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We have developed the first chondroitin sulfate polymer coated
gold nanoparticles that can simultaneously overcome mulidrug
resistance in cancer cells and suppress thromboinflammation
triggered by the chemotherapeutic drug.

Despite advances
thromboembolism, sepsis or drug resistance mediated relapse

in cancer treatment, infection, venous
are the prominent cause of mortality among cancer patients.1
The root causes for such events are platelets and leukocytes
depletion, coagulation
systems2 or gradual cancer cell acquisition of cell-surface p-
glycoprotein (Pgp), a drug efflux pump, which is encoded by
drug resistant gene (MDR1).> The most common
strategies to overcome these challenges are using anti-

activation of complement and/or

multi

inflammatory drugs (corticosteroids, dexamethasone etc.),4
platelet transfusion after each cycle of chemotherapy,5 using
inhibitors of Pgp or knocking down Pgp expression using short
interfering RNA or SiRNA*® or covalently conjugated drug
nanoformulations.” However a simple, cost-effective and

stable drug delivery system (DDS), which can achieve all the

above-mentioned challenges is highly sought-after for
anticancer therapy.
In this communication, we present hemocompatible

chondroitin sulfate (CS) coated gold nanoparticles (NPs) to
deliver antineoplastic drug doxorubicin (DOX) to cancer cells
including MDR1 gene expressing DOX resistant cancer cells.
Unlike other nanocarriers, which focus on targeted delivery,8
gold nanoparticles are emerging as a promising agents for
anticancer therapy as it functions as a contrast agent,
photothermal agent, and radiosensitizer’ in addition to a drug
delivery agent.10 Our choice of using CS for fabricating gold
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nanoparticles is based on our previous observation th=*
nanomaterials and bulk hydrogels derived from extracellu.a.
and cs™ impart
unique biological function. We have therefore utilized suc .
materials for and drug delive:
applications.14

. . .11
matrix components such as hyaluronic acid

. . 13
regenerative medicine
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Figure 1. (A) Scheme for the synthe5|s of CS-DTPH. (B) Schematic representatic
of CS-Au-NP synthesis from 3,3’-dithiobis(propanoic hydrazide) modified CS.

To design CS coated NPs, we first synthesized CS derivativ.
We
envisioned that disulfide groups would co-ordinate gold (Au®

bearing a disulfide group and free hydrazide unit.

while free hydrazide moiety could be used as a handle fcr
conjugating drug molecules. For this purpose, we modified (S
with 10% hydrazide group using 3,3’-dithiobis(propanoic
hydrazide) or DTPH following carbodiimide coupling chemist v
(Figure 1). This modifie a
CS function both as a reducing agent and as a surface-cappir.g
agent for the gold NP preparation. To design gold NP of tf .
desired size we tested different ratios of HAuCl, and CS-DTP.

at 40 °C. After careful evaluation, a ratio of 3 molar equivale ts
of CS-DTPH (with respect to disaccharide units) and 1 m lar
equivalents of HAuCl; was chosen, resulting in particles wiu

. .. . 15
as previously optimized in our group

average size of 80 nm and a narrow size distribution and ' >
observed by dynamic light scattering (DLS) (Table S1 .
Supporting Information or Sl). Interestingly, the lyophilizatic

and re-dispersion of particles in water delivered uniforr.
particles with an average size of 98 nm. This suggests the
there is no significant aggregation of the particles as a result « ~
lyophilization procedure (Figure 2A). We termed this CS coc*~ '
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NPs as CS-Au-NP. The free hydrazide residue of CS-Au-NP was
utilized for conjugating a clinically used anticancer drug DOX
via acid-labile hydrazone linkage at C-13 position as previously
reported.14 Such a drug conjugation strategy would facilitate
selective release of the drug at the acidic tumor
microenvironment. The DOX conjugated CS-Au-NP was termed
as CS-Au-DOX, which was extensively dialyzed and stored as
lyophilized material. Re-dispersion of this material in water
resulted in NPs of =80 nm size by DLS measurement (Figure
2B). The polyanionic coating of these particles was also
confirmed by the zeta potential ({) measurements, which
showed a negative { for CS-Au-NP and CS-Au-DOX to -52.7 and
-56.8 respectively (Figure 2C and 2D).
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Figure 2. (A,B) Dynamic light scattering profile and (C, D) Zeta Potential of CS-Au-
NP and CS-Au-DOX. (C,D) UV-VIS spectra of nanoparticle before and after DOX
loading. (D) SEM image of CS-Au-NP.

