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Purpose: The short half lives of small molecules in the vitreous requires frequent
repeated intravitreal injections that are impractical for treatment of chronic eye
diseases. We sought to develop a method for increasing the intravitreal half-life of
small-molecule drugs.

Methods: We adapted a technology for controlled release of drugs from
macromolecular carriers for use as a long-acting intravitreal delivery system for small
molecules. As a prototype, a small molecule complement factor D inhibitor with an
intravitreal half-life of 7 hours was covalently attached to a 4-arm PEG40kDa by a self-
cleaving b-eliminative linker with a cleavage half-life of approximately 1 week.

Results: After intravitreal injection in rabbits, the drug was slowly released in the
vitreous, and equilibrated with the retina and choroid. The intravitreal half-life of the
intact PEG-drug conjugate in the rabbit was 7 days, and that of the released drug was
3.6 days. We simulated the anticipated pharmacokinetics of the delivery system in
human vitreous, and estimated that the half-life of a 4-arm PEG40kDa conjugate would
be approximately 2 weeks, and that of the released drug would be approximately 5
days.

Conclusions: We posit that a linker with a cleavage half life of 2 weeks would confer a
half life of approximately 7 days to a released small molecule drug in humans,
comparable to the half life of approved intravitreal injected macromolecular drugs.

Translational Relevance: With this technology, a potent small molecule with an
appropriate therapeutic window should be administrable by intravitreal injections in
the human at once-monthly intervals.

Introduction

Intravitreal (IVT) injection has become an impor-
tant drug delivery modality for many diseases of the
eye. IVT injection minimizes systemic exposure and
allows intraocular drug exposures not otherwise
achievable. However, because IVT therapy is an
invasive procedure that often requires long-term serial
injections, IVT drugs require long IVT half lives (t1/2)
and dosing intervals.

Macromolecules show low clearance in the vitre-
ous that is related to their molecule diffusivity
through the chamber1; indeed, it has been shown that

the hydrodynamic radius (RH) of a macromolecular
drug is directly related to its half-life in the rabbit
vitreous. Currently used IVT drugs include large
proteins—a Fab (ranibizumab), mAb (bevacizumab),
and a Fc-receptor conjugate (aflibercept)—having
IVT half lives of 7 to 10 days in a human (Table 1).
PEGylation of aptamers and smaller proteins has also
been used to increase the hydrodynamic radius of
drugs and IVT half-lives. Successful examples include
a PEGylated aptamer (pegaptanib) and a small
protein DARPin (abicipar pegol); interestingly, de-
spite its smaller size, the PEGyated protein abicipar
has a longer vitreous half-life than larger macromo-
lecular proteins. In short, the current drugs for IVT
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injection have IVT half-lives clustered between
approximately 7 and 13 days in a human. The 4- to
8-week dosing interval commonly used for IVT-
administered macromolecular drugs requires that they
transit multiple half-lives and have high peak-to-
trough ratios each dosing cycle; however, this is
tolerable because these drugs have wide therapeutic
windows, and few off-target effects in the eye.

In contrast to macromolecules, small molecules
and peptides have high clearance in the vitreous. With
IVT half lives of only approximately 1 to 24 hours,
unless formulated as sustained-release implants, they
require frequent repeated IVT injections that are
impractical for treatment of chronic eye diseases.
Because there are so many potential therapeutic
targets in the eye,9,10 there is a large unmet need for
a simple, effective way to increase the residence time
of small molecules in the vitreous.

A possible approach to extend the IVT half life of
such drugs is to attach them to a soluble macromo-
lecular carrier, such as PEG, to effectively increase
their hydrodynamic radius, and thus half life. PEG
provides the additional benefit of solubilizing hydro-
phobic small-molecule drugs. However, whereas
attachment of PEG to larger multifunctional drugs,
such as aptamers or small proteins, can be achieved at
nonessential sites of the drug, attachment of PEG to a
small molecule having only a few functional groups is
likely to impair activity. One approach to circumvent

this problem is to convert the small molecule drug to a
macromolecular prodrug that will retain a long IVT
half-life because of large hydrodynamic radius, and
slowly release the native, pharmacologically active
small drug over a long duration.

We have developed a general prodrug approach
for half-life extension of therapeutics in which a drug
is covalently tethered to a long-lived carrier, such as
PEG, by a linker that slowly self-cleaves to release the
native drug.11 Here, a macromolecular carrier is
attached to a linker that is attached to an amine
group of a drug or a prodrug via a carbamate group
(1; Scheme 1); the b-carbon has an acidic carbon–
hydrogen bond (C–H) and also contains an electron-
withdrawing ‘‘modulator’’ (Mod) that controls the
pKa of that C–H. Upon hydroxide ion-catalyzed
proton removal, a rapid b-elimination occurs to
cleave the linker-carbamate bond and release the free
alkene products, 2. The rate of drug release is
proportional to the acidity of the proton, and that is
controlled by the chemical nature of the modulator;
thus, the modulator chemically controls the drug
release rate in a predictable manner.

We have previously shown that approximately 40
kDa PEGylated fluorescent conjugates show an IVT
half life of approximately 7 days in the green monkey
without apparent toxicity.12 In the present work we
describe the preparation and characterization of a
releasable PEGylated prodrug of DS29740219, a

Table 1. Properties of IVT Drugs in The Rabbit and Human Vitreous

Drug MW, kDa RH
1 Rabbit t1/2, d1–8 Human t1/2, d1–8 Human tDI

a, wk

Ranibizumab2,3 48 2.8 2.5 9 4
Aflibercept2,4 115 5.2 3.6 7 4, 8b

Bevacizumab2,5,6 148 5.2 7.0 10 4
Abicipar pegol7 34 NA 6 13 4, 8c

Pegaptanib8 49 7.3 3.8 10 6

NA, not available.
a tDI, dosing interval.
b Aflibercept is dosed q4w for 3 doses, then q8w (Eylea label).
c In Phase II trials abicipar pegol was dosed q4w for 3 doses, then q8w or q12w.

