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ABSTRACT: Inhibition of the heat shock proteins (HSPs)
has been considered to be one of the promising strategies for
cancer treatment. However, developing highly effective HSP
inhibitors remains a challenge. Recent studies on the
evolutionarily distinct functions between intracellular and
extracellular HSPs (eHSPs) trigger a new direction with
eHSPs as chemotherapeutic targets. Herein, the first
engineered eHSP nanoinhibitor with high effectiveness is
reported. The zinc−aspartic acid nanofibers have specific
binding ability to eHSP90, which induces a decrease in the
level of the tumor marker-gelatinases, consequently resulting
in downregulation of the tumor-promoting inflammation nuclear factor-kappa B signaling, and finally inhibiting cancer cell
proliferation, migration, and invasion; while they are harmless to normal cells. Our findings highlight the potential for cancer
treatment by altering the key determinants that shape its ability to adapt and evolve using novel nanomaterials.
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Instead of focusing on the tumor itself, cancer treatment
would be achieved most effectively by altering the key

determinants that shape its ability to adapt and evolve. Given
that the increased expression of molecular chaperones can
facilitate survival of tumor cells in their stressful microenviron-
ment and allow tumor cells to tolerate mutation of signaling
molecules,1 pharmacological modulation of the molecular
chaperone function is regarded as a promising chemo-
therapeutic.2 Among the chaperones, the 90 kDa heat shock
protein (HSP90) is unique because it is required for biogenesis
of most proteins that have been linked to almost all hallmarks
of cancer, one of the best choices in chaperone inhibition.3,4

Many inhibitors have been developed to target HSP90,5,6 but
none of them has been approved so far for cancer treatment.7

The failure is mainly considered as ignorance of the
evolutionarily distinct functions of intracellular and extracellular
HSP90 (eHSP90) in cancer progression. Compared to the
chaperone activity of intracellular HSP90, eHSP90 can act as an
accessory protein to bind and activate cell surface receptors or
secreted proteins, subsequently initiate outside-in signaling
events and finally promote cancer progression.8 Hence,
nondiscriminative targeting both intracellular and extracellular
HSP90 makes the inhibitors inefficient.9−11 Furthermore, the
membrane-permeable inhibitors of HSP90 have prohibitive
side-effects because of the impairment of normal cellular
functions.10,11 All these studies trigger a new direction for
developing eHSP90 as a chemotherapeutic target.12−14

With the development of nanoscience, there has been great
progress in the field of nanomedicine for cancer treatment,
especially for applications of nanomaterials.15,16 It is reported
that nanomaterials can bind biological molecules with high
capacity and affinity.17,18 In addition, the composition, size, and
shape of the nanomaterial can be finely controlled.16,19−21

Herein, we propose that zinc−aspartic acid (Zn-Asp)
nanofibers (NFs) as the first nanoplatform can strongly interact
with eHSP90 to inhibit malignant characteristics of cancer cell.
It is based on three features of this material: (I) zinc ions are
required for HSP90 activity.22 (II) Zinc ions and amino acids as
essential elements and building units in human body have good
biocompatibility.23,24 (III) The NFs with the average axial
dimension several times bigger than the general size of human
cells can be retained in the extracellular environment.25 Our
well-designed Zn-Asp NFs can specifically bind eHSP90
constitutively secreted from the cancer cell, which results in
downregulation of the tumor-promoting inflammation nuclear
factor-kappa B (NF-κB) outside-in signaling, and finally inhibits
cancer cell proliferation, migration, and invasion; while they are
harmless to the normal cell from which no eHSP90 is secreted
(Scheme 1).
The D-/L-(Zn-Asp) NFs were synthesized through aqueous/

organic interfacial polymerization of D-/L-aspartic acid with zinc
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ions under ambient conditions. Based on the coordination
ability of carboxyl and amino groups from Asp to zinc metal
ions, the sodium Asp in the ethanol and Zn(II) ions in the
aqueous phase start to polymerize at the interface and grow
oriented along the diffusion direction to form the Zn-Asp
NFs.26,27 The NFs are highly uniform with sub-100 nm in
diameter and over 30 μm in length (Figure1a and Figure S1 in

Supporting Information). Compared with the pure D-/L-Asp
that showed a circular dichroism (CD) peak at around 200 nm
(Figure 1b), two additional CD (Figure 1c) and UV−vis
(Figure S2) absorption peaks of the D-/L-(Zn-Asp) NFs at
about 250 and 300 nm were attributed to the ligand (carboxyl
and amino group)-to-metal charge-transfer transition of the
coordination polymer, indicating that the coordinative
interaction of the chiral ligand Asp with zinc ions can induce
novel chirality of the compound.28 It is reported that the
cellular response to nanomaterials is chirality-dependent,29 so
the possible different biochemical effects of D- and L-(Zn-Asp)
NFs on cancer cell were also investigated in our experiment.
To evaluate the inhibitory capability of the Zn-Asp NFs on

the viability in the cancer cell proliferation, the Cell Counting
Kit-8 (CCK-8) assay was performed. A549 (human lung

carcinoma cell line) was chosen as a cancer cell model because
it can overexpress and constitutively secrete HSP90. Consid-
ering that serum starvation can increase secretion of the tumor
associated proteins, the cell viability was first determined under
1% fetal bovine serum (FBS) condition. After 24 h incubation
with the D-/L-(Zn-Asp) NFs in a dose of 100 μg mL−1, the cell
viability decreased by 27 and 25%, respectively (Figure 2a).

