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Abstract:

Cisplatin, albeit bright in clinics, is seriously perplexed by systemic side effects. Consequently, the
stimuli-sensitive Pt(IV) pro-drug was synthesized and tethered to ethylenediamine modified hyaluronic
acid to form tumor-targeting HA-EDA-Pt(IV) nanoconjugate with reduced adverse reactions and
enhanced efficacy. The nanoconjugate with adjustable Pt(IVV) segments possessed satisfactory size and
potential, exhibited sphericity in shape and released platinum species sustainedly. Cell experiments
confirmed that nanoscale conjugates selectively recognized HA receptor, effectively penetrated cell
membrane and were finally reduced to active forms with persistent antitumor activity. Toxicological
evaluation suggested that the nanomedicine significantly alleviated noxious effects. Alterations of
pharmacokinetic profiles and parameters implied in vivo behavioral discrepancy after conjugation.
Polymer-drug conjugates improved life quality of mice bearing melanoma, prolonged survival,
minimized organ toxicity and body weight loss. Favorable tumor-targeting effect was also verified by
tissue distribution and in vivo imaging analysis. HA-EDA-Pt(IV) nanoconjugate is expected to
overcome the bottleneck of present platinum drugs and holds great potential in clinical application for
cancer therapy.

Introduction
It has been 169 years since cisplatin was first reported . Some 50 years later, Alfred Werner, won the
Nobel Prize in Chemistry, correctly proposed its square planar configuration by his theory of coordination
chemistry. As a DNA intercalator, cisplatin has entered into worldwide clinical use due to its broad
antitumor activity. Nevertheless, serious side effects including dose limiting nephrotoxicity, neurotoxicity,
myelosuppression, anaphylaxis and emetogenicity narrow its major advancements in oncology, another
noticeable hurdle covers acquired or intrinsic resistance of tumors 3,

In order to overcome these inherent deficiencies, thousands of platinum complexes have been
prepared. Of particular noteworthiness are octahedrally coordinated platinum(1V) with two axial leaving
ligands, which could fulfill the mission of cancer curing after reduction *. Platinum(IV) retained their + I\

valence in blood circulation due to the rapid enzymatic degradation of reducing biomolecules, but could



convert to platinum(ll) inside cells where a relatively higher redox potential was always maintained,
thereby attaining specific antitumor efficacy with slight side effects. Based on literatures, platinum(lV)
with carboxylate ligands have proper reduction potentials (-0.49 V at pH 7.4; -0.42 V at pH 6.0) to
manoeuvre antineoplastic activity and seem to be good candidates for platinum-based pro-drugs * .
Moreover, the carboxylate ligand coordinating with the central platinum ion to weaken its reactivity
provides a reactive group to be decorated.

Polymer-drug conjugates that benefit the protection and delivery of platinum(lV) preferentially
distribute in cancerous tissue via enhanced permeability and retention (EPR) effect "8, For instance, when
conjugated to amphiphilic tri-block copolymer, platinum(lV) showed reduced systemic toxicity,
prolonged blood circulation as well as enhanced antitumor efficacy °. Generally, polymer-drug conjugates
enter into cancer cells by bulk endocytosis with limited efficacy, while conjugates of tumor interacting
moieties and platinum(1V) could further amplify specificity of those pro-drugs *°. Chitosan nanoparticles,
linked with platinum(IV) and vasoactive peptide, had superior efficacy in enhancing drug accumulation in
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tumors ~. Mukhopadhyay et al. also successfully improved chemotherapy with platinum(lV)-peptide

conjugates by selective drug delivery *2,

Hyaluronic acid (HA), a biodegradable polyanionic
polysaccharide, was responsible for receptor-mediated endocytosis, degradation and signal transduction %,
What's more, CD44, RHAMM, HARE and LYVE-1, which were identified as HA receptor, were found
over-expressed on the surface of most malignant cells *. In our work, HA was chosen as not only a tumor
seeking, but also a biocompatible carrier, so that killed two birds with one stone.