Scheme 1.
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potent small molecule inhibitor of complement factor
D (CFD) that has potential as a therapeutic for dry
age-related macular degeneration (AMD).13,14 We
also report the intravitreal pharmacokinetics of the
macromolecular prodrug, which indicates that the
released drug can be kept above its IC50 for up to
approximately 1 month. The results indicate that
PEGylated prodrugs may provide a practical, general
technology platform for discovery and delivery of
long-acting small molecule drugs for IVT injection.

Materials and Methods

The source of specialized materials is provided
along with their use in Supplementary Materials.
Detailed synthetic, conjugation, and analytic proce-
dures are described. In vitro kinetic procedures are
provided, as are in vivo pharmacokinetic methods
and analyses.

Results

Chemistry

Synthesis of DS29740219 (4)
The aminoethyl analog 4 was prepared by catalytic

reduction (Pd/C) of the reported corresponding
cyanomethyl precursor.15 Compound 4 showed a
half-maximum inhibitory concentration (IC50) of 53
nM for in vitro inhibition of CFD, and 95 nM in an
alternate pathway-mediated hemolysis assay.

Synthesis of PEG-4 Conjugates
As depicted in Scheme 2, treatment of commer-

cially available 4-pentenoic acid with isobutylene/
H2SO4 gave tbutyl 4-pentenoate 5, which was
epoxidized with mCPBA. The epoxide was readily
resolved using Jacobsen’s kinetic resolution.16 The
resolved epoxide 6 was opened with a nucleophile
(MeSO2Na for MeSO2 and NaCN for CN) to
introduce the linker modulator group. The resulting
linker-alcohols 7A,B were activated in a two-step
process, first converting them to the chloroformates
(triphosgene, pyridine) and then to the hydroxysucci-
nimidyl carbonates 8A,B (HOSu, pyridine).

Reaction of 4 with 8A,B to provide 9A,B was rapid
and quantitative, and removal of the ester group
cleanly provided the linker-drugs 10A,B ready for
conjugation with PEG-amine (Scheme 3). Conjuga-
tion was most conveniently performed by in situ
activation of the linker-drug using hexafluorophos-
phate azabenzotriazole tetramethyl uronium (HA-
TU), and the conjugates 11A,B were isolated by
dialysis followed by precipitation to remove small
molecule impurities. In contrast to the poor water
solubility of 4, the PEG-conjugates 11A,B were
soluble in water at more than 100 mg/mL.

A corresponding nonreleasable conjugate 12 was
prepared as a control by reacting 4 with PEG40kDa

tetra(succinimidyl carboxymethyl ester) (Scheme 4).
As with 11A,B, the PEG-conjugate 12 was soluble in
water at more than 100 mg/mL.

In Vitro Release Kinetics
The conjugates were examined for release of 4

under accelerated in vitro conditions at pH 8.4, 378C,
using high-performance liquid chromatography
(HPLC) analysis (Fig. 1). The data were fit to first-
order release profiles, giving observed half-life values
of 17.5 (11A) and 90 hours (11B) that, assuming
hydroxide-catalyzed cleavage,11 extrapolate to 175
and 900 hours, respectively, at pH 7.4. Because theScheme 2.
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cleavage rate of 11B was much slower than the
expected IVT rate of elimination of PEG40kDa it was
deemed unsuitable for IVT use. With the stable
conjugate 12, no release of 4 was observed for at least
200 hours at pH 8.4.

IVT Pharmacokinetics

IVT Models and Pharmacokinetic Data in the Rabbit
We have previously reported kinetic analyses of a

one-compartment model for b-eliminative release of
drugs from soluble macromolecular carriers.11 As in
Scheme 5, the drug is released from the conjugate in a

first-order process with rate constant k1, the drug is
cleared with k2, and the conjugate is cleared with rate
constant k3. If k2 ! (k1 þk3), at longer times the
slopes of plots of ln[PEG-Drug] and ln[Drug] versus
time both approach k1þk3. If the clearance rate (k3)
of the conjugate is known, it can be subtracted from
the slope of the ln[PEG-Drug] versus time plot (k1þ
k3), to obtain the in vivo linker cleavage rate constant,
k1.

To estimate k2, parent compound 5 ug of 4/eye was
administered by IVT injection of New Zealand White
rabbits and concentrations in the vitreous were

Scheme 4.

Scheme 3.
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measured over time using HPLC–tandem mass
spectrometry. The C versus t plot shows a brief
distribution phase, followed by a first-order elimina-
tion of 4 from the vitreous (Fig. 2). Analysis of the C
versus t plot using a 2-compartment model (SI)
indicated a terminal ke,IVT¼0.31 hr$1 and Vd¼0.57
mL, with intercompartmental IVT transfer rates of
k12,IVTout¼0.20 hr$1 and k21,IVTin¼0.17 hr$1; one-
compartment analysis, with weighting 1/Y2, showed
an IVT terminal half life of 6.9 hours.

To estimate the elimination rate, k3 of the
releasable PEG-4 conjugate, we used the correspond-
ing stable conjugate 12 as a surrogate. Conjugate 12
(465 nmol of 4) were administered by IVT injection to
each eye of the subject rabbits, and the IVT levels
were measured over 28 days (Fig. 3A). Here, the IVT
half life was 167 hours in the rabbit, which exceeds the
90-hour IVT half life of the PEGylated aptamer
pegatanib and the 144-hour IVT half life of the long-
acting PEGylated DARPin, abicipar pegol (Table 1).
Very low levels (,0.01% of 12) of 4 were also detected
but did not impact our conclusions so we did not
investigate its origin.

The IVT C versus t plot of releasable conjugate
11A (465 nmol 4/eye) as well as free 4 released from
11A over 28 days is shown in Figure 3A. We analyzed
the data as a one-compartmental model (below) as
well as a multicompartment model (SI) to accommo-
date the initial brief distribution phase. Both models
provide a similar terminal IVT elimination rate of
kb,IVT¼0.19 d$1 (t1/2¼86 hours or 3.6 days). Because
the IVT elimination rate, kIVT, of 11A represents the
sum of the prodrug elimination and drug release

rates,11 kIVT¼k1þk3, using k3 determined for 12 we
calculate an IVT linker cleavage rate, k1, of 0.094
days$1. The 177-hour half life for release of 4 from the
releasable conjugate 11A in the vitreous is in excellent
agreement with the in vitro cleavage half life of 175
hours described above. As expected, the C versus t
plot of released 4 in the vitreous parallels that of 11A
with a similar half life of 2.9 days (69 hours).

