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Tunable sustained intravitreal drug delivery system for
daunorubicin using oxidized porous silicon

Huiyuan Hou1,2,†, Alejandra Nieto1,2,†, Feiyan Ma1, William R. Freeman1, Michael J. Sailor2,
and Lingyun Cheng1

1Department of Ophthalmology, Jacobs Retina Center at Shiley Eye Center, University of
California San Diego, La Jolla, CA
2Department of Chemistry and Biochemistry, University of California San Diego, La Jolla, CA

Abstract
Daunorubicin (DNR) is an effective inhibitor of an array of proteins involved in
neovascularization, including VEGF and PDGF. These growth factors are directly related to retina
scar formation in many devastating retinal diseases. Due to the short vitreous half-life and narrow
therapeutic window, ocular application of DNR is limited. It has been shown that a porous silicon
(pSi) based delivery system can extend DNR vitreous residence from a few days to 3 months. In
this study we investigated the feasibility of altering the pore size of the silicon particles to regulate
the payload release. Modulation of the etching parameters allowed control of the nano-pore size
from 15 nm to 95 nm. In vitro studies showed that degradation of pSi O2 increased with increasing
pore size and the degradation of pSi O2 was approximately constant for a given particle type. The
degradation of pSi O2 with 43 nm pores was significantly greater than the other two particles with
smaller pores, judged by observed and normalized mean Si concentration of the dissolution
samples (44.2±8.9 vs 25.7±5.6 or 21.2±4.2 µg/mL, p<0.0001). In vitro dynamic DNR release
revealed that pSiO2-CO2H:DNR (Porous silicon dioxide with covalent loading of daunorubicin)
with large pores (43 nm) yielded a significantly higher DNR level than particles with 15 or 26 nm
pores (13.5±6.9 ng/mL vs. 2.3±1.6 ng/mL and 1.1±0.9 ng/mL, p<0.0001). After two months of in
vitro dynamic release, 54% of the pSiO2-CO2H:DNR particles still remained in the dissolution
chamber by weight. In vivo drug release study demonstrated that free DNR in vitreous at post-
injection day 14 was 66.52 ng/mL for 95 nm pore size pSiO2-CO2H:DNR, 10.76 ng/mL for 43 nm
pSi O2-CO2 H:DNR, and only 1.05 ng/mL for 15 nm pSi O2-CO2 H:DNR. Pore expansion from
15 nm to 95 nm led to a 63 folds increase of DNR release (p<0.0001) and a direct correlation
between the pore size and the drug levels in the living eye vitreous was confirmed. The present
study demonstrates the feasibility of regulating DNR release from pSi O2 covalently loaded with
DNR by engineering the nano-pore size of pSi.
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Introduction
Proliferative vitreoretinopathy (PVR) is the major vision threatening complication for
rhegmatognenous retinal detachment. Proliferation of endongenous retinal cells, such as
retinal pigment epithelium (RPE) and glial cells, as well as visiting immune cells at the
vitreoretinal interface leads to the formation of vitreoretinal membranes which cause
tractional retinal detachment and vision loss.[1] Inhibition of proliferation of these cells by
chemotherapeutic agents has been the primary target of PVR prevention.[2],[3]
Daunorubicin (DNR) is one of the potential therapeutic agents for unwanted ocular
proliferation. It has been shown to be effective for treatment of PVR on animal models and
in clinical studies.[4–7] However, the short intravitreal half-life and narrow therapeutic
window of DNR,[8] which implies frequent intravitreal injections over time to obtain
sustained treatment, hinder its further clinical application. An optimal ocular drug delivery
system, which could provide a sustained and long-lasting presence of DNR at the disease
site, would bean ideal solution. For this purpose we have proposed porous silicon (pSi) as a
biodegradable carrier for intravitreal drug delivery.[9–11] The nanostructure of pSi provides
reservoirs which host therapeutics and provide sustained drug release after a single
intravitreal injection. We have demonstrated that intravitreal pSi injection is safe in rabbit
eyes.[9] It degrades to completely soluble and excretable orthosilicates.[12] DNR can be
covalently loaded into pSi for sustained intravitreal drug delivery as the carrier degrades.
[10] We hypothesize that the rate of drug release, as well as the ocular therapeutic duration
may be controllable by altering the nano-pore size of the pSi. Previous work has shown that
the rate of degradation of pSi in aqueous media can be dependent on pore size and surface
morphology.[13] Most recently, Martinez et al demonstrated in vitro a positive correlation
between pore size and degradation rate of oxidized and 3-aminopropyl triethoxysilane
functionalized pSi particles in phosphate buffered saline. However, subsequent quantum dot
infiltration loading and release showed the release rate was negatively associated with the
pore size of the pSi particles.[14] In the current study, we investigated the influence and
capacity of changing pore size of pSiO2 microparticles on the rate of drug release using
DNR as a model drug. We are interested in knowing if the relationship between pore size
and pSi degradation would translate into a similar relationship between pore size and
daunorubicin release if we use a covalent drug loading strategy instead of infiltration loading
which released daunorubicin too fast and caused retinal toxicity.[10] We are also interested
in knowing the capacity of this tenability in a living eye to gauge the feasibility of this
intravitreal drug delivery system to prevent and treat PVR.

