluores-
cence dye was then conjugated to the cationized HSA-NP as
described above. Both size and surface charge of the final
product were also determined as described above.

Determination of the Retinal Distribution of Intravitreally
Administered HSA-NPs

Two microliters of Alexa 555 conjugated HSA-NPs
(3.3 mg/mL) were administered into the vitreous of rat eyes
by a 32 gauge needle (Hamilton, Reno, NV, USA) under

contact lens visualization. Five hours post intravitreal admin-
istration, the eyes were enucleated and fixed immediately
with 4% paraformaldehyde solution (PFA). The eye was
opened by circumferential incisions at the surgical limbus
after overnight fixation. After removal of the anterior
segment and lens, the posterior segment of the eye was
embedded in 7% agarose type XI gel (Sigma, St. Louis, MO,
USA) and sectioned into 150 μm-thick slices with a vibrating
blade microtome (Leica, Bannockbum, IL, USA). The eye
sections were incubated overnight in DAPI solution (1:1,000)
diluted with ICC buffer and then washed three times with
ICC buffer for 3 h. The eye sections were embedded in
mounting medium (Vectashield, Vector Laboratories Inc.,
Burlingame, CA, USA) and sealed under microscope cover
glass slides. The eye sections were viewed on a Leica laser
scanning confocal microscope (Leica SP2, Carl Zeiss, Inc.,
Exton, PA, USA).

To determine the distribution of intravitreal HSA-NPs in
the laser-coagulated retina, four laser burns between retinal
vessels around the optic nerve head were induced by using
the blue-green setting of a Lumenis Ultima Argon Laser
(Lumenis Inc., New York, NY, USA). The laser power,
duration, and spot diameter were 180-mW, 0.1 s, and 50-µm,
respectively. Two weeks after the laser photocoagulation,
2 μL of Alexa 555 conjugated HSA-NPs were administered
into the lasered eye. All procedures after the injection were
same as the above.

Distribution of Intravitreally Administered Anionic
vs. Cationic HSA-NP in Vitreous

Two microliters of Alexa 555 conjugated anionic
(3.3 mg/mL) or cationic HSA-NPs (3.3 mg/mL) were
administered intravitreally. Five hours post injection, the
eyes were enucleated and fixed immediately with 4% PFA
solution. One hundred fifty micrometer-thick slices were
made as above described. These eye sections were viewed
on an epifluorescence microscope (Zeiss Axiophot, Carl
Zeiss, Inc., Exton, PA, USA). The average fluorescence
intensities in the vitreous were determined with ImageJ. The
statistical analysis between the anionic group and the
cationic group was performed by t-test.

Immunohistochemistry

A rabbit anti-human von Willebrand factor antibody
(DAKO, Carpinteria, CA, USA) (12) and a mouse anti-
glutamine synthetase (CHEMICON International Inc., Teme-
cula, CA, USA) (13) were utilized for Immunohistochemistry
staining of retinal blood vessels and Müller cells, respectively.
The 150 μm-thick eye sections were incubated in 5% goat
serum overnight. Double staining was performed using rabbit
anti-human von Willebrand factor antibody (dilution 1:150)
and mouse anti-glutamine synthetase (dilution 1:150) with 2%
goat serum ICC buffer as a primary antibody solution. The
primary antibodies, anti-von Willebrand factor and anti-
glutamine synthetase, were detected using a secondary
antibody solution containing Alexa Fluor® 488 goat anti-
rabbit IgG (dilution 1:150), Alexa Fluor® 633 goat anti-
mouse IgG (dilution 1:150), and DAPI (dilution 1:1,000) in
ICC buffer.
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Imaging Process

The distributions of intravitreal HSA-NPs in the whole
vitreous and retina with respect to nanoparticles surface
charge were determined by imaging the 150 μm-thick section
using an epifluorescence microscope (Zeiss Axiophot, Carl
Zeiss, Inc., Exton, PA, USA) with ×2.5 magnification and
identical exposure times. Several images, which show the
distribution of HSA-NPs in limited regions of the vitreous
and retina, were combined into one image to show the overall
distribution of HSA-NPs in the whole vitreous and retina with
Adobe Photoshop software (version 7.0). The trans-retinal
penetration of intravitreal HSA-NPs was demonstrated by
projection of 30 confocal slide images (0.5-µm slide thickness
per each image).