The efficiency of drug utilization from a prodrug,
such as 11A, can be described by the partition ratio
(PR), k1/(k1þk3),

17 which represents the fraction of
the prodrug that releases 4 during its IVT residence.
In the present case, 11A shows a high efficiency of
0.74.

We also analyzed the 4 released from 11A in the
retina and choroid, because these are the target ocular
structures of the CFD inhibitor; the C versus t plots
are shown in Figure 3B, along with the IVT C versus t
data of released 4 reproduced from Figure 3A. Higher
levels of 4 were observed in the retina compared with
the vitreous, but the terminal elimination rates were
similar. In the choroid, lower levels of 4 formed from
11A were present compared with the vitreous or
retina; however, the terminal elimination rate of 4 was
almost 2-fold slower than from the vitreous or retina.

Figure 1. In vitro release kinetics of 11A (R¼MeSO2, red circle),
11B (R¼CN, blue triangle) and 12 (black square) at pH 8.4, 378C.
Points are averages of duplicate determinations and data were fit
to first-order release profiles. Error bars show standard deviation
(SD).

Scheme 5 .

Figure 2. IVT C versus t plot of 4, showing the terminal half life of
6.9 hours for 4. Points are averages of two determinations and
vertical bars show the range of concentrations measured.
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Simulations in the Human Eye
With several reasonable assumptions, we can

simulate how a releasable PEG40kDa-drug conjugate
studied in the rabbit would behave in the human
eye. As described above, the half life of a drug
released from a PEG-drug conjugate by a b-
eliminative linker (kel ¼k1 þk3) is driven by the
rate of the linker cleavage (k1) and the elimination
of the PEG40kDa conjugate (k3). Here, k1 is species
independent and can be controlled over a wide range
by the linker used.11 However, the rate of elimina-
tion of the carrier, k3, is species specific and with
slow-cleaving linkers where k3 . k1 represents a
theoretic upper limit for the IVT half life of the
released drug. Shatz et al.1 have recently shown that
the IVT half life of macromolecules in the rabbit
show a linear correlation with RH with a slope of
0.65 days/nm RH. In the rabbit, the IVT half life of
the stable PEG40kDa conjugate 12 is 7 days, which
agrees well with the 6 days predicted for a
macromolecule with RH 9.3 nm.18 In a human, the
half-life values of all Food and Drug Administration
approved IVT macromolecules is 1.8- to 2.8-fold
(average 2.2) longer than in the rabbit (Table 2).
Hence, the IVT half life of an intact PEG40kDa

conjugate (e.g., 12) in a human should be approx-
imately 2 weeks, and from kIVT¼k1þk3 the t1/2,IVT
in the human of 11 and the 4 released from 11
should be approximately 112 hours. If we were to
use a linker with a cleavage rate of 2 weeks, the t1/
2,IVT of 4 released from a PEG40kDa-conjugate in the
human vitreous should be approximately 7 days.

Discussion

The primary objective of this work was to
determine the IVT half-life extension that could be
achieved for a small molecule released from a 4-arm
PEG40kDa-drug conjugate after IVT injection.

Four-arm PEG40kDa was chosen as the nanocarrier
for the following reasons: (1) PEG conjugation
increases the water solubility of hydrophobic small-
molecules, (2) a four-arm PEG40kDa polymer has a
high RH of 9.3 and provides long IVT half-life

Table 2. Pharmacokinetics of 4, 11A and 4 Released
From 11A in the Rabbit Eye

Compound
t1/2,
hr

t1/2,
d

CL,
mL/da

Vdss,
mLa

Cmax,
uM

4
Vitreous 6.9 0.29 3.5 0.91

12
Vitreous 170 7.0 0.22 2.1

11A
Vitreous 86 3.6 0.36 1.6 210b

4 from 11A
Vitreous 69 2.9 NA NA 6.7

4 from 11A
Retina 60 2.5 NA NA 14

4 from 11A
choroid 140 5.9 NA NA 0.70

NA, not applicable.
a Calculated from noncompartmental analysis.
b Calculated as C0 for 11A.

Figure 3. C versus t plots showing terminal half-lives of PEGylated and free 4 in the vitreous. (A) Stable 12 (black square), releasable 11A
(red circle), and free 4 (blue triangle) in vitreous, and (B) free 4 in the vitreous (blue triangle), retina (red circle), and choroid (black square);
equilibration phases not shown. Points are averages of two determinations and vertical bars show the range of concentrations measured.
The dotted line represents the IC50 of CFD inhibition by 4.
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extension, (3) four equivalents drug can be attached
per equivalent of carrier to minimize the volume of
IVT injection, and (4) high molecular weight PEG
shows little or no IVT toxicities.

Compound 4 was prepared as a prototype small-
molecule inhibitor of CFD for potential treatment of
geographic atrophy resulting from AMD. An IC50 of
approximately 50 nM was determined for 4 in an in
vitro inhibition assay of human CFD and approxi-
mately 90 nM in an alternative pathway-mediated
hemolysis of rabbit erythrocytes. The molecule also
possesses a primary amine for convenient chemical
attachment to b-eliminative linkers by a carbamate
group.

The CFD inhibitor 4 was appended to the ends of
four-arm PEG40KDA through a releasable b-elimina-
tive linker with a MeSO2 modulator to give 11A, or
through a stable linker to give 12. In vitro, the half-
life for cleavage of the linker in 11A was 175 hours at
pH 7.5, 378C; in contrast, 12, which lacks a b-
eliminative linker, was inert. When the stable PEG-
conjugate 12 was injected IVT in the rabbit and the
vitreous concentration measured over time, we
observed a half life of 7 days, close to the half life
of 6 days predicted from its RH.

