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Glaucoma is the leading cause of irrevers
ible blindness, affecting millions of people 
worldwide.[1] The elevated intraocular pres
sure (IOP) characteristic of glaucoma is 
caused by increased resistance to the out
flow of aqueous humor from the eye. This 
increased resistance is thought to be gen
erated either at or very near the inner wall 
endothelial lining of SC and has been tied 
to increased stiffness of the SC endothelial 
cells and their substrate.[2,3] Mechanisti
cally, it appears that increased stiffness 
of the SC cells impairs the formation of 
pores in this endothelial barrier, thereby 
increasing outflow resistance and IOP.[2]

This pathological defect is not targeted 
by traditional glaucoma pharmacological 
therapies that act by either decreasing 
aqueous humor secretion or by increasing 
unconventional outflow, a separate 
pathway by which aqueous humor can 
flow out of the eye.[4] Rho kinase inhibitors 
and actin depolymerizers are two classes 
of drugs recently introduced that relax 
and soften the outflow tissue cells, thereby 
lowering aqueous humor outflow resis

tance.[4,5] While these drugs are effective at lowering the elevated 
IOP associated with glaucoma, they are hindered by prevalent, 
local side effects including conjunctival hyperemia, subcon
junctival hemorrhages, corneal verticillata and other corneal 
abnormalities associated with blurry vision including irregularly 
shaped corneal endothelial cells and guttatalike changes.[6,7]

Due to these adverse offtarget effects, we sought to develop 
and optimize a nanocarrier platform employing a targeting 
moiety for selective intracellular delivery to SC cells as a glau
coma treatment strategy. Nanomaterials have been shown to be 
advantageous drug delivery platforms that are wellsuited for 
targeting specific cells and tissues.[8,9] Enhanced targeting and 
cell specificity allows for less offtarget drug delivery and a lower 
potential for side effects.[10] Targeted nanomaterials have been 
shown to lower the therapeutic threshold concentration for cer
tain drugs after encapsulation as well as reduce cytotoxicity and 
other unwanted effects in many cell types including SC cells.[11–13]

Latrunculin is a wellknown transient actin depolymerizing 
agent that mechanically softens cells[14] and has been shown 
to significantly reduce IOP in animal studies.[5,15] A phase I 
clinical trial, at concentrations previously found to be effective 
in primates, found a modest reduction of IOP with side effects 

Increased stiffness of the Schlemm’s canal (SC) endothelium in the aqueous 
humor outflow pathways has been associated with elevated intraocular 
pressure (IOP) in glaucoma. Novel treatments that relax this endothelium, 
such as actin depolymerizers and rho kinase inhibitors, are in development. 
Unfortunately, these treatments have undesirable off-target effects and a 
lower than desired potency. To address these issues, a targeted PEG-b-PPS 
micelle loaded with actin depolymerizer latrunculin A (tLatA-MC) is 
developed. Targeting of SC cells is achieved by modifying the micelle surface 
with a high affinity peptide that binds the VEGFR3/FLT4 receptor, a lymphatic 
lineage marker found to be highly expressed by SC cells relative to other 
ocular cells. During in vitro optimization, increasing the peptide surface 
density increased micellar uptake in SC cells while unexpectedly decreasing 
uptake by human umbilical vein endothelial cells (HUVEC). The functional 
efficacy of tLatA-MC, as measured by decreased SC cell stiffness compared 
to non-targeted micelles (ntLatA-MC) or targeted blank micelles (tBL-MC), is 
verified using atomic force microscopy. tLatA-MC reduced IOP in an in vivo 
mouse model by 30–50%. The results validate the use of a cell-softening 
nanotherapy to selectively modulate stiffness of SC cells for therapeutic 
reduction of IOP and treatment of glaucoma.
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that included mild redness, irritation, and a transient increase 
in central corneal thickness.[16] We speculated that targeted 
delivery of latrunculin to SC cells would provide increased bio
availability while minimizing side effects. Selfassembled poly 
(ethylene glycol)-b-poly(propylene sulfide) (PEG-b-PPS) block 
copolymers have been used as versatile nanocarriers in a wide 
range of applications.[12,17–23] Depending on the morphology 
employed, PEG-b-PPS nanocarriers can retain both hydrophobic 
and hydrophilic payloads, respectively, in their cores or aqueous 
interior compartments[20,21,24–26] and are highly customizable 
through control of charge, size, and targeting moieties on their 
surfaces.[8,27] Nanomaterials provide a wide range of options for 
sustained drug and gene delivery,[19,22,28] and the development 
of SC targeted nanocarriers will thus provide versatile options 
for the long term delivery of glaucoma therapeutics following 
a single intracameral injection. Here, we report on the design 
and development of a PEG-b-PPS controlled delivery system to 
deliver latrunculin A to SC cells.