The UV studies of CS-Au-NP showed an absorbance at 540 nm
and an NIR absorbance at longer wavelength (~1000 nm,
Figure 3A). This NIR plasmon absorption may be advantageous
for diagnostic and biomedical applications as living tissues
show minimum absorption at this wavelength. The UV studies
of CS-Au-DOX revealed that, upon DOX conjugation and
lyophilization, the planar species got disrupted and the NIR
absorbance shifted from ~1000 nm to ~750nm (Figure 3A). The
reduction in size upon DOX conjugation of CS-Au-NP (from 98
nm to 80 nm, as observed by DLS measurement) could be
attributed to this effect. The DOX loading in these particles
was estimated to be 6.27 weight% by UV spectroscopy, which
corresponds to 62.7% drug loading efficiency relative to the
feed ratio.
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Figure 3. (A) UV-VIS spectra of nanoparticle before and after DOX loading (B)
SEM image of CS-Au-NP. (C, D) TEM image of CS-Au-NP and CS-Au-DOX.
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Interestingly, the scanning electron microscopy (SEM) analy: >
of re-dispersed NPs showed predominantly triangular shaf -
with some smaller spherical particles (Figure 3B). We do n:
know the cause for the anisotropic growth of the Au-NT °
presence of CS-DTPH. The TEM analysis of CS-Au-NP and C. -
Au-DOX did not show any significant differences (Figure 3C
3D). The 'H NMR analysis of CS-Au-NP demonstrated a
chemical shift § = 3.19 ppm for methylene —CH,S— protons in
Au-NP, which is nearly 0.2-0.4 ppm downfield as compared ' >
that of CS-DTPH (6 = 3.01 ppm) or thiol modified C>
respectively (CS-SH; 6 = 2.81 ppm; H, in Figure 3). The splitting
pattern of this methylene proton also resolved to a shaip
triplet with coupling constant J = 7.3 Hz, which is considerab ,
different from CS-SH (Figure 4C). This NMR pattern
consistent with the reported literature'® and implies that &
the disulfide groups are effectively complexed to the go.!
surface. Of note, native CS did not form NPs under
optimized condition, albeit, in the presence of reducing
agents.17
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Figure 4. (A) 1H NMR spectrum of CS-DTPH, (B) CS-Au-NP, and (C) CS-SH in D20
at 25 °C.

We further evaluated the stability of CS-Au-NP in phosphate
buffer saline (PBS) at pH 5.0, pH 7.4 and PBS pH 7.4 containing
20% fetal bovine serum (FBS) for 72 h (Figure S1 and Table £~
in SI). Under these conditions, the size of the NPs also did nc"
change even after 72 h incubation at 25 °C. This demonstrate -
that polyanionic coating of gold surface enhances NP stabilityv
even in presence of serum and NaCl (140 mM) (Table S2 in SI).
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Figure 5. Release kinetics of DOX from CS-Au-DOX at pH 5.0 and pH 7.4 at 37 °C
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In order to elucidate pH responsive drug release, we
performed the DOX release experiment following dialysis
method at physiological pH (pH 7.4) and at lysosomal pH (pH
5) for 72 h at 37 °C to mimic the in vivo scenario. Indeed, CS-
Au-DOX showed only 13% DOX release in 72h with near zero-
order kinetics at pH 7.4, while 56% was released at lysosomal

pH (Figure 4).

Figure 6. CLSM images of intracellular DOX localization with (A) free DOX or (B)
CS-Au-DOX in HCT116 cells, after 4 h incubation. The panel images from left to

right show DOX fluorescence in cells (red), cell nuclei stained by DAPI (blue), and
overlays of two images.

We further performed cytotoxicity studies of DOX and CS-Au-
DOX in human colon carcinoma cell lines HCT116, GP5D,
human ovarian carcinoma cell line A2780 and its DOX resistant
variant A2780-Adr, expressing high Pgp levels (Figure S2 in Sl).
The cytotoxic evaluations were performed using ApoTox-Glo™
Triplex Assay. We utilized this assay to estimate the inhibition
coefficient with 50% cell death (ICso) upon CS-Au-DOX and free
DOX treatment. Surprisingly, these experiments revealed that
CS-Au-DOX were more toxic than free drug in all cell lines
tested (Table 1 and Figure S3 in SI).