1 With the cleavable
conjugate 11A, the linker cleavage half life was 177
hours in the vitreous, and the IVT half life was 3.6
days; expectedly, the released 4 from 11A showed a
similar apparent IVT half life of approximately 3
days.

Within approximately 1 day after IVT injection,
the inhibitor 4 released from 11A reached equilibri-
um in the retina and choroid, the presumed locations
of the target CFD. The Cmax of 4 in the retina was
approximately 2-fold higher than in the vitreous, and
approximately 20-fold higher than the choroid.
However, whereas the elimination rate of 4 from
the retina was similar to that in the vitreous,
elimination from the choroid was approximately 2-
fold slower.

The IVT half-life extension achieved by b-elimina-
tive release of 4 from 11A compared with direct
injection of 4 is approximately 10-fold in the rabbit
(i.e., the half life is 7 hours for IVT-injected 4 versus
70 hours for 4 released from the PEG-drug conjugate
11A). This magnitude of half-life extension should
translate to other molecules attached to PEG40kDa by
the same b-eliminative linker because the half life of
released drugs is driven by the rate of the linker
cleavage and the elimination of the PEG40kDa

conjugate from the IVT compartment.
Available data indicates that the IVT half life of

macromolecules in humans are approximately 2-fold
longer than the corresponding IVT half life in rabbits.
Thus, we could estimate that the IVT half life of a
four-arm PEG40kDa in a human would be approxi-
mately 2 weeks, and comparable to that of abicipar
pegol, the long acting PEGylated DARPin. For the
linker with cleavage half life of 177 hours used here,
we calculate from kb¼k1þk3 that the IVT half life in
a human of the released drug should be approximate-
ly 4.8 days. However, if a b-eliminative linker with a
cleavage half life of 14 days were used, the IVT half
life in humans should be approximately 1 week,
comparable to that of most macromolecular IVT
drugs. Thus, providing the therapeutic window of a
drug is sufficiently wide to allow four half lives with
Cmax/Cmin % 8, the drug delivery system described
here should allow a once monthly or longer dosing
interval of a small molecule.

In summary, IVT injection of a PEG40kDa nano-
carrier attached to a small molecule drug via a
releasable b-eliminative linker could maintain the
released drug at therapeutic levels in the vitreous for
periods comparable to approved IVT macromolecular
drugs (i.e., 1 month or longer). The technology
described here could serve as a screening platform
for identifying potent small molecules that may have
therapeutic utility in the eye. This could provide a
large benefit of determining pharmacodynamic effects
of a long-acting small molecule before investing
efforts in developing a final delivery system. Further,
once a drug with appropriate efficacy and therapeutic
window is found, the releasable PEG40kDa-drug
platform could serve as a delivery system in the
therapeutic formulation. The largest limitations of the
technology might be the capacity of the carriers, or
the IVT therapeutic window of the released drug.
Finally, even longer IVT half-life extension of small
molecules might be achieved using b-eliminative
linkers tethered to carriers with longer IVT half lives.
Potential candidates for such carriers might include
hyaluronic acid with a t1/2,IVT approximately 30
days,19 the recently reported long-lived L-Arg pep-
tide-conjugated nanocarriers,20 or previously de-
scribed Tetra-PEG hydrogel microspheres21 attached
to drugs via b-eliminative linkers.
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Purpose: The short half lives of small molecules in the vitreous requires frequent
repeated intravitreal injections that are impractical for treatment of chronic eye
diseases. We sought to develop a method for increasing the intravitreal half-life of
small-molecule drugs.

Methods: We adapted a technology for controlled release of drugs from
macromolecular carriers for use as a long-acting intravitreal delivery system for small
molecules. As a prototype, a small molecule complement factor D inhibitor with an
intravitreal half-life of 7 hours was covalently attached to a 4-arm PEG40kDa by a self-
cleaving b-eliminative linker with a cleavage half-life of approximately 1 week.

Results: After intravitreal injection in rabbits, the drug was slowly released in the
vitreous, and equilibrated with the retina and choroid. The intravitreal half-life of the
intact PEG-drug conjugate in the rabbit was 7 days, and that of the released drug was
3.6 days. We simulated the anticipated pharmacokinetics of the delivery system in
human vitreous, and estimated that the half-life of a 4-arm PEG40kDa conjugate would
be approximately 2 weeks, and that of the released drug would be approximately 5
days.

Conclusions: We posit that a linker with a cleavage half life of 2 weeks would confer a
half life of approximately 7 days to a released small molecule drug in humans,
comparable to the half life of approved intravitreal injected macromolecular drugs.

Translational Relevance: With this technology, a potent small molecule with an
appropriate therapeutic window should be administrable by intravitreal injections in
the human at once-monthly intervals.

Introduction

Intravitreal (IVT) injection has become an impor-
tant drug delivery modality for many diseases of the
eye. IVT injection minimizes systemic exposure and
allows intraocular drug exposures not otherwise
achievable. However, because IVT therapy is an
invasive procedure that often requires long-term serial
injections, IVT drugs require long IVT half lives (t1/2)
and dosing intervals.

Macromolecules show low clearance in the vitre-
ous that is related to their molecule diffusivity
through the chamber1; indeed, it has been shown that

the hydrodynamic radius (RH) of a macromolecular
drug is directly related to its half-life in the rabbit
vitreous. Currently used IVT drugs include large
proteins—a Fab (ranibizumab), mAb (bevacizumab),
and a Fc-receptor conjugate (aflibercept)—having
IVT half lives of 7 to 10 days in a human (Table 1).
PEGylation of aptamers and smaller proteins has also
been used to increase the hydrodynamic radius of
drugs and IVT half-lives. Successful examples include
a PEGylated aptamer (pegaptanib) and a small
protein DARPin (abicipar pegol); interestingly, de-
spite its smaller size, the PEGyated protein abicipar
has a longer vitreous half-life than larger macromo-
lecular proteins. In short, the current drugs for IVT
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injection have IVT half-lives clustered between
approximately 7 and 13 days in a human. The 4- to
8-week dosing interval commonly used for IVT-
administered macromolecular drugs requires that they
transit multiple half-lives and have high peak-to-
trough ratios each dosing cycle; however, this is
tolerable because these drugs have wide therapeutic
windows, and few off-target effects in the eye.