RESULTS

Particle Analysis

Table 1 summarizes physical properties of HSA-NPs used
in this study. Plain HSA-NPs show 107.3±31.1 nm size
distribution (Fig. 1A), and −23.73±3.03 mV zeta potential
(Fig. 1B). Figure 1C shows an electron microscopy image
demonstrating a spherical and uniform shape. After the
conjugation of Alexa dyes, the average particle size increased
slightly (particle II and IV in Table 1). The size and zeta
potential of cationized HSA-NPs was determined to be 175.5±
16.4 and 11.7±7.2 mV, respectively.

Vitreal Penetration of Anionic vs. Cationic HSA-NP

Figure 2 shows the vitreal distribution of cationic HSA-
NP (A) and anionic HSA-NP (B) 5 h post intravitreal
administration. Most of intravitreal cationic HSA-NPs were
filtered and could not penetrate the vitreous (p=0.005). Most
of intravitreal anionic HSA-NPs penetrated the vitreous and
were located within the retina at 5 h. Anionic HSA-NPs
penetrated the vitreal barrier more easily than cationic HSA-
NPs possibly due to electrostatic attraction between cationic
HSA-NPs and the negatively charged vitreal glycosaminoglycan.

Fig. 1. Particle analysis and electron microscope photograph. The size and surface charge of HSA-NP was
107.3±31.1 nm (A) and −23.73±3.03 mV (B), respectively. C The HSA-NP showed a spherical and uniform
shape.

Table 1. Summary of Physical Properties of HSA-NPs Used in This
Study

Size (nm) Zeta potential (mV) Usage

Particle I 107.3±31.1 −23.73±3.03 Fig. 1
Particle II 114.0±10.1 −33.3±6.1 Fig. 2A
Particle III 175.5±16.4 11.7±7.2 Fig. 2B
Particle IV 125.1±29.6 −23.7±3.0 Fig. 3, 4, 5, and 6
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Retinal Penetration of HSA-NP

Intravitreally administered anionic HSA-NPs penetrated
into the deep retinal structures in both the normal (Fig. 3A,
B) and laser photocoagulated retina (Fig. 3C, D). In the laser
photocoagulated retina, more HSA-NPs were detected in the
choroidal space, compared to the normal retina. In Fig. 3,
some HSA-NPs were observed to distribute around the
retinal vascular structures. Figure 4 indicates that HSA-NPs
could not penetrate the blood retinal barrier. In Fig. 4A, the
yellow arrows indicate HSA-NPs at the ab-luminal surface of
the retinal vasculature. In Fig. 4B, C, blue, green, grey, and
red colors represent the Von Willebrand Factor positive cells
(the vascular endothelium), Müller cells, nuclei, and HSA-
NPs, respectively. HSA-NPs were located at the ab-luminal
side and had not in fact penetrated the retinal vascular
barrier.

Retinal Penetration Mechanism of Intravitreal HSA-NPs

Figure 5A shows the distribution of intravitreally admin-
istered HSA-NPs in the whole retina 5 h post administration.

The distribution of HSA-NPs in the ONL indicates that the
particles might penetrate the retinal tissue layers through a
specific route (Fig. 5B). Some HSA-NPs were endocytosed
and located in the RPE 5 h post intravitreal injection
(Fig. 5C).

The HSA-NP and Müller cell co-localization experiment
was performed to provide a possible mechanism for HSA-NP
retinal penetration. Figure 6A–C shows the distribution of
HSA-NPs 5 h post injection, Müller cell immunostaining, and
the co-localization, respectively. Most HSA-NPs co-localized
with the Müller cells in the inner limiting membrane and
ganglion cell layer (Fig. 6D), the inner nuclear layer and
outer plexiform layer (Fig. 6F), and the outer nuclear layer
(Fig. 6G). However, many HSA-NPs in the inner plexiform
layer were not co-localized with the Müller cells (Fig. 6E).

DISCUSSION

The delivery of therapeutic agent-encapsulating nano-
particles into the retina and RPE is promising for the
treatment of many severe retinal eye diseases. PLA or
PLGA-based nanoparticles have been extensively studied

Fig. 2. The vitreal distribution of Alexa 555 conjugated A cationic and B anionic HSA-NP 5 h post
intravitreal administration. C The average fluorescence intensity in the vitreous between the anionic
and cationic HSA-NP injected eyes. Cell nuclei were stained with DAPI (blue color). RE = retina;
VH = vitreous.
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for intravitreal drug delivery (14–16). Both are biodegradable
and biocompatible and have been approved for human use by
the US Food and Drug Administration. However, the mild
inflammatory reaction after the injection of these polymer-
based nanoparticles was observed in the vitreous, retina and

ciliary body (15). In this study, we prepared human serum
albumin based nanoparticles, which show high encapsulation
efficiency of various drugs (7). More importantly, the HSA-
NP is a non-immunogenic safe carrier for the intravitreal
delivery of drugs.