Table 1. Cytotoxicity study in different mammalian cell lines

Cell Lines DOX CS-Au-DOX Fold
IC50 (nM)* 1C50 (nM)° Increase in
activityb
GP5D 156.30 125.60 1.24
HCT116 218.77 165.95 1.32
A2780 204.17 67.29 3.08
A2780- 1288.25 67.29 19.14
Adr

®50% inhibition coefficient in nanomolar concentrations; “fold increase in

cytotoxicity with respect to doxorubicin

Gratifyingly, we observed significantly higher toxicity (=19-
folds) in DOX resistant A2780-Adr cells as compared to free
DOX. Notably, the ICsq values of DOX and CS-Au-DOX were
identical in both A2780 and A2780-Adr cell lines. This indicates
that our NP formulation could overcome the effects of drug-
efflux pump, making them ideal candidate for treating MDR1
expressing tumor. The CS-Au-NP did not show any cytotoxicity
under these concentrations (data not shown). We also

This journal is © The Royal Society of Chemistry 20xx
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corroborated our toxicity results using confocal laser scann. 3
microscope (CLSM) in HCT116 cells. The confocal imags .,
clearly showed that CS-Au-DOX is efficiently internalized ar
translocated into the nucleus of HCT116 cells (Figure 6).
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Figure 7. (A) Platelet count, (B) thrombin-antithrombin complex levels, (C) FXlla-
antithrombin complex levels, (D) FXla-antithrombin complex levels in presence
of DOX, CS-Au-DOX and CS-Au-NP.

Chemotherapeutic agents and nanoparticles are general

evaluated in immune compromised mice assuming that th -
cytotoxic drugs are generally immunosuppressive.18 Reca' +
evidence on NP-blood interaction studies revealed that severa!
NPs by themselves trigger coagulation and compleme: t
activation, which in turn activates tumor growth.lg”20 Since
mice and humans have significant differences in the innate ar i
adaptive immunity,21 an ex-vivo human based system is greatly
needed to screen the efficacy of drugs in humans. W 2
performed hematological studies of DOX and CS-Au-DOX using
the ex-vivo Chandler loop model with some modifications. -
The tubings and the materials used in this experiments were
coated with heparin, such that it mimics the endothelial w="

of our blood vessel. The walls of our blood vessel are coverc ’
with a film of heparan sulphate, the glycocalyx; a heparin-like
molecule, that protects the streaming blood from clotting. This
technique allows us to test NPs and drugs in contact wiin
blood without using any anticoagulant that could skew tt =
results during testing. We evaluated the platelet aggregation
and activation of the inflammatory response by the enzym -
linked immunosorbent assay (ELISA) using fresh no -
anticoagulated human whole blood. We observed a marke ..
drop in platelet count and macroscopic clotting when bloc .
was incubated with 60 pM DOX for 60 min at 37 °u

Conversely, such adverse effect was absent in CS-Au-DOX
group (with 60 uM equivalent DOX) or CS-Au-NP. This indic tes
that DOX induced acute platelet toxicity, which is suggested o
induce thrombocytopenia in DOX treated patients,23 could t -
circumvented nanoformulations (Figure 74 .
Thereafter, we measured thrombin-antithrombin (TA™
complex formation, of coagulatic

activation. TAT levels are unregulated in most cancer patien.

such as in acute lymphatic leukemia patients.24 In or

experiments, we observed that DOX significantly triggered +h--

using our

which is a marker
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coagulation parameter (TAT complex), which was markedly
attenuated in presence of CS-Au-DOX. (Figure 7B).

To further probe the role of DOX and nanocarrier for activation
of blood clotting, we measured Factor XIl (FXIl) and Factor Xl
(FX1), the key regulators of this activation (Figure 7C, 7D).
Antithrombin (AT) and Cl-inhibitor (C1INH) are the most
important inhibitors that form complexes with FXIl and FXI.
The formation of FXlla-AT complex and FXla-AT complex is
believed to be specific for clotting and fibrin generation,
whereas FXlla-C1lINH complex and FXla-C1lINH complex are
indicative of material-induced blood clotting.25 We measured
FXlla-AT, FXla-AT, FXlla-C1INH and FXla-C1INH complex levels
in presence of free DOX and CS-Au-DOX. These experiments
revealed that DOX itself increases FXlla-AT and FXla-AT levels
which is negated by CS-Au-DOX (Figure 7C, 7D). Negligible
levels of FXlla-C1lINH and FXla-C1INH were detected in all
samples (data not shown). Hence, free DOX have detrimental
effect on platelets and also trigger coagulation cascade, which
can be prevented using our NP formulation strategy. Since
thrombotic complication occurs in =50% of cancer patients
undergoing chemotherapy,26 and typically ovarian cancer
patients experience disease relapse within 2 years of the initial
chemotherapy,27 our findings will open new avenues for
developing innocuous DDS for such tumours with minimal side
effects. Our Au-NP design is simple, scalable, and storable as a
lyophilized material, which are essential criteria for any drug
formulations.
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