In contrast to macromolecules, small molecules
and peptides have high clearance in the vitreous. With
IVT half lives of only approximately 1 to 24 hours,
unless formulated as sustained-release implants, they
require frequent repeated IVT injections that are
impractical for treatment of chronic eye diseases.
Because there are so many potential therapeutic
targets in the eye,9,10 there is a large unmet need for
a simple, effective way to increase the residence time
of small molecules in the vitreous.

A possible approach to extend the IVT half life of
such drugs is to attach them to a soluble macromo-
lecular carrier, such as PEG, to effectively increase
their hydrodynamic radius, and thus half life. PEG
provides the additional benefit of solubilizing hydro-
phobic small-molecule drugs. However, whereas
attachment of PEG to larger multifunctional drugs,
such as aptamers or small proteins, can be achieved at
nonessential sites of the drug, attachment of PEG to a
small molecule having only a few functional groups is
likely to impair activity. One approach to circumvent

this problem is to convert the small molecule drug to a
macromolecular prodrug that will retain a long IVT
half-life because of large hydrodynamic radius, and
slowly release the native, pharmacologically active
small drug over a long duration.

We have developed a general prodrug approach
for half-life extension of therapeutics in which a drug
is covalently tethered to a long-lived carrier, such as
PEG, by a linker that slowly self-cleaves to release the
native drug.11 Here, a macromolecular carrier is
attached to a linker that is attached to an amine
group of a drug or a prodrug via a carbamate group
(1; Scheme 1); the b-carbon has an acidic carbon–
hydrogen bond (C–H) and also contains an electron-
withdrawing ‘‘modulator’’ (Mod) that controls the
pKa of that C–H. Upon hydroxide ion-catalyzed
proton removal, a rapid b-elimination occurs to
cleave the linker-carbamate bond and release the free
alkene products, 2. The rate of drug release is
proportional to the acidity of the proton, and that is
controlled by the chemical nature of the modulator;
thus, the modulator chemically controls the drug
release rate in a predictable manner.

We have previously shown that approximately 40
kDa PEGylated fluorescent conjugates show an IVT
half life of approximately 7 days in the green monkey
without apparent toxicity.12 In the present work we
describe the preparation and characterization of a
releasable PEGylated prodrug of DS29740219, a

Table 1. Properties of IVT Drugs in The Rabbit and Human Vitreous

Drug MW, kDa RH
1 Rabbit t1/2, d1–8 Human t1/2, d1–8 Human tDI

a, wk

Ranibizumab2,3 48 2.8 2.5 9 4
Aflibercept2,4 115 5.2 3.6 7 4, 8b

Bevacizumab2,5,6 148 5.2 7.0 10 4
Abicipar pegol7 34 NA 6 13 4, 8c

Pegaptanib8 49 7.3 3.8 10 6

NA, not available.
a tDI, dosing interval.
b Aflibercept is dosed q4w for 3 doses, then q8w (Eylea label).
c In Phase II trials abicipar pegol was dosed q4w for 3 doses, then q8w or q12w.

Scheme 1.
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potent small molecule inhibitor of complement factor
D (CFD) that has potential as a therapeutic for dry
age-related macular degeneration (AMD).13,14 We
also report the intravitreal pharmacokinetics of the
macromolecular prodrug, which indicates that the
released drug can be kept above its IC50 for up to
approximately 1 month. The results indicate that
PEGylated prodrugs may provide a practical, general
technology platform for discovery and delivery of
long-acting small molecule drugs for IVT injection.

Materials and Methods

The source of specialized materials is provided
along with their use in Supplementary Materials.
Detailed synthetic, conjugation, and analytic proce-
dures are described. In vitro kinetic procedures are
provided, as are in vivo pharmacokinetic methods
and analyses.

Results

Chemistry

Synthesis of DS29740219 (4)
The aminoethyl analog 4 was prepared by catalytic

reduction (Pd/C) of the reported corresponding
cyanomethyl precursor.15 Compound 4 showed a
half-maximum inhibitory concentration (IC50) of 53
nM for in vitro inhibition of CFD, and 95 nM in an
alternate pathway-mediated hemolysis assay.

Synthesis of PEG-4 Conjugates
As depicted in Scheme 2, treatment of commer-

cially available 4-pentenoic acid with isobutylene/
H2SO4 gave tbutyl 4-pentenoate 5, which was
epoxidized with mCPBA. The epoxide was readily
resolved using Jacobsen’s kinetic resolution.16 The
resolved epoxide 6 was opened with a nucleophile
(MeSO2Na for MeSO2 and NaCN for CN) to
introduce the linker modulator group. The resulting
linker-alcohols 7A,B were activated in a two-step
process, first converting them to the chloroformates
(triphosgene, pyridine) and then to the hydroxysucci-
nimidyl carbonates 8A,B (HOSu, pyridine).

Reaction of 4 with 8A,B to provide 9A,B was rapid
and quantitative, and removal of the ester group
cleanly provided the linker-drugs 10A,B ready for
conjugation with PEG-amine (Scheme 3). Conjuga-
tion was most conveniently performed by in situ
activation of the linker-drug using hexafluorophos-
phate azabenzotriazole tetramethyl uronium (HA-
TU), and the conjugates 11A,B were isolated by
dialysis followed by precipitation to remove small
molecule impurities. In contrast to the poor water
solubility of 4, the PEG-conjugates 11A,B were
soluble in water at more than 100 mg/mL.

A corresponding nonreleasable conjugate 12 was
prepared as a control by reacting 4 with PEG40kDa

tetra(succinimidyl carboxymethyl ester) (Scheme 4).
As with 11A,B, the PEG-conjugate 12 was soluble in
water at more than 100 mg/mL.