Material and Methods
Synthesis of pSi microparticles

pSi microparticles were prepared by anodic electrochemical etch of highly doped, (100)-
oriented, p-type silicon wafers (Siltronix Inc., Archamps, France, boron-doped, 1.00 ±0.01
mΩ·cm resistivity), as previously described.[10, 15] A silicon wafer with an exposed area of
8.04 cm2 was contacted on the backside with a strip of aluminum foil and mounted in a
Teflon etching cell that was fitted with a platinum counter-electrode. The etching conditions
to obtain pSi microparticles with different pore sizes, including current density and etch
duration, are summarized in Table 1. Particles A and B were etched in a 3:1 (v/v) solution of
48% aqueous hydrofluoric acid (HF) and absolute ethanol (Fisher-Scientific, Pittsburg, PA).
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Particles C and D were etched in a 1:1 (v/v) solution of 48% aqueous HF and absolute
ethanol. The wafers were etched at a constant current density (mA/cm2), and the porous
layer resulting from every etch was removed from the silicon substrate by electro polishing
in a 1:29 solution of 48% aqueous HF and absolute ethanol for 120 seconds (Table 1). The
etching and electro polishing procedure was repeated 20 times per wafer. The films were
harvested every 4 etches and the resulting porous layers were ultrasonicatedin ethanol (FS5
dual action ultrasonic cleaner, Thermo Fisher Scientific, Pittsburg, PA) for 30 minutes to
form the pSi particles. After ultrasonic treatment, the supernatant was removed and the
particles were resuspended in ethanol. This procedure was repeated a total of three times
until the supernatant was transparent. The pSi particles were isolated, dried at room
temperature and stored under vacuum in a desiccator.

DNR loading into porous silica (pSiO2) microparticles
DNR was loaded into particles A, C and D by covalent attachment by creating a chemical
bond between the drug and functional groups placed on the particle surface, as previously
described.[10] Briefly, pSi particles were placed in a ceramic boat, heated from room
temperature to 800 °C inside a muffle furnace (Thermo Fisher Scientific, Pittsburg, PA), and
maintained at 800 °C for 1 hour in order to fully oxidize pSi to pSiO2. The samples were
removed from the chamber after the furnace had cooled to room temperature. The resulting
pSiO2 particles were then treated with an aqueous HCl solution (2% concentrated HCl by
volume) for 1 hour, rinsed three times with water and dried. The particles were then
vortexedin a 1% 3-aminopropyltrimethoxysilane (Sigma-Aldrich) in ethanol solution for 1
hour, rinsed with ethanol, and dried, resulting in alkylamine-modified particles. The amine-
functionalized porous SiO2 particles were reacted with 0.1 M succinic anhydride (99%,
Sigma-Aldrich) in N,N-dimethylformamide (DMF, Sigma-Aldrich) for 16 hours and rinsed
with water to obtain a carboxylic acid functional surface (pSiO2-CO2H). The carboxylic
acid group resulted from the ring opening of succinic anhydride through reaction with the
amine group on the surface of the particles.[10, 16] The surface carboxyl species were then
activated by treatment with an aqueous solution containing 68 mM N-(3-
dimethylaminopropyl)-N´-ethylcarbodiimide hydrochloride (EDC, Sigma-Aldrich; 8.45 mg)
and 6.5 mM N-hydroxysulfosuccinimide (Sulfo-NHS, Pierce Biotechnology Inc, Rockford,
IL; 0.92 mg). The coupling reagents were added to a dispersion of pSiO2-CO2H particles in
aqueous phosphate buffered saline (PBS, pH 7.4, Fisher Scientific) containing 10% dimethyl
sulfoxide by volume (DMSO, Alfa Aesar, Ward Hill, MA). DNR was then coupled to the
activated surface by addition of an aqueous solution (200 µL) containing 1 mg/mL
daunorubicin hydrochloride (Tocris Biosciences, Bristol, UK) to the particle mixture, as
previously described.[10] After the loading procedure, the particles were pelletized by
centrifugation and carefully rinsed with ethanol five times until the washing solution was
close to transparent in order to remove unloaded drug and any excess cross linkers. At this
point, the particles were observed to have changed from an initial white translucent
appearance to the deep orange color of DNR. Average particle size and pore size of the
pSiO2 particles were determined from scanning electron microscope (SEM) plan-view
images from randomly selected particles (n>5) using a Phillips XL30 field emission electron
microscope operating at an accelerating voltage of 5 kV (FEI Phillips, Hillsboro, OR).[10,
17] The particle thickness and open porosity were calculated by optical measurements of the
reflectivity spectrum as a function of liquid infiltration using the spectroscopy liquid
infiltration method (SLIM).[18] The textural properties of the pSiO2 particles were analyzed
by nitrogen sorption at −196 °C on an ASAP 2020 porosimetry apparatus (Micromeritics,
Norcross, GA). Prior to the sorption experiment, approximately 50 mg of the porous silicon
sample was out gassed overnight at 105 °C. The specific surface area (m2/g) and pore
volume (cm3/g) of the particles were calculated from the N2 adsorption/desorption isotherms
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by using the BET (Brunauer-Emmett-Teller) and BJH (Barrett-Joyner-Halenda) methods,
respectively.[19–21]