As described in Scheme 1, Cisplatin, written as Pt(ll) if necessary, was oxidized with H,O, then
reacted with succinic anhydride to form cis,cis,trans-dichoro-hydroxyl-succinato-platinum(IV)
(abbreviated as Pt(1V) hereafter); meanwhile, HA was modified with ethylenediamine to obtain HA-EDA
with rich pendant amino groups. To manufacture HA-EDA-Pt(IVV) nanoconjugate, Pt(1VV) was linked with
HA-EDA via labile succinate amide bonds. Afterwards, a series of evaluation were conducted to
characterize physicochemical properties and antitumor efficacy of the nanoconjugate, which could
accumulate in tumor location, internalize into carcinoma cells, release Pt(1V) into cytosol for further

reduction and induce apoptosis of cancer cells 1> %,

Results and discussion

Characterization of HA-EDA-Pt(1V) nanoconjugate

As shown in Table S1 t, both HA-EDA and HA-EDA-Pt(IV) nanoconjugate presented nanoscale (~180
nm) with small polydispersity index, while the size of the later slightly increased by reason of loading of
Pt(1V), which was consistent with the results from TEM photos (Fig. S1 1) if considering the volume
contraction during sample preparation. Furthermore, the conjugation of Pt(IV) to HA-EDA occupied a
portion of side amino groups, thereby resulting in decreased zeta potential. Those could also be pieces of
evidence for successful conjugation. The drug delivery system, featured as a spherical, nano-size and
negatively charged conjugate, possesses great potential to accumulate in tumors at the leaky vasculature.

Platinum release from HA-EDA-Pt(IV) nanoconjugate

Platinum release monitored by Graphite Furnace Atomic Absorption Spectrometry (GFAAS) were carried
out at various pH and different concentrations of sodium ascorbate (NaAsc) which were used to simulate
the biological environment in blood circulation and cancer cells -8, As shown in Fig. 1(A), the platinum
release rate was significantly higher at pH 5.0 versus pH 7.4, which was presumably because that both HA
backbones and linkers between HA and Pt(IV) were easy hydrolyzed under acidic conditions. Typically,



when the platinum loading efficiency was 14.84 w/w%, 80% of the total platinum payloads could be
released within 6 h at pH 5.0, while up to 50% after 72 h at pH 7.4, thereby reflecting the pH-sensitive
hydrolysis of the nanoconjugate. Moreover, platinum release was also investigated in the presence of
NaAsc, which was usually utilized to simulate intracellular and extracellular reductive conditions, that is,
~ 5-10 mM and ~ 27-51 pM, respectively * %, Unlike Glutathione (GSH) and Dithiothreitol (DTT),
NaAsc was able to reduce Pt(1V) but did not further chelate with the reduced Pt(11) %% It is believed that
Pt(1V), as pro-drugs, are activated extra- or intra-cellularly in vivo by reduction that transforms them to
square planar Pt(11) by elimination of axial ligands %23, As shown in Fig. 1(B), higher concentration of
NaAsc led to much faster release of platinum. Besides, a burst release of platinum could also be observed
in 5 mM NaAsc group, where 50% of platinum was released within 1 h. The total amount of released
platinum, however, was no more than 50% in the case of 0.1 mM NaAsc across the whole release process
(up to 72 h). On the one hand, reductive condition plays a crucial role in the release of platinum; on the
other hand, it is responsible for the reactivation of Pt(IV) as well. The valence state will be verified in the
following section. Compare to normal cells, a much stronger reductive microenvironment in tumor cells
was widely reported 2. Hence, release and reduction for Pt(1V) could primarily take place inside target
cells, thereby resulting in lower toxicity to normal tissues. Based on these data, possible release
mechanisms of platinum species from the nanoconjugate were depicted in Fig. 1(C). Both acidic and
reductive conditions are benefit for the release of platinum. Furthermore, either conjugated or dissociated
Pt(1V) could be converted to its active form, Pt(Il), by plentiful reducing agents, such as GHS, ascorbic
acid, mercaptan, cysteine, metallothioneins (MTs) and etcetera, which exist in carcinoma cells at a higher

concentration 2 %,

Cell proliferation assay

B16-F10, Hep G2 and HEK-293 were exposed to cisplatin and HA-EDA-Pt(IV) nanoconjugate at
different doses, they were, 0, 25, 50, 75, 100, 150, 200, 300, 400 mg/L (calculated by cisplatin). HA and
carriers were also examined to evaluate the biocompatibility. The relative concentration-response curves
were plotted in Fig. 2(1). As it was expected that negligible toxicity to those mammalian cells was
observed for HA and HA-EDA across the whole tested concentrations, cisplatin was probably considered
the culprit in inducing cell death. Nevertheless, conjugation of Pt(IV) to HA-EDA could greatly decrease
its toxicity within 24 h. When the incubation time was extended to 48 h, HA-EDA-Pt(IV) nanoconjugate
displayed a comparable cytotoxicity to cisplatin due to sustained hypothesis and reduction inside cells.
Thus, the deferred toxicity was supposed to be a nature of HA-EDA-Pt(IVV) nanoconjugate which was
designed as a pro-drug delivery system and used at a high dose with acceptable adverse reactions %'.
HEK-293 derived from human embryonic kidney cells was selected to evaluate inherent toxicity of
platinum complexes. The nanoconjugate decreased the negative impact on cell viability to a certain extent,
even 48 h later. It can be concluded that our polymer-drug conjugates could reserve exceptional capacity
of cell-killing to target cells and minimize damage to normal cells due to the pro-drug strategy.