In Vitro Release Kinetics
The conjugates were examined for release of 4

under accelerated in vitro conditions at pH 8.4, 378C,
using high-performance liquid chromatography
(HPLC) analysis (Fig. 1). The data were fit to first-
order release profiles, giving observed half-life values
of 17.5 (11A) and 90 hours (11B) that, assuming
hydroxide-catalyzed cleavage,11 extrapolate to 175
and 900 hours, respectively, at pH 7.4. Because theScheme 2.
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cleavage rate of 11B was much slower than the
expected IVT rate of elimination of PEG40kDa it was
deemed unsuitable for IVT use. With the stable
conjugate 12, no release of 4 was observed for at least
200 hours at pH 8.4.

IVT Pharmacokinetics

IVT Models and Pharmacokinetic Data in the Rabbit
We have previously reported kinetic analyses of a

one-compartment model for b-eliminative release of
drugs from soluble macromolecular carriers.11 As in
Scheme 5, the drug is released from the conjugate in a

first-order process with rate constant k1, the drug is
cleared with k2, and the conjugate is cleared with rate
constant k3. If k2 ! (k1 þk3), at longer times the
slopes of plots of ln[PEG-Drug] and ln[Drug] versus
time both approach k1þk3. If the clearance rate (k3)
of the conjugate is known, it can be subtracted from
the slope of the ln[PEG-Drug] versus time plot (k1þ
k3), to obtain the in vivo linker cleavage rate constant,
k1.

To estimate k2, parent compound 5 ug of 4/eye was
administered by IVT injection of New Zealand White
rabbits and concentrations in the vitreous were

Scheme 4.

Scheme 3.
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measured over time using HPLC–tandem mass
spectrometry. The C versus t plot shows a brief
distribution phase, followed by a first-order elimina-
tion of 4 from the vitreous (Fig. 2). Analysis of the C
versus t plot using a 2-compartment model (SI)
indicated a terminal ke,IVT¼0.31 hr$1 and Vd¼0.57
mL, with intercompartmental IVT transfer rates of
k12,IVTout¼0.20 hr$1 and k21,IVTin¼0.17 hr$1; one-
compartment analysis, with weighting 1/Y2, showed
an IVT terminal half life of 6.9 hours.

To estimate the elimination rate, k3 of the
releasable PEG-4 conjugate, we used the correspond-
ing stable conjugate 12 as a surrogate. Conjugate 12
(465 nmol of 4) were administered by IVT injection to
each eye of the subject rabbits, and the IVT levels
were measured over 28 days (Fig. 3A). Here, the IVT
half life was 167 hours in the rabbit, which exceeds the
90-hour IVT half life of the PEGylated aptamer
pegatanib and the 144-hour IVT half life of the long-
acting PEGylated DARPin, abicipar pegol (Table 1).
Very low levels (,0.01% of 12) of 4 were also detected
but did not impact our conclusions so we did not
investigate its origin.

The IVT C versus t plot of releasable conjugate
11A (465 nmol 4/eye) as well as free 4 released from
11A over 28 days is shown in Figure 3A. We analyzed
the data as a one-compartmental model (below) as
well as a multicompartment model (SI) to accommo-
date the initial brief distribution phase. Both models
provide a similar terminal IVT elimination rate of
kb,IVT¼0.19 d$1 (t1/2¼86 hours or 3.6 days). Because
the IVT elimination rate, kIVT, of 11A represents the
sum of the prodrug elimination and drug release

rates,11 kIVT¼k1þk3, using k3 determined for 12 we
calculate an IVT linker cleavage rate, k1, of 0.094
days$1. The 177-hour half life for release of 4 from the
releasable conjugate 11A in the vitreous is in excellent
agreement with the in vitro cleavage half life of 175
hours described above. As expected, the C versus t
plot of released 4 in the vitreous parallels that of 11A
with a similar half life of 2.9 days (69 hours).

The efficiency of drug utilization from a prodrug,
such as 11A, can be described by the partition ratio
(PR), k1/(k1þk3),

17 which represents the fraction of
the prodrug that releases 4 during its IVT residence.
In the present case, 11A shows a high efficiency of
0.74.

We also analyzed the 4 released from 11A in the
retina and choroid, because these are the target ocular
structures of the CFD inhibitor; the C versus t plots
are shown in Figure 3B, along with the IVT C versus t
data of released 4 reproduced from Figure 3A. Higher
levels of 4 were observed in the retina compared with
the vitreous, but the terminal elimination rates were
similar. In the choroid, lower levels of 4 formed from
11A were present compared with the vitreous or
retina; however, the terminal elimination rate of 4 was
almost 2-fold slower than from the vitreous or retina.

Figure 1. In vitro release kinetics of 11A (R¼MeSO2, red circle),
11B (R¼CN, blue triangle) and 12 (black square) at pH 8.4, 378C.
Points are averages of duplicate determinations and data were fit
to first-order release profiles. Error bars show standard deviation
(SD).

Scheme 5 .

Figure 2. IVT C versus t plot of 4, showing the terminal half life of
6.9 hours for 4. Points are averages of two determinations and
vertical bars show the range of concentrations measured.
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Simulations in the Human Eye
With several reasonable assumptions, we can

simulate how a releasable PEG40kDa-drug conjugate
studied in the rabbit would behave in the human
eye. As described above, the half life of a drug
released from a PEG-drug conjugate by a b-
eliminative linker (kel ¼k1 þk3) is driven by the
rate of the linker cleavage (k1) and the elimination
of the PEG40kDa conjugate (k3). Here, k1 is species
independent and can be controlled over a wide range
by the linker used.11 However, the rate of elimina-
tion of the carrier, k3, is species specific and with
slow-cleaving linkers where k3 . k1 represents a
theoretic upper limit for the IVT half life of the
released drug. Shatz et al.1 have recently shown that
the IVT half life of macromolecules in the rabbit
show a linear correlation with RH with a slope of
0.65 days/nm RH. In the rabbit, the IVT half life of
the stable PEG40kDa conjugate 12 is 7 days, which
agrees well with the 6 days predicted for a
macromolecule with RH 9.3 nm.18 In a human, the
half-life values of all Food and Drug Administration
approved IVT macromolecules is 1.8- to 2.8-fold
(average 2.2) longer than in the rabbit (Table 2).
Hence, the IVT half life of an intact PEG40kDa

conjugate (e.g., 12) in a human should be approx-
imately 2 weeks, and from kIVT¼k1þk3 the t1/2,IVT
in the human of 11 and the 4 released from 11
should be approximately 112 hours. If we were to
use a linker with a cleavage rate of 2 weeks, the t1/
2,IVT of 4 released from a PEG40kDa-conjugate in the
human vitreous should be approximately 7 days.