The presence of the functional linker on the pSiO2-CO2H surface as well as the successful
covalent attachment of DNR to the microparticles was confirmed by attenuated total
reflectance Fourier transform infrared (ATR-FTIR) spectroscopy using a Nicolet 6700 FT-
IR spectrometer with Smart-ATR attachment (Nicolet Instruments Inc., Madison, WI). Drug
loading efficiency of each type of particle (pSiO2-CO2H:DNR) was analyzed by
thermogravimetry (TGA). The DNR-loaded samples (~2 mg) were placed in a 90 µL
alumina sample cup. Samples were heated at a constant rate of 10 °C/minute up to 800 °C in
nitrogen atmosphere with a purge rate of 10 mL/min using a Q600 simultaneous TGA/DSC
apparatus (TA Instruments, New Castle, DE). Weight percent loading efficiency of DNR in
the samples was determined by analyzing TGA curves of pSiO2-CO2H (pSiO2 with
carboxylic acid functional surface) as well as pSiO2-CO2H:DNR (pSiO2 containing DNR
covalently attached to the pore walls), as shown previously.[10],[11]

In vitro degradation test of empty pSiO2 particles with different pore sizes
The effect of the different textural characteristics of the pSiO2 particles on in vitro
degradation behavior was examined by immersing particles A, B and C (Table 1) in 1.5 mL
Hank’s Balanced Salt Solution (HBSS, Cellgro, Mediatech Inc, Manassas, VA) at 37 °C
over a period of 32 days. The entire supernatant (1.3 ml) was collected at the same time
every day after centrifugation at 13,000 rpm for 10 min and stored at −80 °C until analysis.
At each sampling time-point (day), an equal volume (1.3 mL) of fresh buffer was added
back into the vial to restore the sink conditions. The silicon concentration of the samples
was quantitated by Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES).

In vitro drug release study
Dynamic drug release was simulated in vitro using a custom-designed flow chamber and a
syringe pump. The particles were weighed into an eppendorf tube and suspended in 100 µL
HBSS immediately before injection into the flow chamber using the same syringe and
needle as for an intravitreal application. The flow chamber circulation volume was 1.5 mL
to mimic the rabbit vitreous.[22] An estimated 3 mg of particles A, C, or D was injected in
to three different flow chambers. Each chamber was pumped by a NE-1000 syringe pump
(New Era Pump Systems, Farmingdale, NY) with a constant flow rate of 1 µL/min using
HBSS. From the in vitro degradation study, the degradation rates of the pSiO2 samples
containing 15 and 26 nm-diameter pores were comparable. Therefore we used the particles
A, C, and D for in vitro and in vivo drug release study. The entire setup was maintained at
37 °C. After the particles had been injected into the chamber, the particles remaining in the
eppendorf tube, syringe and needle were carefully collected, rinsed with deionized water,
dried under vacuum, and weighed to calculate the actual dose injected. During the 60 days’
release, the infusate was collected at the same time every day. The samples were stored at
−80 °C until HPLC/MS/MS analysis. The chromatographic separation was performed on a
Shiseido Cap cell Pak MG III C-18 column (2.0 mm ID × 50 mm length, 3 µm) with a guard
column. Mobile phase A was 2.5% by volume methanol (CH3OH, Sigma Aldrich, HPLC-
grade) in water with 0.1% formic acid (HCOOH, Sigma-Aldrich). Pure methanol with 0.1%
by volume formic acid was used as mobile phase B. The mobile phase was delivered at a
rate of 200 µL/min under gradient conditions as follows: 30% phase B to 95% phase B in 10
minutes, followed by 6 minutes with 95% phase B and then back to 30% phase B in 1
minute. An additional time of 8 minutes at 30% phase B was used to equilibrate the column
and return the system to the initial conditions for subsequent analysis. The LC-ESI-MS/MS
was operated under selected reaction monitoring (SRM) scan mode to detect DNR and the
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spiked internal standard doxorubicin (DOX, Fisher Bioreagents Inc, Pittsburg, PA). A LC-
ESI-MS/MS run of pure HBSS was used as a blank control.

In vivo ocular drug release study
Twelve New Zealand Red rabbits were divided into three groups and used to study the
intraocular safety and drug release properties of the three types (A, C, D) of pSiO2-
CO2H:DNR particles. Three rabbits were used as control. All animal studies were performed
according to the ARVO statement for the Use of Animals in Ophthalmic and Vision
Research, and were approved by The Institutional Animal Care and Use Committee of
University of California, San Diego. Only one eye of each animal was used for pSiO2-
CO2H:DNR intravitreal injection. For the intravitreal injection procedure, the rabbits were
anesthetized with intramuscular injections of 20 mg/kg ketamine (Fort Dodge Animal
Health, Fort Dodge, IA) and 5 mg/kg xylazine (Akorn Inc., Decatur, IL). Slit lamp and
indirect ophthalmoscopy were performed on all animal eyes before injection. Baseline fund
us images were recorded with a Canon film camera (Canon F-A; Canon Inc., Japan). After
disinfecting the eye, 3 mg of pSiO2-CO2H:DNR particles suspended in 100 µL sterile
balanced salt solution (BSS) was injected into the midvitreous cavity of the right eye under
direct view of a surgical microscope. The control rabbits were injected with 5 µg free DNR
in 50 µL BSS into the right eye. All injections were done using a 1-mL syringe and 27-
gauge needle. The eyes were examined at day 1, 3, 7 and 14 after injection using slit lamp
biomicroscopy, a handheld tonometer (Tonopen; Medtronic, Jacksonville, FL) for IOP, and
indirect ophthalmoscopy. Color fund us photographs were taken at each exam. All rabbits
were sacrificed at day 14. After sacrifice, eye globes were enucleated and dissected. After
cornea and lens were removed, vitreous was sampled using a 3-mL syringe as we described
previously.[23] Whole vitreous was centrifuged for 20 min at 5,000 rpm, and vitreous
supernatant was subjected to HPLC/MS/MS ((An Agilent (Santa Clara, CA) 1260 HPLC
system coupled with a Thermo (Waltham, MA) LCQdeca mass spectrometer)) analysis using
positive ion mode electro spray ionization (ESI) as we described previously.[10, 11]

