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ABSTRACT: We report the synthesis of a novel heat shock protein
90 (hsp90) inhibitor conjugated to a star polymer. Using reversible
addition−fragmentation chain-transfer (RAFT) polymerization, we
prepared star polymers comprising PEG attached to a predesigned
functional core. The stars were cross-linked using disulfide linkers,
and a tagged version of our hsp90 inhibitor was conjugated to the
polymer core to generate nanoparticles (14 nm). Dynamic light
scattering showed that the nanoparticles were stable in cell growth
media for 5 days, and high-performance liquid chromatography
(HPLC) analysis of compound-release at 3 different pH values
showed that release was pH dependent. Cell cytotoxicity studies and
confocal microscopy verify that our hsp90 inhibitor was delivered to
cells using this nanoparticle delivery system. Further, delivery of our
hsp90 inhibitor using star polymer induces apoptosis by a caspase 3-
dependent pathway. These studies show that we can deliver our hsp90 inhibitor effectively using star polymers and induce
apoptosis by the same pathway as the parent compound.
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Heat shock proteins (hsps) are a family of essential
molecular chaperones found in all cells, and expression

levels of hsps are upregulated in the presence of environmental
or toxicological stress.1−4 Ranging from 20 to 100 kDa in size,
hsps maintain homeostasis and support cellular transport
mechanisms.5,6 Hsps 90 and 70 are the most abundant hsps
in normal or transformed cells, and hsp90 contributes 3−5% of
the total protein load in tumors due to the metabolic demands
required for rapid cell growth.4,7 Hsp90 assists cancer cell
division and facilitates cell survival through interactions with
over 200 proteins.8,9 Inhibition of hsp90 leads to destabilization
of client proteins required for oncogenesis, which may explain
why cancer cells exhibit a greater dependency on the heat shock
response compared to normal cells.10 Fifteen inhibitors of
hsp90 are being tested in 49 clinical trials.11−15 Although these
leads are promising, all molecules under development share
three major disadvantages: (a) they are structurally related to a
single class of inhibitors, (b) they all target the same binding
site, and (c) they all induce a heat shock response. Inducing the
heat shock response presses four of the heat shock proteins into
overdrive, which rescues the cells from death. This rescue effect
is a significant problem in a cancer treatment. Thus, although
hsp90 is a clinically viable target, there is a pressing need for
new hsp90 inhibitors that overcome these limitations.12

Over the past 10 years, we have been working on the
synthesis of hsp90 inhibitors16− and have generated compound
1 (Figure 1) as a lead structure.25 Compound 1 has
demonstrated promise as a novel hsp90 inhibitor, and we

have published numerous papers proving that it targets this
heat shock protein.19−22,24−25 It has several advantages over
current hsp90 inhibitors including the following: our molecule
selectively modulates a set of client proteins unique from those
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Figure 1. Sansalvamide A and compound 1 and 2.
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regulated by current inhibitors,19,21 and it does not induce a
heat shock response.19,21

Compound 1 is cytotoxic against multiple cancer cell lines
(IC50 = 0.5−3 μM)25 and binds to a unique site on hsp90,
distinct from the ATP binding site that is targeted by all current
clinical candidates. Although it modulates C-terminal client
proteins and cochaperones, compound 1 does not bind to the
same site as coumermycin or other C-terminal hsp90 inhibitors.
Rather, compound 1 binds selectively to the N-middle domain
of hsp90,19,21,22 controlling the binding between proteins that
contain a tetratricopeptide (TPR) motif and the C-terminal
MEEVD region of hsp90. Most significantly, compound 1 does
not induce a heat shock response, unlike other hsp90
inhibitors.19,21,25 Thus, our compound shows tremendous
potential as a preclinical candidate. Compound 1’s ClogP
value is 9.023, and improving its pharmacokinetic properties
would involve increasing its solubility.25 Compound 1 enters
cells via a diffusion uptake mechanism; it is stable in cells and
has an efflux ratio (B/A) of 3.25 However, compound 1’s poor
solubility is its limiting factor for the next developmental
stage.19,25