When the concentration was increased to 200 μg mL−1, the D-/
L-(Zn-Asp) NFs could cause 61 and 44% inhibition in the cell
viability, respectively. Furthermore, a decrease in the inhibition
of cell viability was found in the two control experiments
(increasing the FBS concentration in the culture medium and
blocking the binding sites of the NFs by FBS), indicating that
the amount of the cancer-associated proteins bound on the NFs
decreased after surplus FBS adsorbed. In contrast, the D-/L-
(Zn-Asp) NFs have little inhibitory effect on the viability in the
normal cell proliferation (human fetal lung fibroblast cells,
MRC-5, Figure S3). The above results demonstrate that the
Zn-Asp NFs effectively inhibit the tumor cell proliferation while
harmless to normal cells, and the inhibitory effect is due to
binding of the tumor-associated proteins on the NFs.
Next, a series of experiments were performed to identify the

specific tumor-associated proteins in the extracellular environ-
ment that determine the above inhibitory effect of the Zn-Asp
NFs on cancer cells. HSP90 was first verified as the protein that
specifically bound on the NFs in the cell culture medium by
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (Figure S4, Table S1). To
further confirm this result, the binding between the NFs and
the purified recombinant HSP90 protein at different concen-
trations was tested. The SDS-PAGE analysis showed that the
proteins bound on the NFs increased with increasing
concentration of HSP90 (Figure 3a), and the quantitative
analysis of the Commassie Brilliant Blue (CBB) staining
intensity of the protein band was summarized in Figure 3b with
the D- and L-(Zn-Asp) NFs displaying a similar binding ability.
Dominating amount and much stronger binding ability of
HSP90 to the NFs compared to other HSPs in the affinity
chromatography assay prove that HSP90 is the core protein of
the multicomponent chaperone machinery (Figure S5). The

Scheme 1. Zn-Asp Nanofiber Can Specifically Bind eHSP90,
Leading to Downregulation of the NF-κB Outside-in
Signaling, and Finally Inhibiting Cancer Cell Proliferation,
Migration, and Invasion; while They Are Harmless to the
Normal Cell from Which No eHSP90 Is Secreteda

a“⊥” represents inhibition, and “N” is the nucleus of the cell.

Figure 1. (a) Schematic diagram illustrates the coordinative
polymerization of the Zn-Asp nanofiber. The large-scale and high-
resolution scanning electron microscope images of the Zn-Asp
nanofiber (bottom, right). CD spectra of (b) D- and L-Asp and (c)
D- and L-(Zn-Asp) NFs.

Figure 2. A549 cells were incubated with the D-/L-(Zn-Asp) NFs at
the concentration of 100 (D-/L-100) and 200 (D-/L-200) μg mL−1 and
the FBS-blocked NFs at the concentration of 100/200 μg mL−1 in the
Dulbecco’s modified Eagle’s medium supplement with (a) 1% and (b)
10% FBS, respectively. After 24 h, the cell viability was assayed by the
CCK-8 assay. The results are means ± standard error of the mean
(S.E.M.) for biological replicates (n = 5).
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binding of HSP90 to the NFs and subsequent decrease of the
extracellular level of the tumor marker-gelatinases (Figure S6)
are responsible for the inhibitory effect on the cancer cell
proliferation.
HSP90 plays a critical role extracellularly in cancer

progression, especially in promotion of cancer cell migration
and invasion.30 Since the Zn-Asp NFs might affect the activity
of eHSP90, their influence on cancer cell migration and
invasion was evaluated. Both D- and L-(Zn-Asp) NFs reduced
the cell migration by nearly 54% after 24 h incubation at the
concentration of 200 μg mL−1 in the scratch-wound assay
(Figure 3c). The cell invasion was inhibited 43, 78, 22, and 74%
(Figure 3d) compared with the control group, respectively,
after incubating A549 cells with the D-/L-(Zn-Asp) NFs at
different concentrations (100 and 200 μg mL−1) for 24 h in the
transwell assay. These results indicate that the NFs can inhibit
eHSP90 associated cell migration and invasion.
The secreted HSP90 can accelerate activation of NF-κB