Cell proliferation assay on rabbit vitreous supernatant
The biological effect of DNR released from particles D in the rabbit vitreous was tested on a
human RPE cell line (ARPE-19 cells) using the cell proliferation assay (WST-1) as per the
manufacturer’s instructions (Roche Diagnostics Corp., Indianapolis, IN). Briefly, the
ARPE-19 cells were seeded at a density of 10,000 cells/well into a 96-well plate with
DMEM/F-12 medium containing 10% (by volume) FBS and incubated at 37 °C 5% CO2 for
24 hours to allow the cells to attach. The cell medium was replaced with a mixture of 75%
(by volume) culture medium and 25% (by volume) of the supernatant of the vitreous
samples from the eyes injected with 3 mg pSiO2-CO2H:DNR particles with 95 nm pore size.
After 5 days of incubation at 37 °C and 5% CO2, 10 µL WST-1 reagent was added and
incubated at 37 °C and 5% CO2 for 2 hours. The optical density of the developed color was
measured at 440 nm. The optical density (OD) was compared with positive controls and
negative controls which were cultured in equivalent conditions.

Statistical analysis
For in vitro and in vivo drug release, the data was normalized using the initial drug loading
dose. For the in vivo study, IOP was recorded multiple times at different time points from
both eyes, hence paired t test was used. Drug levels of in vitro and in vivo samples from the
different groups and different time points were compared using nonparametric statistical
method due to the small sample size. All analyses were performed using JMP statistical
software (version 10; SAS Institute Inc, Cary, NC) and a p-value smaller than 0.05 was
considered to be significant.
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Results
Characterization of the particle texture

SEM measurements revealed that pore size and porosity increased from particle A to particle
D (Figure 1). Average particle size, pore size and porosity values for each type of particle
are summarized in Table 2.

The specific surface area (SBET), pore size diameter (Dp) and total pore volume (VT)
parameters calculated from the N2 adsorption/desorption isotherms of particles A-Dare
shown in Table 2. The isotherms exhibited classical type IV hysteresis loops with parallel
adsorption and desorption branches suggesting cylindrical mesopores of approximately
constant cross section. As an example, the N2 adsorption/desorption isotherms of pSiO2
particle A are shown in Figure 2. The pore size calculated from the adsorption branch of the
isotherms was consistent with the pore size calculated from SEM images, with the exception
of particle D, where the pore size (95 nm as determined by SEM) was beyond the detection
limit for this sorption technique (valid in the pore size range 2–50 nm). Finally, an increase
in the total pore volume (VT) and a decrease in specific surface area (SBET) were observed
along with pore size increase. Whereas the increase in total pore volume correlates well with
an increase in open porosity and a pore size expansion, we hypothesize the decrease in
surface area might be due by a decrease in pore wall thickness or a decrease in the roughness
of the inner pore surface, as pores are expanded.

Drug loading by covalent attachment and pore size
DNR covalent attachment to microparticles was confirmed by FTIR. Characteristic
vibrational bands were observed at ~1719 cm−1 (ν C=O), ~1640 cm−1 (amide I), and ~1556
cm−1 (amide II) (results not shown). The shift in the characteristic vibrational bands
associated with amide bonds before and after DNR grafting provided evidence of successful
drug loading by covalent attachment [10]. The DNR loading efficiency in pSiO2-
CO2H:DNR particles A, C, and D as calculated by TGA is shown in Table 2. The drug
loading efficiency ranged 7 – 8% by weight.

In vitro pSiO2 degradation and pore size
The rate of pSiO2 particle degradation was found to be well correlated with particle pore
size. As expected, among particles of similar sizes, those particles with larger pores were
found to degrade faster. The mean Si concentration detected in solution after 32-day
degradation of the 43 nm pore size particle (C) was significantly higher than that of the other
two particles (B and A), respectively (44.2 vs 25.7 and 21.2 µg/mL, p<0.0001, ANOVA)
(Figure 3).

In vitro DNR release from the pSiO2-CO2H:DNR microparticles with different pore size
As observed during the pSiO2 in vitro degradation study, the observed differences in
degradation rate of pSiO2 particles with pore size 15 nm (A) and 26 nm (B) were not
significant. Therefore, particles A, C, and D (Table 1) were used for the in vitro as well as
for the in vivo drug release studies. After a 60 day in vitro release, particle type D
demonstrated a 46% decrease by weight, indicative of a decrease in the amount of pSiO2
microparticles in the dissolution chamber over time (Figure 4).