Delivery of drugs using nanoparticles has been extremely
successful for improving systemic circulation, water-solubility
and drug protection, including the reduction of efflux
mechanisms.26−29 Polymer conjugates have been approved by
the FDA, with polyethylene glycol (PEG) being the most
common choice for conjugation to small molecules.30 Through
building architecturally unique star polymers, we have produced
highly water-soluble and biocompatible nanoparticles.31−34 Star
polymers are structures where multiple several chains emanate
from a single junction point known as the core, where this
architecture has been verified.31−34 The core is held together

with a degradable disulfide linker, which can fall apart upon
entering the cell. Since nanoparticles enter cells via endocytosis,
in contrast to diffusion, they bypass Pgp efflux systems.35

Herein, we report the synthesis of compound 2 conjugated
to a star polymer (Scheme 1). Using RAFT polymerization, we
prepared star polymers (B) comprising PEG attached to a
predesigned functional core with benzaldehyde and a disulfide
cross-linker.34 These star polymers were generated by using
arm homopolymer (A), Vinyl benzaldehyde (VBA), and the
cross-linker in a radical reaction to form (B). This process
generated star polymers that were 14 nm in diameter, as
determined by dynamic light scattering (DLS). This size is ideal
for tumor penetration and accumulation.36 The stars were
cross-linked using disulfide linkages, generating nanoparticles
that are easily degraded by the body (B).34 Conjugating
compound 2, which was our previously identified lysine version
of compound 1 that bound to hsp90 (Scheme 1),21 to the star
polymer generated star polymer C. We show via stability
studies, growth inhibition assays, and confocal microscopy that
compound 2 enters cells using this nanoparticle delivery
particle C. In addition, we verify that entry of compound 2
leads to apoptosis by a caspase 3-dependent pathway, which is
similar to the cell death mechanism induced by the parent
compound (1).
We synthesized compound 2 via a solid phase strategy that

we had previously reported.21,22 Compound 2 was reported as
the optimized tagged version of compound 1.21,22 Indeed, we
show that placement of the tag dramatically impacts the ability
of compound 1 to bind to hsp90, and placement at the L-
leucine position was optimal for binding and inhibiting the
function of hsp90. Compound 2 was constructed with a
preloaded 2-chlorotrityl (Clt) resin. Sequential coupling of

Scheme 1. Synthesis of Cross-Linked Star Polymer (A,B), Star Polymer Attached to Compound 2 (C), and Fluorescent Polymer
(D)
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fluorenylmethyloxy carbonyl (Fmoc) protected amino acids
and deprotection of the Fmoc group generated a linear
pentapeptide.21,22 Cyclization was accomplished using a
cocktail of four coupling agents (see Supporting Information),
and benzylation of the hydroxy phenylalanine yielded the tert-
butyloxycarbonyl (Boc)-protected lysine of compound 2. Boc-
protected lysine was deprotected using 20% trifluoroacetic acid
(TFA) in dichloromethane, and 2 was conjugated without
purification.
The star polymer was constructed via a reversible addition−

fragmentation chain-transfer polymerization (RAFT) method
that was previously reported by the Davis group.21,22 Synthesis
of the polymer arm A was performed using oligo(ethylene
glycol) methyl ester acrylate (OEG-A480). The poly(OEG) arm
polymer (Mn = 12 000 g/mol, PDI = 1.11) was chain extended
in the presence of N,N-bis(acryloyl)cystamine as a cross-linker
and VBA as a comonomer (Scheme 1) to generate star polymer
B.18 Star polymer B thus contained PEG coronas and VBA
(Scheme 1).34 PEG coronas help polymer stabilization in
biological media and contribute to antifouling,37 stealth-like
attributes,38 and biocompatibility.39 The star polymer proper-
ties are adjusted by manipulating the vinyl benzyl aldehyde
composition in the cores. The star polymer and AIBN were
reacted in a ratio of [polymer]/[cross-linker]/[VBA] = 1:8:6.
The star polymer was purified by dialysis to remove all traces of
unreacted monomers, cross-linker, or VBA. The star polymers
were then purified by precipitation in diethyl ether.34

The aldehyde functional group in VBA is conjugated to
compound 2 via a pH-sensitive linkage (imine, Scheme 1).40,41