Fig. 4. The distribution of HSA-NPs around the retinal vasculature 5 h post intravitreal administration. AThe yellow arrows localize HSA-NPs at
the ab-luminal surface of the retinal vasculature. B, C The immunohistochemistry staining confirming the ab-luminal distribution of HSA-NPs.
Blue, green, grey, and red colors represents the Von Willebrand Factor positive cells, Müller cells, Nuclei, and HSA-NPs, respectively. ILM = inner
limiting membrane; GCL = ganglion cell layer; IPL = inner plexiform layer.

Fig. 3. The retinal distribution of Alexa 555 conjugated anionic HSA-NP in the (A, B) normal and
(C, D) laser photocoagulated retina. ILM = inner limiting membrane; INL = inner nuclear layer;
ONL = outer nuclear layer; RPE = retinal pigment epithelium; C&BM = choroid and Bruch’s
membrane.
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A nanoparticle-based ocular drug delivery system can be
developed to overcome the vitreal charge and retinal barriers
and to deliver therapeutic agents efficiently into the sub-
retinal space and RPE, depending on size and charge (6). The
vitreous is a well-ordered, three-dimensional network of
collagen fibrils bridged by proteoglycan filaments (17).
Sakurai et al. reported that different sized nanoparticles (2-
µm, 200-nm, and 50-nm) diffused in the vitreous (18).
Nanoparticles with 2-μm diameter diffused in the vitreous
cavity to the trabecular meshwork; while, nanoparticles,
whose diameter is smaller than 200 nm, were also observed
in the retina and other tissues. Two-micrometer, 200-nm, and
50-nm particles showed different half-lives, 5.4±0.8, 8.6±0.7,
and 10.1±1.8 days, respectively. In this study, we investigated
the importance of charge on intravitreal nanoparticle move-
ment. The vitreous is composed of water (99%) and colloids
(0.1%), with the remainder of the solid material comprised of
ions and low-molecular weight solutes (19). The structure of
the vitreous is formed by collagen (40–120 μg/mL) and
hyaluronic acid (100–400 μg/mL) (19). Vitreal hyaluronan is
the most common negatively charged glycosaminoglycan.
These glycosaminoglycans are known to interact with poly-
meric and liposomal DNA complexes (20,21). Peeters et al.
(21) showed in an in vitro study that cationic liposome
complexes clearly aggregated in the vitreous. By increasing
the degree of pegylation of the liposome and decreasing the
zeta potential to become anionic, the author discovered that
binding of the liposome to the biopolymers in the vitreous
decreased and observed homogeneous spreading of non-
aggregated anionic liposome. Our in vivo experimental data
(Fig. 2) were consistent with the previous in vitro findings.
Intravitreally administered anionic HSA-NPs diffused freely
in the posterior direction from the vitreous to the retina
(Fig. 2B). However, most of intravitreally administered
cationic HSA-NPs (zeta potential=11.7±7.2 mV) were bound
and aggregated to the vitreous (Fig. 2A). Few cationic
particles were observed in the retina 5 h post intravitreal
administration. One limitation in this study was that human
serum albumin was cationized as previously described and
then confirmed the cationization in distilled water, not in the
vitreous (11,22). Therefore, it is limited to determine the real

zeta potential of nanoparticles in the vitreous matrix. The
other limitation in the study was that we injected two
different size (175 and 114.0 nm) HSA-NPs to compare the
vitreal distribution of cationic and anionic HSA-NPs. Since
120-nm PEG coated polystyrene nanoparticles diffused 1.6
fold faster than 182-nm sized ones, 175-nm sized HSA-NPs
can be expected to diffuse slower than 114-nm sized ones
(21). The difference of vitreal diffusion due to the different
diameter might affect the distribution of intravitreal HSA-NP
in Fig. 2. However, 250-nm sized HSA-NPs as well as 310-nm
sized PLA particles were dispersed in the vitreous (7,15).
Therefore, our conclusion, that anionic nanoparticles can
diffuse more freely in the vitreous than cationic ones, is still
correct. According to the in vitro study(19) and our current in
vivo study, it could be concluded that cationic charge is a more
important limiting factor than molecular size on the vitreous
mobility of nanoparticles.