The pSiO2-CO2H:DNR particles with the largest pore size (95 nm, particle type D)
demonstrated a significantly larger quantity of observed and normalized mean DNR release
(13.5±6.9 ng/mL) in vitro relative to the other two pSiO2-CO2H:DNR particle types with
smaller pores (2.3±1.6 ng/mL and 1.1±0.9 ng/mL, Figure 5, p<0.0001, ANOVA). There was
no significant difference in the quantity of DNR released for the pSiO2-CO2H:DNR

Hou et al. Page 6

J Control Release. Author manuscript; available in PMC 2015 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



particles with smaller pores (15 nm vs. 43 nm, particle types A and C, respectively, p=0.84, t
test).

In vivo ocular drug release from pSiO2-CO2H:DNR particles with different pores
DNR levels in rabbit vitreous at week two following intravitreal injection of particle types
A, C, and D showed a close positive association with the pore sizes. The absolute mean
DNR concentration in the rabbit eye over the two-week period was 1.05±0.78 ng/mL for 15
nm pore size particle, while 10.76±4.45 ng/mL and 66.52±12.38 ng/mL for 43 nm and 95
nm pore size particles, respectively. With the equivalent dosing of drug (dose
normalization), higher levels of DNR in the rabbit vitreous were found using particles with
larger pore sizes. The pore size was significantly associated with the drug levels in the
vitreous with both regression analyses but the quadratic analysis fit better and provided a
higher R Square (R Square=0.95 vs. R Square=0.92; p value for pore size is <0.0001 for
both analysis).

During 2 weeks of clinical observation, the injected particles did not show a noticeable
change in the vitreous and no signs of toxicity were observed (Figure 7). Compared to the
non-injected fellow eyes, the injected eyes showed similar IOP before sacrifice. For 15 nm
pore pSiO2-CO2H:DNR particles (Type A), IOP of the right eye was 10.4 vs. 9.7 mmHg for
the left eye (p=0.34 paired t test); for 43 nm pore particles (Type C), IOP of the right eye
was 10.1 vs. 10.7 mmHg for the left eye (p=0.23 paired t test); and for the 95 nm pore
particles (Type D), IOP of right eye was 11.35 vs. 10.25 mmHg for left eye (p=0.15 paired t
test, Figure 8).

Confirmation of biological effect of the released DNR on cell proliferation assay
Vitreous supernatants from particle D showed significant inhibitory effect in proliferation
assays using ARPE-19 cells compared with untreated vitreous. In these experiments, 100 uL
of vitreous was introduced to the cell culture. The extent of inhibition of 100 uL of vitreous
obtained from a rabbit eye 2 weeks post injection with 3 mg of particle type D was
equivalent to a positive control consisting of 100 uL of vitreous spiked with 4.8 ng of DNR
(Figure 9, Table 3).

Discussion
DNR is an anthracycline drug that inhibits cell proliferation and migration. The use of this
drug has been found to improve the surgical results for PVR and reduce the risk of
reoperation for PVR patients.[24, 25] However, after an intravitreal bolus injection of free
DNR, the drug level in vitreous quickly drops below the therapeutic level. Previous work
has shown that the half-life of DNR in vitreous is very short, only 131 minutes. Therapeutic
concentrations of the drug can be maintained for only 4 hours after injection.[8] DNR has a
narrow therapeutic window following a single intravitreal injection,[26, 27] which makes
the sustained critical level even more difficult to achieve.[8] Although subdivided
administrations of a given dose of DNR have been shown to be more effective in preventing
experimental PVR than a single dose of the same quantity of drug,[5] the clinical application
of DNR against PVR is a significant challenge without a sustained drug delivery system.
The current study is aimed at exploring a sustained and controllable delivery system for
DNR.

Porous Si exhibits a number of properties that make it an attractive material for controlled
drug delivery in the eye. We previously demonstrated good intravitreal biocompatibility of
pSi microparticles[9] and we have recently shown the feasibility of a pSi platform for the
sustained delivery of DNR.[10] The current study demonstrates the tunability of this
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delivery system for the release of a predetermined dose of a drug payload. This is a very
important feature for a successful ocular drug delivery system and it has special importance
in the case of a payload such as DNR, which has a very narrow therapeutic window. One of
the features of this delivery system highlighted by the present work is the possibility of
administering mixtures of pSi particles to provide different release rates, in order to deliver
high doses at an early stage in the treatment while prolonging the duration of lower drug
concentration at later stages--a ubiquitous challenge for intravitreal colloidal drug delivery
systems.