Discussion

The primary objective of this work was to
determine the IVT half-life extension that could be
achieved for a small molecule released from a 4-arm
PEG40kDa-drug conjugate after IVT injection.

Four-arm PEG40kDa was chosen as the nanocarrier
for the following reasons: (1) PEG conjugation
increases the water solubility of hydrophobic small-
molecules, (2) a four-arm PEG40kDa polymer has a
high RH of 9.3 and provides long IVT half-life

Table 2. Pharmacokinetics of 4, 11A and 4 Released
From 11A in the Rabbit Eye

Compound
t1/2,
hr

t1/2,
d

CL,
mL/da

Vdss,
mLa

Cmax,
uM

4
Vitreous 6.9 0.29 3.5 0.91

12
Vitreous 170 7.0 0.22 2.1

11A
Vitreous 86 3.6 0.36 1.6 210b

4 from 11A
Vitreous 69 2.9 NA NA 6.7

4 from 11A
Retina 60 2.5 NA NA 14

4 from 11A
choroid 140 5.9 NA NA 0.70

NA, not applicable.
a Calculated from noncompartmental analysis.
b Calculated as C0 for 11A.

Figure 3. C versus t plots showing terminal half-lives of PEGylated and free 4 in the vitreous. (A) Stable 12 (black square), releasable 11A
(red circle), and free 4 (blue triangle) in vitreous, and (B) free 4 in the vitreous (blue triangle), retina (red circle), and choroid (black square);
equilibration phases not shown. Points are averages of two determinations and vertical bars show the range of concentrations measured.
The dotted line represents the IC50 of CFD inhibition by 4.
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extension, (3) four equivalents drug can be attached
per equivalent of carrier to minimize the volume of
IVT injection, and (4) high molecular weight PEG
shows little or no IVT toxicities.

Compound 4 was prepared as a prototype small-
molecule inhibitor of CFD for potential treatment of
geographic atrophy resulting from AMD. An IC50 of
approximately 50 nM was determined for 4 in an in
vitro inhibition assay of human CFD and approxi-
mately 90 nM in an alternative pathway-mediated
hemolysis of rabbit erythrocytes. The molecule also
possesses a primary amine for convenient chemical
attachment to b-eliminative linkers by a carbamate
group.

The CFD inhibitor 4 was appended to the ends of
four-arm PEG40KDA through a releasable b-elimina-
tive linker with a MeSO2 modulator to give 11A, or
through a stable linker to give 12. In vitro, the half-
life for cleavage of the linker in 11A was 175 hours at
pH 7.5, 378C; in contrast, 12, which lacks a b-
eliminative linker, was inert. When the stable PEG-
conjugate 12 was injected IVT in the rabbit and the
vitreous concentration measured over time, we
observed a half life of 7 days, close to the half life
of 6 days predicted from its RH.

1 With the cleavable
conjugate 11A, the linker cleavage half life was 177
hours in the vitreous, and the IVT half life was 3.6
days; expectedly, the released 4 from 11A showed a
similar apparent IVT half life of approximately 3
days.

Within approximately 1 day after IVT injection,
the inhibitor 4 released from 11A reached equilibri-
um in the retina and choroid, the presumed locations
of the target CFD. The Cmax of 4 in the retina was
approximately 2-fold higher than in the vitreous, and
approximately 20-fold higher than the choroid.
However, whereas the elimination rate of 4 from
the retina was similar to that in the vitreous,
elimination from the choroid was approximately 2-
fold slower.

The IVT half-life extension achieved by b-elimina-
tive release of 4 from 11A compared with direct
injection of 4 is approximately 10-fold in the rabbit
(i.e., the half life is 7 hours for IVT-injected 4 versus
70 hours for 4 released from the PEG-drug conjugate
11A). This magnitude of half-life extension should
translate to other molecules attached to PEG40kDa by
the same b-eliminative linker because the half life of
released drugs is driven by the rate of the linker
cleavage and the elimination of the PEG40kDa

conjugate from the IVT compartment.
Available data indicates that the IVT half life of

macromolecules in humans are approximately 2-fold
longer than the corresponding IVT half life in rabbits.
Thus, we could estimate that the IVT half life of a
four-arm PEG40kDa in a human would be approxi-
mately 2 weeks, and comparable to that of abicipar
pegol, the long acting PEGylated DARPin. For the
linker with cleavage half life of 177 hours used here,
we calculate from kb¼k1þk3 that the IVT half life in
a human of the released drug should be approximate-
ly 4.8 days. However, if a b-eliminative linker with a
cleavage half life of 14 days were used, the IVT half
life in humans should be approximately 1 week,
comparable to that of most macromolecular IVT
drugs. Thus, providing the therapeutic window of a
drug is sufficiently wide to allow four half lives with
Cmax/Cmin % 8, the drug delivery system described
here should allow a once monthly or longer dosing
interval of a small molecule.

In summary, IVT injection of a PEG40kDa nano-
carrier attached to a small molecule drug via a
releasable b-eliminative linker could maintain the
released drug at therapeutic levels in the vitreous for
periods comparable to approved IVT macromolecular
drugs (i.e., 1 month or longer). The technology
described here could serve as a screening platform
for identifying potent small molecules that may have
therapeutic utility in the eye. This could provide a
large benefit of determining pharmacodynamic effects
of a long-acting small molecule before investing
efforts in developing a final delivery system. Further,
once a drug with appropriate efficacy and therapeutic
window is found, the releasable PEG40kDa-drug
platform could serve as a delivery system in the
therapeutic formulation. The largest limitations of the
technology might be the capacity of the carriers, or
the IVT therapeutic window of the released drug.
Finally, even longer IVT half-life extension of small
molecules might be achieved using b-eliminative
linkers tethered to carriers with longer IVT half lives.
Potential candidates for such carriers might include
hyaluronic acid with a t1/2,IVT approximately 30
days,19 the recently reported long-lived L-Arg pep-
tide-conjugated nanocarriers,20 or previously de-
scribed Tetra-PEG hydrogel microspheres21 attached
to drugs via b-eliminative linkers.