SC cells express the lymphatic lineage receptor VEGFR3/
FLT4 at moderately high levels as compared with blood vas
cular cells, which lack this receptor.[29] PEG-b-PPS micellar 
nanocarriers decorated with a FLT4specific targeting peptide 
and loaded with latrunculin A were generated. The targeting 
and functional efficacy of this formulation was assessed in vitro 
in SC cells using uptake assays and atomic force microscopy 
(AFM). In vivo efficacy was evaluated using a C57BL/6J mouse 
model by measuring changes in IOP over multiple days after 
administering targeted nanocarriers intracamerally. Results 
show that the targeted nanocarriers were highly selective for SC 
cells in comparison with blood vascular cells, and that targeted 
latrunculinloaded micelles (tLatAMC) significantly lowered 
IOP in mouse eyes, as compared to control eyes treated with 
nontargeted latrunculinloaded micelles (ntLatAMC).

Peptide lipid constructs can be attached to PEGbPPS 
micelles for intracellular delivery to SC endothelial cells with 
high efficiency and do not influence micelle structure. VEGFR3/
FLT4 is a lymphatic marker that is expressed at the surface of SC 
endothelial cells.[30,31]We hypothesized that displaying a ligand 
for this receptor at the micelle surface would enhance micelle 
uptake selectively by SC cells as compared with other ocular cells, 
particularly blood vascular cells. We examined the expression of 
FLT4 in human SC cells and human umbilical vein endothelial 
cells (HUVEC; used as a generic blood vascular cell control). 
Schlemm’s cells were isolated as previously described[32] and 
HUVEC were obtained from Lonza (Basel, Switzerland). Cells 
were prepared as described in the methods (see Supporting 
Information for all detailed methods) and labeled with antiFLT4 
antibody. FLT4 expression was evaluated using laser scanning 
confocal microscopy, widefield fluorescence microscopy, and 
flow cytometry. As expected, FLT4 was present on the SC cell 
surface at significantly higher abundance than the HUVEC cell 
surface (Figure 1A,B, Figure S1, Supporting Information).

Targeted micelles were developed that incorporated an FLT4
targeting ligand (tBLMC and tLatAMC [BL = blank, t = pep
tide target]; Figure 1C). Several peptide sequences binding FLT4 
were previously identified using phage display.[33] The highest 
affinity peptide sequence, WHWLPNLRHYAS, was selected as 
a targeting moiety and attached to a palmitoleic acid tail via a 
PEG spacer (Figure 1D). We have previously used constructs of 

this format with polymersomes for optimization of cellselective 
targeting.[8] This targeting peptide construct was synthesized 
by solid phase peptide synthesis and was purified using pre
paratory HPLC. The resulting peptide construct had a mass 
of 2151  g mol−1 as assessed by LCMS and was of high purity  
(≥95% pure; Figure 1E). Micelles were formed via the cosolvent 
evaporation method[34] and separate batches were pooled and 
then separated into blank MC (BLMC), nontargeted LatAMC 
(ntLatAMC), and targeted LatAMC (tLatAMC) formulations. 
tLatAMC formulations were generated by incubating PEG
bPPS micelles on an endtoend shaker with 5% molar ratio 
of the peptide construct to PEGbPPS copolymer. Latrunculin 
A content of the micelles was quantified using HPLC as pre
viously described,[11] and loading efficiency was found to vary 
between 55% and 65% across multiple formulations. Peptide 
incorporation did not alter latrunculin A content of the micelles 
(Table S1, Supporting Information).