DNR is a potent antiproliferative agent and even stronger than the benchmark 5-fluorouracil
(5-FU).[28] The inhibitory effect varies for different cells and can be as low as 0.001 µM
(0.5 ng/mL).[28] In the current study, a 3 mg dose of pSiO2-CO2H:DNR particles (Type D)
yielded a final vitreous DNR concentration of 67 ng/mL and 25% of this concentration (17
ng/mL) demonstrated a significant inhibitory effect on the cultured ARPE-19 cells (22%
inhibition compared with control) after a 5-day exposure. The effective concentration in
vivo is not well determined because it largely depends on both concentration and duration of
exposure. A sustained lower concentration may be as effective as or show a higher
therapeutic effect than a short exposure to a higher concentration of the drug, such as a 2.6
µg [26] or 5 µg [27] intravitreal bolus injection. For example, it has been reported that
exposure to 700 nM of DNR for 1 hour inhibits 50% of fibroblast proliferation, but cell
proliferation is completely inhibited by exposure to lower concentrations (500 nM) for
longer times (5 hours).[8] Machemer and colleagues reported that a single intravitreal dose
of 15 nmol per eye on the 3rd day following intravitreal cell injection was not effective in
preventing retinal detachment. However splitting the dose into 10 nmol and 5 nmol injected
4 hours apart was effective. This suggests that sustained drug exposure at the disease site
can drive the minimum effective concentration of a drug much lower.[5] Indeed, in another
in vivo study Peyman and colleagues found that sustained release (21 days) of DNR in
vitreous at a concentration of 5~60 ng/mL resulted insignificant inhibition of PVR
development.[29] Our previous work [10, 11] suggests that this pSi-based DNR delivery
system may provide a sustained DNR level in vitreous because the DNR loaded pSi particles
was seen for 2–3 months following a single intravitreal injection.

Pore size and porosity are known to be related to the degradation rate of the pSi host matrix.
[13] In general, greater pore size and greater porosity leads to greater dissolution rates.[30]
However, greater dissolution rate of pSi does not always translate into faster payload
release. Recently Martinez and colleagues demonstrated that larger pored porous silicon
particles displayed faster degradation and higher loading of quantum dots, while exhibiting
the slowest release rate of the payload.[14] It seems that drug release from pSi not only
depends on pore size of pSi but also depends on payloads and loading mechanisms. Our
ultimate goal in developing a sustained intraocular delivery system is to keep the therapeutic
drug level at the disease site for several months or longer to reduce the eye injection
frequency (6 to 12 times/year) which has become a major burden for patients and health care
providers.[31] In the context of covalent loading and the drug Daunorubicin, we were
interested in knowing firstly if pore size change will cause substantial changes of porous
silicon degradation; secondly if these changes will be translated into drug release rate
changes; thirdly if observed changes in vitro will be translated into in vivo and be potentially
therapeutic. Therefore, our execution of the experiments was staged so that we were allowed
to optimize the next stage design according to preceding stage results. In the current study,
increasing pore size from 15 to 43 nm (corresponding porosities 46% and 73%, respectively)
appeared to increase the rate of particle dissolution (as measured by the appearance of free
silicic acid in solution, Fig. 3). However, there was no statistically significant difference
between the two smaller pore particles which had 15 and 26 nanometer pores. Hence, in our
second stage of our hypothesis testing, we dropped the 26 nanometer pore particle and added
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the 95 nm pore particle which is the largest pore we can make within the sizes of particles
we used. In the in vitro dynamic drug release study, even larger differences in pore size
(from 15 nm to 43 nm instead of to 26 nm) did not show a large difference of drug release
rate in vitro (Fig. 5) or in vivo (Fig. 6). In contrast, increasing pore size from 43 nm to 95
nm (porosity 76%) led to a significant increase of drug release both in vitro (Fig. 5) and in
vivo (Fig. 6). This non-linear relation between pore size increase and pSi degradation
increase was also observed in vitro by Martinez and colleagues.[14] Although the same
ultrasonication conditions were used to break the etched films into particles, the 95 nm pore
size material fractured into significantly smaller particles than the formulations with the
smaller pore dimensions (Table 2). This can be explained by the decrease in wall thickness
as the pore size enlarges, which may facilitate the fracture of the pSiO2 matrix during
ultrasonication, and a more rapid dissolution profile when tested in vitro and in vivo. We
hypothesize that a similar situation will develop in the rabbit eye in which pSiO2 matrix
degrades over time but pSiO2 particles with 95 nm pore may break into numerous smaller
particles due to pore wall collapsing, resulting in much larger total surface area. All of these
aspects may contribute to the observed acceleration or non-linearity in particle degradation
and drug release from the pSiO2-CO2H:DNR particles with different pore sizes.

Comparing in vitro and in vivo daunorubicin release, it seems that the results from the in
vitro dynamic release are in agreement with the results from the in vivo study even though
in vivo daunorubicin from the largest pore particles at week 2 was higher than that in vitro
(32 ng/mL vs. 16 ng/mL).The in vitro dynamic dissolution chamber used a 1.5 mL volume
similar to rabbit vitreous volume [22] and a 1 µL/min infusion rate similar to rabbit vitreous
fluid turnover.[32] The observed faster drug release from the 95 nm pore particles in vivo
may be contributed to the breakup of the particle into multiple smaller pieces, which may
more easily happen in a moving rabbit vitreous than in a fixed diffusion chamber. In
addition, the vitreous may erode the pSi particles quicker than the PBS in the dissolution
chambers.