It is well-known that imine bonds are unstable in mildly acidic
conditions and, specifically at pH = 5.5, within endosomes or
lysozomes. Thus, conjugation at pH = 7 provides a stable
linkage from which the molecule can be taken up via lysozomes,
but upon sequestering the pH will drop to ∼5.5, and the
compound will be released in the cell.
We conjugated compound 2 and star polymer B in a 1:40

ratio (amine on peptide/aldehyde on polymer) with Et3N (2
equiv) in DMSO (1 M) (Scheme 1).34 These conditions led to
imine formation and generated star polymer C. The unreacted
compound 2 was separated from star polymer C using dialysis
(MWCO = 3500 Da). DMSO was exchanged for water by
membrane dialysis for 1 day (the solvent was changed every
hour). The unreacted star polymer B was separated from star
polymer C by HPLC. The structure and loading of star polymer
C was confirmed using several different methods, including
GPC (Mn = 72 000 g/mol, PDI = 1.21), 1H NMR
spectroscopy, LC−MS, and UV−visible spectroscopy (Sup-
porting Information).
DLS was used to determine the size and stability of the star

polymer C that was dispersed in cell growth media (10% FBS
in DMEM). DLS analysis confirmed an average nanoparticle
size of ∼14 nm, and the imine present in star polymer C was
stable for 5 days (Figures S9 and S10, Supporting Information).
These results verify that star polymer C remains stable in cell
growth media during the time course required for biological
assays.

Using standardized conditions,17,18,42 we measured cell
proliferation of HCT-116 cells in the presence of 5 μM of 1
or in the presence of two star polymer C concentrations. The
respective concentrations of compound 2 that were delivered
by star polymer C were 1.16 and 3.33 μM, respectively (Table
1). Upon confirmation of purified star polymer C, we treated a
colon cancer cell line (HCT-116) with this material and
compared its potency to compound 1. It should be noted that
directly treating cells with compound 2 without delivering it via
polymer is noncytotoxic to HCT-116 cells.25 Compound 2 has
a protonated amine that inhibits passive diffusion through the
cell membrane, making compound 1 the best positive control.
Star polymer C, which contained the nanoparticle delivering
1.16 μM of compound 2 (Table 1), inhibited cell proliferation
to the same degree as 5 μM of compound 1 alone, indicating
that the star peptide improved the potency of compound 1 by
5-fold. Further, when star polymer C delivered 3.33 μM of
compound 2, the GI% showed a 2-fold increase in cytotoxicity
over compound 1 alone (P = 0.0001). Note: star polymer B
(nanoparticle without hsp90 inhibitor) is completely nontoxic
(Figure S13, Supporting Information). These data show that
the nanoparticle delivery vehicle coupled to compound 2 is
more potent than 1 alone, and the improved potency must be
due to better cellular uptake of star polymer C compared to the
hydrophobic compound 1.
To verify that the release of compound 2 (hsp90 inhibitor)

from our star polymer C was pH dependent, drug release was
monitored under three different pH ranges: pH = 7.4, 5.5, and
2. We monitored the release of the drug using LC−MS and
confirmed its weight by mass spectrometry (Figures 2 and

S11A-C, Supporting Information). The data in Figure 2 shows
the release of compound 2 over time. At pH 7.4
(corresponding to physiologic pH), 20% of compound 2 was
released from the polymer after 24 h, and ∼25% was released
after 72 h. In contrast, at pH 5.5 (corresponding to the pH of
an endosome),43 50% and 80% of compound 2 was released
from the polymer at 24 and 72 h, respectively. At pH 2, the
release was ∼95% in 36 h. These data prove that our
compound is rapidly released, and they suggest that the
maximum release is 80% at pH 5.5, which is typical for
endosomal environments.

Table 1. Percent Growth Inhibition Values (GI%) of Compounds 1 and C in HCT-116 (Colon Cancer Cells)a

17AAG 100 μM 1 5 μM B 10 μM C 1.16 μM C 3.33 μM

GI % 34 ± 1% 32 ± 4% 0% 31 ± 4% 64 ± 4%
aExperiments were performed in quadruplicate. The average growth inhibition values and the corresponding standard errors of the mean are
reported for each treatment condition.