The retina is a soft and fragile multilayer structure. Some
layers show formidable barriers against the trans-retinal
penetration of macromolecules. The inner limiting membrane
(ILM) is located between retinal Müller cell end feet and the
vitreous cortex and, as such, is a true basement membrane of
Müller cells (23). The ILM is composed of a fine three-
dimensional meshwork structure with numerous pores whose
size ranges from 10 to 25 nm. The pores of the ILM act as the
main filtration barrier between the retina and the vitreous
cavity (24). Kamei et al. reported that intravitreally injected
70 kDa tissue plasminogen activator could not diffuse across
the ILM (25). The ILM is composed of several components
(23). Some components, hyaluronan, heparin sulfate, chon-
droitin sulfate, dermatan sulfate, show negative charge
(26,27). Accordingly, in addition to being a mechanical
barrier, the ILM is an electrostatic barrier. In in-vitro studies,
Jackson TL et al. (28) determined the maximum molecule size
able to freely penetrate the retina of pig, cattle, and rabbit to
be 60±11.5, 78.5±20.5 and 86±30 kDa, respectively. The
inner and outer plexiform layers showed high resistance to
the diffusion of macromolecules through the retina. Photore-
ceptor inner segments and apical processes of Müller cells are
connected by a row of zonulae adherents that collectively
form the external limiting membrane (ELM) (29). The pore

Fig. 5. A The distribution of intravitreally administered HSA-NPs in the whole retina 5 h post administration. B The rectangular region in A
was magnified to show the distribution of HSA-NPs in the ONL. C The distribution of trans-retinal penetrated HSA-NPs in the RPE 5 h post
intravitreal administration. ILM = inner limiting membrane; INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear
layer; RPE = retinal pigment epithelium.
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radius of the zonulae adherents of the ELM is between 30 and
36 Å (29). Albumin did not diffuse through the ELM.
Contrary to expectations from previous studies about the
trans-retinal penetration of macromolecules, the relatively
rapid trans-retinal movement of the nanoparticles with
diameters greater than 100 nm was been demonstrated
(14–16). The size and charge of nanoparticles had little
influence on the intraocular tissue distribution of the sub-
350-nm particles (15). In our study, Fig. 3 shows the trans-
retinal penetration of HSA-NP into the RPE in normal retina

(Fig. 3A, B) and laser coagulated retina (Fig. 3C, D) 5 h
post intravitreal injection. Figure 5B indicates trans-retinal
penetration of HSA-NP occurs through a specific route.
Figure 6D–F showed co-localization of HSA-NPs and the
Müller cells in the ILM and ganglion cell layer (Fig. 6D), the
inner nuclear layer and outer plexiform layer (Fig. 6E), and
the outer nuclear layer (Fig. 6F). Several previous studies
reported that nanoparticles penetrate the corneal epithelium
through a trans-cellular pathway (30). Additionally, several
studies have demonstrated nanoparticles overcome the

Fig. 6. Co-localization of intravitreally administered HSA-NPs and the Müller cells. A–C the retinal distribution of HSA-NPs 5 h post
injection, Müller cell immunostaining, and the co-localization, respectively. The detailed co-localization is shown in D the inner limiting
membrane and ganglion cell layer; E the inner plexiform layer; F the inner nuclear layer and outer plexiform layer; G the outer nuclear layer,
respectively. ILM = inner limiting membrane; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer
plexiform layer; ONL = outer nuclear layer.
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blood–brain barrier by endocytosis/transcytosis (31).
Normand et al. demonstrated that in vivo, nano-sized
vectosomes injected into the vitreous followed a trans-
retinal migration before being rapidly internalized by RPE
cells. (32) The retinal course of the vectosome appeared to
be associated with Müller glial cell distribution (32).
Therefore, it may be concluded from this study that the
intravitreal nanoparticles might be endocytosed into the
Müller cells at the ILM, diffuse within the intracellular
space, and then be exocytosed from the Müller cell at the
ELM into the interphotoreceptor matrix.

In the normal retina, the intravitreally injected HSA-NPs
penetrated the whole retina and localize inside the RPE
(Fig. 3A, B). In our study, we did not observe the penetration
of HSA-NPs across the RPE in the normal retina. The laser
photocoagulation made the outer nuclear layer extended into
the choroid through the disruption site of the RPE and
Bruch’s membrane (33,34). HSA-NPs were observed to reach
the choroid through the disruption site of the RPE and
Bruch’s membrane (Fig. 3C, D). In wet age-related macular
degeneration (AMD), it is demanded to deliver therapeutic
agents to the choroid region in order to inhibit choroidal
neovascularization. Therefore, the anionic HSA-NP is a
promising drug delivery carrier for the treatment of AMD.
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