Cellular uptake assay

The localization of nanoscale conjugates was visualized by labelling cells with specific fluorescent probes,
TRITC, which was conjugated to HA-EDA-Pt(IVV) nanoconjugate at a fixed content of 1.03 w/w% to
minimize effect on intracellular trafficking. Since cells were thoroughly washed, the fluorescence captured
by Confocal Laser Scanning Microscopy (CLSM) was deemed to come from the nanoconjugate taken
inside cells. HA-EDA-Pt(IV)-TRITC reflected concentration-dependent uptake in both cell lines, as was



apparent in Fig. 2(2). Besides, incubation for a longer time, i.e., 24 h vs. 4 h, could also receive a higher
internalization, suggesting that there was a timing dependency. As is expected, once cells were
pre-incubated with HA for 2 h, a dramatic decrease of intracellular fluorescent density would be observed,
reflecting that HA should be the substrate involved in the receptor-mediated endocytosis. This result also
confirmed our hypothesis: HA-EDA-Pt(IV) nanoconjugate was able to target tumor cells with
over-expressed HA receptor **,

Quantitative assay of internalized platinum

Internalization into tumor cells is the key step before the compounds converting from inactive to active
form. Quantitative analysis of platinum transport was a further experiment to confirm the results from
CLSM test. In this study, cells incubated with different drugs or combinations at various concentrations
were collected at designated time points. All samples were determined and data were given as ng of Pt per
mg of protein in Fig. 1(3). Despite of cell lines and platinum drugs, internalization was time- and
concentration-dependent, which were consistent with our previous data. Also, addition of HA negatively
affected the internalization of HA-EDA-Pt(IV) nanoconjugate, but not cisplatin, reflecting HA and
HA-EDA-Pt(1V) were taken up by the same manner. It seems that the transport of polymer-drug
conjugates could have more profound effects in vivo, going hand in hand with concentration, time and HA
receptor. Interestingly, in B16-F10 cells, HA-EDA-Pt(IVV) nanoconjugate exhibited a 2 to 4 times higher
internalization than cisplatin, while it was less than 2 times for Hep G2 group. The different efficiency in
drug delivery was presumably due to the differences in cell membrane permeability and/or HA-receptor
expression of these two cell lines.

Programmed cell death

In order to further understand anti-proliferative effect of HA-EDA-Pt(1V) nanoconjugate, cell apoptosis
was evaluated and results were presented in Fig. 2(4). HA and HA-EDA were dosed at corresponding
concentrations which were equivalent to their contents in nanoconjugate samples. As is expected, carriers
showed negligible effect on programmed cell death. Importantly, as the concentration increased from 12.5
to 50 mg/L, cisplatin and HA-EDA-Pt(I1V) nanoconjugate exhibited enhanced cell apoptosis in all groups.
Furthermore, prolonging incubation time also led to increased apoptotic rates, as dissociation and
reduction are necessary steps before Pt(I1) works. Furthermore, those thiol-containing biomolecules inside
cells, such as GSH and MTs, could also inactivate divalent central Pt atoms via coordination at the initial
period 2. However, with the consumption of reducing biomolecules and high efficiency of cellular uptake,
the liberated platinum, i.e., Pt(Il), would finally induce permanent cell apoptosis. Pre-incubation with HA
lowered cellular uptake amounts of HA-EDA-Pt(IV) nanoconjugate in the first 24h, thereby leading to
slightly decreased apoptotic rate. However, as the incubation time went on, the dissociation between HA
and HA receptors would be benefit for the internalization of HA-EDA-Pt(IV) nanoconjugate and further
cell apoptosis 2°. With the help of receptor-mediated internalization, positive shift of reduction potential in
cytoplasm and acidic environment in endosome compartments, the recuperative Pt(l1) species could bind
to purine and pyrimidine bases, cause crosslinking of DNA, interfere with cell division by mitosis. The
damaged DNA elicits DNA repair mechanisms, which ultimately activate programmed cell death when
repair seems impossible.