Figure 2. Cumulative release of compound 2 from the 2-loaded
polymer (C).
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To verify the cell permeation ability of polymer C particles, a
fluorescently tagged molecule was synthesized. Star polymer C
was chemically conjugated to fluorescein−isothiocyanate
(FITC) to form star polymer D (Scheme 1). We conjugated
compound 2, polymer B, and FITC in a 1:100:4 ratio. Using
fluorescence microscopy, we investigated the morphology of
HCT116 cells treated with media alone, a fluorescent
carbocyanine dye (Vybrant Dio dye), or star polymer D.
HCT116 cells treated with polymer D emitted light in the
500−550 nm range, which was similar to cells treated with the
control dye (Figure 3, compare images 2 and 3). Star polymer

D staining was localized to the intracellular space and the
nucleus (Figure 3, image 3). These data indicate that star
polymer D permeated HCT116 cells and that their localization
was diffusely spread throughout the cell and nucleus.
We have previously reported that compound 1 induces

caspase 3-dependent apoptosis.21 To verify that star polymer C
inhibits cell proliferation by the same mechanism, we examined
cellular morphology, expression of early/intermediate apoptotic
markers, and caspase 3/7 activation in treated cells. Cell
rounding and DNA condensation was observed as early as 24 h
following treatment with compound 1 (5 μM) or star polymer
C (5 μM = 1.16 μM loading of compound 2) (Figure 4A,B,
yellow arrows). After 48 h, star polymer C treated cells stained
positive for phosphatidylserine (PS)-bound Annexin A5 (or
Annexin V; Figure 4C−F). PS is presented on the outer leaflet
of the plasma membrane during the early and intermediate
stages of apoptosis, and labeled annexin V can be used as a
probe for PS due to its high binding affinity for the
aminophospholipid.44,45

To determine whether the caspase 3-dependent apoptotic
pathway was activated by star polymer C, we used a
commercially available kit to measure caspase 3/7 activation
in treated cells. After 48 h of treatment, both the hsp90
inhibitor 17-allylamino-17-demethoxygeldanamycin (17-AAG)
and compound 1 induce caspase 3/7 activation by 10-fold and
6-fold, respectively, above DMSO-treated cells (Figure 4G).
Similar to compound 1, treatment with star polymer C induced
caspase 3/7 activation in treated cells by 5-fold above the
control or star polymer alone (B). Together these data confirm
that star polymer C induces apoptosis through a caspase 3-
dependent mechanism, which is the same as the parent
compound.
In conclusion, our novel hsp90 inhibitor, compound 1, was

successfully conjugated to the star polymer B and was
effectively delivered to cells using this nanoparticle (star
polymer C). We verified that star polymer C is cytotoxic to a
colon cancer cell line, that the manner of drug release from the
polymer is pH-dependent, and that localization of the polymers

following cell entry is diffuse (using star polymer D). Further,
like the parent compound, we showed that star polymer C
induces apoptosis by a caspase 3-dependent pathway.
Compound 1 is an ideal molecule for advancement into
preclinical studies given its unique mechanism of action on

Figure 3. Star polymer D permeates HCT-116 cells. Cells were treated
for 24 h with media alone (no treatment; negative control), 25 μM star
polymer D, or for 30 min with Vybrant Dio V22886 carbocyanine dye
(FITC Cell Dye; 30 nM; positive control). A representative figure is
shown for each treatment group, and white bars indicate 10 μm.

Figure 4. Star polymer C induces apoptosis in HCT-116 cells. (A,B)
HCT116 cells were treated (24 h) with compound 1 (5 uM) or star
polymer C (5 μM = 1.16 μM of compound 2). Cells are stained for
DNA (DAPI) and cell lipids (FITC). Yellow arrows indicate DNA
condensation. White bars indicate 10 μm. (C−F) HCT116 cells
treated for 48 h with media (C,E) or with star polymer C (D,F). Cells
were labeled with 6-carboxyfluorescein diacetate (6-CFDA) to show
cell viability (C,D) and with Annexin V-Cy3 (E,F) to indicate
apoptotic cells. White arrows point to a cell with a condensed nucleus
and Annexin V-positive staining. White bars indicate 10 μm. (G)
Caspase 3/7 activity in HCT116 cells treated for 48 h with the hsp90
inhibitor 17-AAG (100 nM), compound 1 (5 uM), star polymer C (5
μM = 1.16 μM of compound 2), or star polymer B (5 uM).
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hsp90. These studies have shown that we can deliver this
molecule effectively and increase its cytotoxicity over the parent
compound. Given that star polymers are nontoxic and stable,
they reliably enter cells, they consistently release their drug, and
the drug payload is easy to calculate, this system is now ready
for testing in small animal models.
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