Acknowledgments

Disclosure: N. Machinaga, None; G.W. Ashley,
None; R. Reid, None; A. Yamasaki, None; K. Tanaka,

7 TVST j 2018 j Vol. 7 j No. 4 j Article 21

Machinaga et al.

Downloaded From: https://tvst.arvojournals.org/pdfaccess.ashx?url=/data/journals/tvst/937352/ on 08/29/2018



None; K. Nakamura, None; Y. Yabe, None; Y.
Yoshigae, None; D.V. Santi, None

*NM and GWA contributed equally to this
work.

References

1. Shatz W, Hass PE, Mathieu M, et al. Contribu-
tion of antibody hydrodynamic size to vitreal
clearance revealed through rabbit studies using a
species-matched fab. Mol Pharm. 2016;13:2996–
3003.

2. Avery R, Castellarin AA, Steinle NC, et al.
Systemic pharmacokinetics and pharmacodynam-
ics of intravitreal aflibercept, becacizumab ans
ranibuzamab. Retina. 32017;7:1847–1858.

3. Park SJ, Oh J, Kim YK, et al. Intraocular
pharmacokinetics of intravitreal vascular endo-
thelial growth factor-Trap in a rabbit model. Eye
(Lond). 2015;29:561–568.

4. Park SJ, Choi Y, Na YM, et al. Intraocular
pharmacokinetics of intravitreal aflibercept (Ey-
lea) in a rabbit model. Invest Ophthalmol Vis Sci.
2016;57:2612–2617.

5. Del Amo EM, Urtti A. Rabbit as an animal
model for intravitreal pharmacokinetics: clinical
predictability and quality of the published data.
Exp Eye Res. 2015;137:111–124.

6. Zhu Q, Ziemssen F, Henke-Fahle S, et al.
Vitreous levels of bevacizumab and vascular
endothelial growth factor-A in patients with
choroidal neovascularization. Ophthalmology.
2008;115:1750–1755.e1751.

7. Campochiaro PA, Channa R, Berger BB, et al.
Treatment of diabetic macular edema with a
designed ankyrin repeat protein that binds
vascular endothelial growth factor: a phase I/II
study. Am J Ophthalmol 2013;155:697–704.e691 –
692.

8. Vinores SA. Pegaptanib in the treatment of wet,
age-related macular degeneration. Int J Nanomed.
2006;1:263–268.

9. Clark AF, Yorio T. Ophthalmic drug discovery.
Nat Rev. 2003;2:448–459.

10. Zhang K, Zhang L, Weinreb RN. Ophthalmic
drug discovery: novel targets and mechanisms for
retinal diseases and glaucoma. Nat Rev. 2012;11:
541–559.

11. Santi DV, Schneider EL, Reid R, Robinson L,
Ashley GW. Predictable and tunable half-life
extension of therapeutic agents by controlled
chemical release from macromolecular conju-
gates. Proc Natl Acad Sci U S A. 2012;109:
6211–6216.

12. Lawrence M, Ashley G, Lewis A, et al. (2014) The
intravitreal pharmacokinetics of fluorophores
conjugated to PEGs by noncleavable and self-
cleaving linkers in nonhuman primates. [abstract].
Invest. Ophthalmol. Vis. Sci. 2014;55(13):5254.

13. Stanton CM, Yates JR, den Hollander AI, et al.
Complement factor D in age-related macular
degeneration. Invest Ophthalmol Vis Sci. 2011;52:
8828–8834.

14. Xu H, Chen M. Targeting the complement system
for the management of retinal inflammatory and
degenerative diseases. Eur J Pharmacol. 2016;787:
94–104.

15. Altmann E, Hommel U, Lorthiois ELJA, et al.
Complement Pathway Modulators and Uses
Thereof. US patent, US 2012/0295884.

16. Schaus SE, Brandes BD, Larrow JF, et al. Highly
selective hydrolytic kinetic resolution of terminal
epoxides catalyzed by chiral (salen)Co(III) com-
plexes. Practical synthesis of enantioenriched
terminal epoxides and 1,2-diols. J Am Chem
Soc. 2002;124:1307–1315.

17. Santi DV, Schneider EL, Ashley GW. Macromo-
lecular prodrug that provides the irinotecan
(CPT-11) active-metabolite SN-38 with ultralong
half-life, low C(max), and low glucuronide
formation. J Med Chem. 2014;57:2303–2314.

18. Singh Y, Gao D, Gu Z, et al. Influence of
molecular size on the retention of polymeric
nanocarrier diagnostic agents in breast ducts.
Pharma Res. 2012;29:2377–2388.

19. Laurent UB, Fraser JR. Turnover of hyaluronate
in the aqueous humour and vitreous body of the
rabbit. Exp Eye Res. 1983;36:493–503.

20. Li H, Liu W, Sorenson CM, et al. (2017)
Sustaining intravitreal residence with L-arginine
peptide-conjugated nanocarriers. Invest Ophthal-
mol Vis Sci. 2017;58:5142–5150.

21. Schneider EL, Henise J, Reid R, Ashley GW,
Santi DV. Hydrogel drug delivery system using
self-cleaving covalent linkers for once-a-week
administration of exenatide. Bioconjug Chem
2016;27:1210–1215.

8 TVST j 2018 j Vol. 7 j No. 4 j Article 21

Machinaga et al.

Downloaded From: https://tvst.arvojournals.org/pdfaccess.ashx?url=/data/journals/tvst/937352/ on 08/29/2018


	A Controlled Release System for Long-Ac...travitreal Delivery of Small Molecules
	A Controlled Release System for Long-Ac...travitreal Delivery of Small Molecules