The ability to engineer pore sizes by controlling the electrochemical etching parameters is a
unique feature of the pSi system.[33] Some of the key properties of a pSi film such as
porosity and pore size are mainly determined by the etching current density and the
composition of the etching solution.[15] Typically, larger current density generates larger
pores, which in combination with the etching solution composition enables a wide range of
possibilities to tune the pSi nanostructure. These means of regulation allow for a generation
of pSi particles with tailored pore sizes and volumes that enhance both the control of drug
release and the efficiency of drug loading. Many current drug delivery materials are dense
and can only deliver a small mass percentage of drugs. With a free volume typically
between 50% and 70%, the pSi system offers a clear advantage over non porous or less
tunable drug delivery systems.[30] In the current study, pore size and porosity were varied
from 15 nm to 95 nm and 50% to 76%, respectively, resulting in DNR concentrations in
rabbit vitreous at 2 weeks ranging from 1.05 ng/mL to 66.52 ng/mL.

In conclusion, the current study is a proof of concept study which demonstrates a feasible
sustained intravitreal DNR delivery system that is efficient and tunable by engineering the
pore size of the porous silicon. This pSiO2 intravitreal drug release system allows regulation
of the drug level in the eye by a factor of 60. Although the non-linear relationship between
different particle’s degradation and payload release warrants further exploration, the current
study results suggest that a formulation containing a mixture of pSi particles with different
pore sizes could be used to optimize the drug release profile for a range of eye diseases and
therapeutic molecules.
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Figure 1.
Scanning electron microscope images of pSiO2 particles A–D, showing a close-up view of
the pores. From the images, it is clear how the etching parameters (Table 1) influence
particle pore size. The same magnification was noted by scale bars for all four images.
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Figure 2.
Nitrogen adsorption/desorption isotherm of particle A–C.
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Figure 3.
Steady state concentration of soluble silicon (µg/mL) released over time during in vitro
degradation of three different pSiO2 microparticle formulations, containing average pore
diameters of 15 nm (blue trace at the bottom, particle type A), 26 nm (red trace in the
middle, particle type B) and 43 nm (green trace at the top, particle type C). Each error bar is
constructed using 1 standard deviation from the mean. The data was normalized using the
initial weight of the starting porous silicon particles used.
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Figure 4.
Top-view of the in vitro release chamber loaded with pSiO2-CO2H:DNR particle type D: at
the beginning of the in vitro release showing thicker layer of pSiO2-CO2H:DNR particle
(A); at day 60 of in vitro release showing significantly thinner layer of pSiO2-CO2H:DNR
particle (B).
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Figure 5.
DNR concentration detected by LC-MS/MS in the dynamic in vitro release apparatus. A
burst release is observed at day 1–3. After wards, DNR release was sustained until the end
of the 60-day observation period. Compared to particles A (blue trace, bottom) and C (red
trace, middle), particle D (green trace, top) showed the largest drug level released at each
time point. The data was normalized using the initial drug amount in the starting porous
silicon particles used.
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Figure 6.
Correlation of particles pore size and DNR concentrations in rabbit vitreous. For the linear
fit (left), the equation is: normalized concentration (ng/ml) = −7.901656 + 0.4034276* Pore
size; for the quadratic fit (right), the equation is: normalized concentration (ng/ml) =
−9.888958 + 0.3585216* Pore size + 0.0038934* (Pore size-51)^2.
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Figure 7.
Fund us images of the rabbits’ eyes at observation time points 1, 7 and 14 days after
injection of 3 mg particle A (upper panel) or particle D (lower panel) into the right eye of
the rabbits. The DNR-loaded particles appeared reddish (arrows) due to the red color of the
drug. The quantity of particles in the vitreous appeared to have decreased in both groups at 2
weeks after injection. The vitreous, retina, and optic nerve head appeared normal.
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Figure 8.
Intraocular pressure (IOP) of the injected eyes and their fellow eyes stratified by particle
size. No significant differences were noted between eyes or between groups.
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Figure 9.
Result of RPE cells proliferation assay. 3 mg_pSi: the cells were treated with a mixture 25%
(by volume) of vitreous supernatant from the eyes injected with 3 mg particle D and 75%
culture medium; fellow: the cells were treated with a mixture of 25% of vitreous supernatant
from the fellow control eyes and 75% culture medium; blank_v: the cells were treated with a
mixture 25% of normal rabbit vitreous supernatant and 75% culture medium; pctrl_m:
(positive control, middle dose) cells were treated with a 100 uL aliquot of DNR of
concentration 48 ng/mL, equivalent to the concentration of DNR found in the eyes 2 weeks
after injection of 3 mg of particle type D. pctrl_h (positive control, high dose) and pctrl_l
(positive control, low dose): DNR introduced to cells was 3.2-fold (half-log) higher or 3.2-
fold lower than pctrl_m, respectively; medium cells: 100% culture medium and RPE cells as
a control to calculate cell viability for the other groups.

Hou et al. Page 20

J Control Release. Author manuscript; available in PMC 2015 March 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hou et al. Page 21

Ta
bl

e 
1

Pa
ra

m
et

er
s 

of
 p

Si
 m

ic
ro

pa
rt

ic
le

s 
sy

nt
he

si
s

P
ar

ti
cl

e
E

tc
h

cu
rr

en
t

de
ns

it
y

(m
A

/c
m

2 )

E
tc

hi
ng

so
lu

ti
on

(4
8%

 H
F

:
E

th
an

ol
)

E
tc

h
du

ra
ti

on
(s

ec
)

L
if

t-
of

f
cu

rr
en

t
de

ns
it

y
(m

A
/c

m
2 )

L
if

t-
of

f
du

ra
ti

on
(s

ec
)

A
90

.2
3:

1
30

0
6.