We next evaluated the tLatAMC formulations for peptide 
incorporation using fluorescence spectroscopy. The tryptophan 
residues on the FLT4 targeting peptide grant the construct an 
intrinsic fluorescence that can be measured against a standard 
curve to determine peptide concentrations within the micelles 
(Figure S2, Supporting Information). Incorporation efficien
cies of 91% or above were found for all measured molar ratios 
(Figure 1F). Formulations were evaluated by transmission elec
tron microscopy (TEM) and dynamic light scattering (DLS) to 
characterize size, polydispersity, and morphology (Figure  1G). 
TEM characterization confirmed micelles prepared with peptide 
form successfully and are not disrupted by peptide embedding 
(Figure  1G). There were not significant differences in micelle 
size between the groups (Table S1, Supporting Information). 
We further characterized the micelle formulations with SAXS 
using synchrotron radiation (Figure  1H). A core–shell model 
was fit to each scattering profile, and the core–shell radius 
and shell thickness of the micelles were estimated. Minimal 
differences in micelle dimensions were found between blank 
and peptidedisplaying formulations (Figure 1H). These results 
are consistent with our previous findings that neither Latrun
culin A loading nor incorporation of targeting peptide via lipid 
anchoring alter the size or structure of micelles.[8,11]

tLatAMC demonstrated significantly greater uptake by SC 
cells and cell softening compared to nontargeted micelles in 
vitro. To evaluate the targeting efficacy of the FLT4 binding pep
tide, we examined the uptake of micelles. SC cells and HUVEC 
were incubated with 0.5  mg mL−1 Alexa 555 labeled micelles 
incorporated with various molar ratios (1%, 3%, 5%) of pep
tide to micelle for 1 h at 37  °C. Afterward, cells were washed, 
harvested, and evaluated for particle uptake and cytotoxicity by 
flow cytometry. Flow cytometric analysis demonstrated that 5% 
peptide incorporation into targeted blank micelles (tBLMC) 
modestly increased the number of particles internalized by SC 
cells as compared to ntBLMC and 1% tBLMC (Figure 2A,B). 
Peptide incorporation significantly increased the number of 
particles internalized by SC cells as compared to HUVECs 
(Figure 2B). This was primarily due to unexpectedly decreased 
micellar uptake by HUVEC as compared to BLMCs, which to 
our knowledge is a phenomenon not previously reported. This 
result may be related to altered cell membrane interactions 
caused by the palmitoleic acid in the targeted micelles.[35]
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Figure 1. The design of PEG-b-PPS micelles that target SC cells in the anterior segment of the eye. A,B) Human SC cells express Flt4/VEGFR3. A) Repre-
sentative confocal microscopy images of SC endothelial cells that were stained with anti-FLT4 antibody to confirm presence of FLT4 on the cell surface. Cells 
were stained with Hoescht 33342 (blue) and FLT4 (red). B) Flow cytometry data comparing median fluorescence intensity (MFI) of SC cells and HUVECs 
stained with anti-FLT4 antibodies. Data shown as mean ± SEM. Significance determined by unpaired t-test (****p < 0.0001). C) Schematic representation 
of peptide-displaying micelles. D) The peptide-targeting construct consisting of targeting peptide, PEG spacer, and palmitoleic acid tail. E) LCMS spectra 
of the purified Flt4-targeting peptide construct. F) Peptide loading efficiency of PEG 6 peptide construct into PEG-b-PPS micelles at various molar ratios as 
determined by tryptophan fluorescence measurements. Data shown as mean ± SD, N = 3 technical replicates. G) STEM micrograph of negatively stained 
PEG-b-PPS micelles (MC) displaying the peptide targeting construct (5%; 200 000× magnification). H) Synchrotron small angle x-ray scattering (SAXS) 
plots for Blank micelles, and micelles displaying the targeting peptide at 1% and 5% molar ratios. A core–shell model (solid line) was fit to the data (gray 
points). The core radius (rc), shell thickness (rt), and total MC radius (r) is displayed together with the chi square (Χ2) value for the final model fit.
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When latrunculin A was loaded into micelles, the uptake 
by both cell types was altered. The decrease in uptake of tar
geted micelles (tBLMC) by HUVECs, as compared with blank 
micelles (BLMC), is no longer observed with latrunculinloaded 
targeted micelles (tLatAMC; Figure 2C). In SC cells, there was 
a statistically significant increase in all cases when peptide was 
incorporated as compared to blank micelles (Figure 2C). SC cells 
demonstrated even greater uptake of the Latrunculin A loaded 
constructs with and without peptide than the HUVEC. This 
difference increases considerably for the Lat A formulations, 
suggesting incorporation of Lat A alters the uptake pattern of 
micelles in both SC cells and HUVECs, perhaps by changing 
micellar properties that were not examined or through effects 
of Lat A on the cells. This phenomenon is of significant interest 
and is currently under additional investigation.