signaling to promote cancer progression.31 In NF-κB signaling,
IκBα protein is rapidly phosphorylated by IκB kinases (IKKα,
IKKβ, and IKKγ), then the phosphorylated IκBα (Ser32/S36)
is ubiquitinated and degraded, which allows NF-κB (p50/p52-
p65 dimer) to enter the nucleus where it regulates the
oncogene expression (Figure 4a).32 Consequently, the effect of
the binding between eHSP90 and the Zn-Asp NFs on NF-κB
signaling was investigated at two different levels. At the gene
level, the expression of NF-κB-related genes was detected using
the real-time polymerase chain reaction (real-time PCR). The
data demonstrate that the incubation of NFs can induce
downregulation of the gene expression levels of IκBα, p50, and
p52, and may downregulate p65 (Figure 4b). At the protein

level, the site-specific phosphorylation level of the NF-κB
signaling components was determined by Western blot. The
data showed that the protein levels of phospho-IKKα/β
(Ser176/180), phospho-IκBα (Ser32), and phospho-p65
(Ser536) significantly decreased after incubation with the
NFs, while the total levels of IKKα, IKKβ, IκBα, and p65 did
not change (Figure 4c). Taken together, the decrease in the
mRNA and phosphorylation levels of the NF-κB components
display that incubation of the NFs can downregulate NF-κB
signaling, which leads to inhibition of cancer cell migration and
invasion. Although both D- and L-(Zn-Asp) NFs can decrease
the mRNA and phosphorylation level of NF-κB, the magnitude
of the decrease varies in some extent.
NF-κB signaling can regulate autophagic response, which

might lead to cancer suppression,33 and the data from Western
blot and biological transmission electron microscope tests
revealed that both D- and L-(Zn-Asp) NFs could induce an
autophagic response (Figures S7 and S8). In addition, the
autophagic vacuoles contained some membrane-like structure
instead of the long fibrous morphology of the Zn-Asp NFs
(Figure S7c). Meanwhile, the result of the intracellular zinc ions
assay demonstrates that the NFs perform their inhibitory effect
on cancer cells in extracellular environment without entering
cells (Figure S9). Otherwise, only trace amount of zinc ions
released from the Zn-Asp NFs into the PBS was detected
(Figure S10), indicating that the NFs could basically maintain
the structural stability during the period of experiment.
Our results show that the D-/L-(Zn-Asp) NFs retained in the

extracellular environment can specifically bind eHSP90, which

Figure 3. (a) Binding activity of the D-/L-(Zn-Asp) NFs to HSP90 was
analyzed by SDS-PAGE and CBB staining. (b) Normalized protein
abundance profile of the D-/L-(Zn-Asp). Relative values normalized to
the maximum amount (set to 1) across concentration points for
HSP90 are shown. (c) Cell migration of the untreated A549 cells and
the A549 cells incubated with the D-/L-(Zn-Asp) NFs at the
concentration of 200 μg mL−1 for 24 h were compared in the
scratch-wound assay. (d) Cell invasion of the untreated A549 cells and
the A549 cells incubated with the D-/L-(Zn-Asp) NFs at the
concentrations of 100/200 μg mL−1 for 24 h were compared in the
transwell assay. The results are means ± SEM for biological replicates
(n = 5).

Figure 4. (a) Schematic diagram illustrates the NF-κB signaling
pathway. (b) A549 cells were incubated with the D-/L-(Zn-Asp) NFs at
the concentration of 200 μg mL−1 for 24 h, respectively. The mRNA
expression levels of the NF-κB related genes were analyzed by real-
time PCR. (c) A549 cells were incubated with the D-/L-(Zn-Asp) NFs
at the concentration of 100/200 μg mL−1 for 24 h. The total and
phosphorylated levels of the NF-κB related proteins (IKKα, IKKβ,
IκBα, and p65) were tested by Western blot. The constitutively
expressed GAPDH served as a loading control.
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induces decrease in the level of gelatinases, resulting in
downregulation of NF-κB signaling and formation of
autophagy, finally inhibiting cancer cell proliferation, migration,
and invasion. The binding between the NFs and eHSP90,
which contributes to the inhibitory effect, is mainly determined
by the amount of zinc ions on the NFs. Furthermore, the amino
acid moiety of the NFs could form hydrogen bond with the
eHSP90, which might enhance the binding interaction,34 and
the intensity of the hydrogen bonds between chiral NFs and
eHSP90 can be different considering the different spatial
arrangements of the functional groups (the uncoordinated
carboxyl and amine group of chiral Asp) on the surface of the
two kinds of NFs.35 Therefore, the binding between D-/L-(Zn-
Asp) NFs and eHSP90 are not exactly the same, resulting in a
slight difference in their inhibitory ability toward cancer cells
proliferation, invasion, and NF-κB signaling. In addition, it has
been reported that NFs can be used in vivo for cancer therapy
by implantation or local injection,36,37 and inhibition of
eHSP90 has revealed antimigratory activity in melanoma and
breast cancer.38 The biodegradation result (Figure S11)
demonstrates that the NFs can partly degrade after incubation
for a long time, which might induce a zinc(II)-related
inflammation response. Therefore, further improvement of
the stability of the NFs by optimizing the composition,
morphology, size, etc., will benefit the future clinical
application. This approach opens up great opportunities for
developing novel inhibitors for cancer treatment.
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