Oxidation state of platinum species in vitro
GFAAS could measure the total platinum amount precisely but not provided further information about



those precursors, even the valence state. Thus, XPS might be an effective complement to reveal oxidation
state of platinum species °. As platinum with different valence states possessed different binding energies,
the parameters, i.e., Ptsgs2) and Ptagz/2), should be helpful for us to figure out the distribution of valence
states of platinum under different conditions. In this study, the binding energy-arbitrary counts curves
were shown in Fig. 3 and related data were collected in Table 1 in detail. Typically, the Pt,; would shift to
high binding energy as the valence state converted from + Il valence, i.e., cisplatin, to + IV valence, i.e.,
cis,cis,trans-[Pt(NH5),Cl,(OH),], Pt(IV) and HA-EDA-Pt(IV) nanoconjugate, and vice versus. lllatively,
co-existence of Pt(Il) and Pt(IV) should give four peaks. However, the nearly identical binding energy
resulted in an overlap of the peaks of Pt(I1)4f(s/2) Of Pt(IV)asz12), thus, as shown in Fig. 3(e, f, g, h), it could
be concluded that a portion of Pt(IVV) were converted to Pt(Il) after treatment with GSH, NaAsc, B16-F10
and Hep G2 for 24 h. However, two peaks of + IV valence forms in Fig. 3(i) showed up to 24-hour
stability of HA-EDA-Pt(IVV) nanoconjugate in plasma, further confirming the necessity of reductive
condition, such as microenvironment in tumor tissues, for drug release and valence state conversion. In
comparison to normal tissues, reductive and hypoxic microconditions were considered as the major
characteristics of carcinoma tissues, which were greatly benefit for the constant conversion of Pt(IV) to
Pt(11) with plentiful reducing biomolecules. Moreover, the difference in reduction potential between the
intracellular and extracellular milieu could contribute to redox-sensitive drug release and render

HA-EDA-Pt(1V) nanoconjugate promising for tumor-specific drug delivery.

Evaluation of maximum tolerated dose (MTD)

ICR mice were treated with gradient doses of platinum drugs to explore MTD, and their body weight
change and survival state were recorded in Fig. 4. Mice administrated with 8.00 mg/kg cisplatin suffered
immense weight loss (> 20%), and death cases could be found in the higher dose group (14.220 mg/kg),
which were consistent with previous studies ®. For the nanomedicine, obvious weight loss could be
observed in the two highest dose groups (814.979 and 1086.639 mg/kg), which unexpectedly started to
regain weights soon and reached their initial weights on day 9, and dose of 1086.639 mg/kg caused mice
death. Based on these data, 611.234 mg/kg was regarded as the MTD of HA-EDA-Pt(IV) nanoconjugate,
which was more than 30 fold (calculated by cisplatin) higher than that of cisplatin. Dose intensification of
cisplatin in clinical seems meaningful as it may allow patients to receive higher doses of
chemotherapeutics without severe systemic side effects.

Pharmacokinetics

Pharmacokinetic profiles were investigated between cisplatin and HA-EDA-Pt(IVV) nanoconjugate, and
data were analyzed using a Phoenix WinNonlin 6.3 Program. The results suggested that both drugs
followed a two-compartment pharmacokinetic model, based on the residual sum of squares and minimum
Akaike’s information criterion (AIC) value. What’s more, non-compartment model was also applied to
analyze change of pharmacokinetic behaviors. The plasma platinum concentration-time profiles were
illustrated in Fig. 5. Although rapid elimination of platinum from blood circulation occurred both for
cisplatin and HA-EDA-Pt(IV) nanoconjugate, curves of these preparations were apparently different in
concentration and significantly delayed release was found in polymer-drug conjugates group.
HA-EDA-Pt(IV) nanoconjugate had a longer blood retention as compared with unconjugated cisplatin.
AUC,_,;,r and MRT_,;,r of our nanoconjugate were greatly higher than those in cisplatin group, i.e., 5-
and 1.8-fold, respectively, indicating an obvious retardation in clearance. Extended blood circulation time
would greatly promote accumulation in tumors through EPR effect. Furthermore, CL and Vg decreased by



82% and 60% in the nanoconjugate group versus cisplatin group. These results could be attributable to
slight biodistribution of the nanomedicine in normal tissues as well as retention in blood circulation.
Based on traditional compartmental model, A and B increased by 1.4- and 3-fold, while both o and B
decreased to ~50% for HA-EDA-Pt(IV) nanoconjugate versus cisplatin. By contrast, the nanomedicine
approximately doubled both t;,, and ty,5, which were consistent with the sustained-release nature of
polymer-drug conjugates. After intravenously injecting the nanoconjugate, ko quartered, ki, went down
by 1.8 time, and k,; maintained at the same level, compared with cisplatin. Taking the negatively charged
surface and nanoscale size of polymer-drug conjugates, it should prefer to stay in central compartment
with prolonged retention time. HA-EDA-Pt(IV) nanoconjugate with longer circulation time could
significantly ameliorate in vivo pharmacokinetics of cisplatin. We could draw a conclusion that
bioavailability of the nanomedicine would dramatically increase.