To evaluate the functional effects of tLatAMC on cultured 
human SC cells, we used atomic force microscopy (AFM) to 

assess changes in cell stiffness and morphology.[36] (Figure 2D,E) 
following treatment of SC cells with tLatAMC (0.05 µm Latrun
culin A and 5% peptide by molar ratio) as compared with con
centrationmatched ntLatAMC and micelle controls prepared 
without Latrunculin A (BLMC and tBLMC) or a PBS vehicle 
control for 2 h. Latrunculin Ainduced alterations in cell mor
phology, particularly the rounding of cell shape, indicative of 
cell softening,[2,14] was observed by phase contrast microscopy 
(Figure  2D). At this low concentration of latrunculin, only 
tLatAMC significantly reduces SC cell stiffness (Figure  2E). 
These data show that embedding the targeting peptide into the 
micelles increases the functional efficacy of the formulation in 
inducing cell softening of SC cells at low latrunculin concentra
tions as compared to ntLatAMC.

We next evaluated the efficacy of our tLatAMC formulation 
in vivo. Two different in vivo trials were performed (Figure 3A)
following animal protocol (A0011901) approved by Duke 

Figure 2. The micellar display of a FLT4-binding peptide targets the delivery of Lat A to SC endothelial cells in vitro. A–C) The FLT4-targeting peptide 
enhances micelle uptake by SC endothelial cells and decreases uptake by HUVEC. A) Nanoparticle formulation abbreviations. B) unloaded micelles, 
C) micelles loaded with latrunculin (LatA). Cells were incubated for 1 h with Alexa 555 labeled micelles incorporated with various molar ratios (1%, 3%, 
5%) of peptide to micelle. After 1 h incubation, cells were washed, harvested and fixed for analysis via flow cytometry. Median fluorescence intensity 
(MFI) was measured to quantify uptake of the various formulations by both cell types. Data shown as mean ± SEM (n = 3 biological replicates). In (B), 
significance determined by one-way ANOVA for each of the two cell types with post hoc Tukey’s multiple comparisons test (‡‡‡‡p < 0.0001, ‡p < 0.05). 
In B, C)Two way ANOVA was used to evaluate differences between all groups with post hoc Sidak’s multiple comparisons test (****p  <  0.0001, 
*p < 0.05). D,E) Targeted delivery of Lat A decreases the stiffness of human SC cells. D) Representative images taken during AFM measurements of 
cells treated for 2 h with BL-MC, tBL-MC (0.97 mg mL−1), ntLatA-MC, or tLatA-MC (0.05 µm Lat A, 0.97 mg mL−1); AFM tip is at top of each panel. 
E) Stiffness of SC cells after 2 h was determined by AFM; data shown is geometric mean ± SD (≥ 5 measurements/condition). In (E), significance 
determined by ANOVA with post hoc Tukey’s multiple comparisons test (*p < 0.05).
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University. In the first, mice received intracameral injections of 
targeted latrunculin Aloaded tLatAMC or blank micelle formu
lation, ntBLMC. tLatAMC significantly decreased IOP by 49% 
compared to blank MC at 24 h (Figure 3B).