2
12

0

B
30

0
3:

1
12

0
6.

2
12

0

C
60

1:
1

48
0

6.
2

12
0

D
70

1:
1

40
0

6.
2

12
0

H
F:

 h
yd

ro
fl

uo
ri

c 
ac

id
se

c:
 s

ec
on

ds

J Control Release. Author manuscript; available in PMC 2015 March 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hou et al. Page 22

Ta
bl

e 
2

T
ex

tu
re

 p
ro

pe
rt

ie
s 

an
d 

dr
ug

 lo
ad

in
g 

ef
fi

ci
en

cy
 o

f 
pS

iO
2-

C
O

2H
:D

N
R

 p
ar

tic
le

s

P
ar

ti
cl

e
P

ar
ti

cl
e 

si
ze

, µ
m

P
or

os
it

y,
%

P
or

e
si

ze
, n

m
(S

E
M

)a

S B
E

T
,

m
2 /

g
D

p,
nm

(B
JH

)

V
T
,

cm
3 /

g
D

ru
g

lo
ad

in
g,

µg
/m

g
W

id
th

L
en

gt
h

T
hi

ck
ne

ss

A
31

±
7

46
±

10
17

±
2

50
±

2
15

±
2

20
9±

4
12

0.
61

75
±

5

B
27

±
6

40
±

10
17

±
2

60
±

3
26

±
5

21
6±

1
21

1.
02

N
/A

c

C
23

±
4

37
±

6
13

±
2

73
±

3
43

±
7

16
8±

1
45

1.
44

71
±

5

D
15

±
2

20
±

5
13

±
1

76
±

3
95

±
17

15
4±

2
45

b
1.

84
80

±
6

B
E

T
: B

ru
na

ue
r-

E
m

m
et

t-
T

el
le

r 
m

et
ho

d
B

JH
: B

ar
re

tt-
Jo

yn
er

-H
al

en
da

 m
et

ho
d

S B
E

T
: s

pe
ci

fi
c 

su
rf

ac
e 

ar
ea

V
T

: t
ot

al
 p

or
e 

vo
lu

m
e 

at
 r

el
at

iv
e 

pr
es

su
re

 (
P/

P 0
) 

eq
ua

l t
o 

0.
99

D
p:

 p
or

e 
di

am
et

er
 c

al
cu

la
te

d 
fr

om
 th

e 
ad

so
rp

tio
n 

br
an

ch
 o

f 
th

e 
is

ot
he

rm
 b

y 
th

e 
B

JH
 m

et
ho

d

a Po
re

 s
iz

e 
ca

lc
ul

at
ed

 f
ro

m
 s

ca
nn

in
g 

el
ec

tr
on

 m
ic

ro
sc

op
e 

(S
E

M
) 

im
ag

es

b Po
re

 s
iz

e 
in

 p
ar

tic
le

 D
 is

 b
ey

on
d 

th
e 

m
es

op
or

e 
ra

ng
e 

(2
–5

0 
nm

),
 th

us
 b

ey
on

d 
th

e 
de

te
ct

io
n 

lim
it 

fo
r 

th
is

 s
or

pt
io

n 
te

ch
ni

qu
e

c D
ru

g 
lo

ad
in

g 
st

ud
ie

s 
w

er
e 

no
t p

er
fo

rm
ed

 o
n 

th
is

 p
ar

tic
le

 ty
pe

J Control Release. Author manuscript; available in PMC 2015 March 28.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hou et al. Page 23

Ta
bl

e 
3

C
on

ne
ct

in
g 

L
et

te
rs

 R
ep

or
t f

or
 I

nh
ib

iti
on

 A
ss

ay
 o

n 
A

R
PE

-1
9 

C
el

ls

Sa
m

pl
e

M
ea

n 
O

D
 v

al
ue

m
ed

iu
m

_c
el

ls
A

2.
77

08
75

0

bl
an

k_
v

B
2.

32
59

83
3

fe
llo

w
C

2.
14

35
31

3

pc
tr

l_
l

C
D

2.
06

01
25

0

3 
m

g_
pS

i
D

1.
87

89
18

8

pc
tr

l_
m

D
1.

79
58

00
0

pc
tr

l_
h

E
1.

43
31

25
0

Sa
m

pl
es

 n
ot

 c
on

ne
ct

ed
 b

y 
th

e 
sa

m
e 

le
tte

r 
ar

e 
si

gn
if

ic
an

tly
 d

if
fe

re
nt

. C
om

pa
ri

so
ns

 f
or

 a
ll 

pa
ir

s 
us

in
g 

T
uk

ey
-K

R
A

M
E

R
 H

SD
, α

=
0.

05
. S

am
pl

es
 m

ed
iu

m
_c

el
ls

, b
la

nk
_v

, f
el

lo
w

, p
ct

rl
_l

, 3
 m

g_
pS

i, 
pc

tr
l_

m
,

pc
tr

l_
h,

 a
s 

de
fi

ne
d 

in
 F

ig
ur

e 
9 

ca
pt

io
n.

J Control Release. Author manuscript; available in PMC 2015 March 28.