We further evaluated the in vivo efficacy of tLatAMC in a 
second trial designed to include nontargeted latrunculin 
Aloaded micelles, ntLatAMC (Figure  3A). Trial 2 revealed 
that tLatAMC significantly reduced IOP by 30% and 31% 
compared to ntLatAMC and BLMC, respectively, at 24 h 
(Figure  3C). LatAMC concentrations for both trials can be 
found in Figure S3, Supporting Information. Contralateral 
eyes that did not receive injection showed a consistent base
line for all three groups (Figure S4, Supporting Informa
tion). These data indicate that incorporation of FLT4 peptide 
into latrunculin Aloaded micelle formulations significantly 
lowered IOP in mice whereas nontargeted micelles did not. 
These results confirmed our observations in cultured cells 
probed by AFM (Figure  2D,E), where only peptidetargeted 
micelles significantly increased the efficacy of encapsulated  
latrunculin A.

The lack of effect of ntLatAMC alone was unexpected but 
could be due to increased uptake in trabecular meshwork cells 
of ntLatAMC that leads to a lower than threshold dose of LatA 

to be delivered to SC cells. Additionally, SC cells are only mod
erately phagocytic,[11] and the targeting peptide may be required 
to reach intracellular threshold concentrations necessary for 
therapeutic effect.

In conclusion, we have successfully developed a targeted 
PEG-b-PPS nanocarrier system loaded with actin depolymer
izing/cell softening agent latrunculin A (tLatAMC). These 
micellar nanocarriers were designed with an FLT4binding 
peptide to target SC cells in the eye. This system can load a 
variety of hydrophobic drug payloads and targeting moieties. 
Interestingly, the tBLMC showed a decrease in HUVEC uptake 
although tLatAMC did not. This is to our knowledge a previ
ously unreported phenomenon and suggest that we not only 
can target the SC cells, but greatly reduce nonspecific binding. 
Further work also must be undertaken to determine if this 
pheno menon is limited to HUVECs.

The data indicating tLatAMC reduced IOP in two sets of 
mouse trials demonstrates the potential clinical significance 
of this delivery platform. Further studies will be necessary to 
demonstrate that use of these targeted nanocarriers reduce off 
target effects, as our data suggest, and also to investigate use 
of this delivery platform in other settings, particularly those 
requiring targeted delivery of hydrophobic drugs.

Figure 3. Targeted delivery of latrunculin reduces IOP in mouse eyes. A) Illustrative overview of experiments which consisted of two different IOP 
measurement schedules. Trials #1 and Trial #2 IOP timepoints shown with black and gray arrows, respectively. B) Trial #1 results. The first trial con-
sisted of 2 µL intracameral injection of BL-MC or tLatA MC (40 mg mL−1, 5% Peptide, 17 µm Lat A) in 5 mice. IOP was measured prior to injection, 
and after 24 and 48 h. C) Trial #2 results. 2 µL of BL-MC, ntLatA-MC, or tLatA-MC (15.5 µm Lat A, 40 mg mL−1 5% peptide) micelles were injected into 
1 eye of 5 mice each. IOP was measured prior to injection and at three timepoints during a 48 h time course. Intraocular pressure (IOP) is measured 
by rebound tonometry (TonoLab; Icare). Data shown are mean ± SEM (n = 5). Trial #1 significance determined by unpaired t-test (*p < 0.003). Trial #2 
significance determined by ANOVA with post hoc Tukey’s multiple comparisons test (*p < 0.03).
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