In vivo antitumor efficacy

Owing to specific internalization pathway, enhanced tolerability, and prolonged circulation,
HA-EDA-Pt(IV) nanoconjugate might conduce to better antitumor efficacy with reduced systemic
toxicity. In this section, in vivo experiments were performed systematically in tumor-bearing mice. To
evaluate nephrotoxicity, the concentrations of two biomarkers, BUN and Scr, were measured. What’s
more, alterations of hepatic function indexes (ALT, AST, ALP) were also checked. Data were collected in
Table. 3. Mice treated with cisplatin displayed higher levels of all these parameters, especially BUN and
Scr. Considering slight increases of ALT, AST and ALP, liver function was also influenced to some
degree. These results indicate that cisplatin is much toxic and the challenge to employ it safely is to design
an appropriate drug delivery system. Mice treated with HA-EDA-Pt(IVV) nanoconjugate had moderate
alterations of ALP and Scr and down regulation of ALT, AST and BUN. Anyhow, these parameter levels
were comparable to those in control groups, i.e., physiological saline and HA-EDA, demonstrating that
it’s hard to induce severe adverse reactions after multiple dose administration of the nanoconjugate.

HA-EDA showed no effects on tumor inhibition. Inhibition rate of cisplatin group was higher
(42.19%), but there was a very significant increase in HA-EDA-Pt(IVV) nanoconjugate group (69.38%, p <
0.01). From above evaluation, the nanomedicine displayed the best antineoplastic capability among all
groups. As shown in Fig. 6(1), there was no difference in tumor sizes from mice receiving physiological
saline or HA-EDA. In contrast, tumor growth could be well restrained in mice undergoing platinum drugs,
despite cisplatin or HA-EDA-Pt(IVV) nanoconjugate, while the restraint effect of the later was much
greater.

For safety consideration, the toxicity of multiple dose administration was also investigated by
monitoring the weight change of major organs. There was no difference in the cases of lung and brain,
while significant difference was found in the weight change of heart, liver, spleen and kidney in Fig. 6(2).
Seemingly, long-term toxicity of parent drug, cisplatin, was serious for above organs. The reduced tumor
weights also validated enhanced inhibition efficacy of the nanoconjugate (0.3654 + 0.0932 g) towards
cisplatin (0.6897 *= 0.1166 g). Statistical analysis could prove that those tumors treated with the
nanomedicine are significantly smaller than others, implying that polymer-drug conjugates induce an
effective antitumor response in vivo.

To further evaluate organ toxicity, solid tissues were embedded in paraffin and stained with
hematoxylin and eosin (HE). As shown in Fig. 6(3), pathological analysis gave evidence of no
morphological change of heart and brain in all groups, even though the weight change of heart was
significant. However, varying degrees of damage to other organs, including liver, spleen, lung and kidney,



was accompanied with those receiving long-term injection of platinum drugs. Cisplatin group displayed
noticeable signals of damage to liver, with slight vacuolar degeneration. In contrast, treatment of mice
with the nanoconjugate obviously reduced the blight of liver. The structure of spleen was incomplete,
white pulp diminished and shrank, and the number of lymphocytes decreased sharply in the mice
receiving cisplatin, while those receiving the nanoconjugate exhibited alleviated symptoms. Atrophy of
most areas of lung at the early phase and alveolar collapse were observed in cisplatin group. Nevertheless,
no obvious pathological change of lung was founded in other three groups. The most important thing was
that free cisplatin at therapeutic dose induced severe nephrotoxicity, such as edema and even ballooning
degeneration of renal tubular epithelial cells from deep cortical layer to renal medulla, an increase in cell
size, cytoplasmic relaxation, exudates from glomerular capsule, much smaller glomeruli of kidney.
Whereas, the nephrotoxicity was effectively avoided in nanomedicine group, suggesting that
HA-EDA-Pt(1V) nanoconjugate was better for long-term administration.

On the premise of safety, reliable efficacy became a major concern for in vivo application of
chemotherapeutics. In Fig. 6(3), tumor cells owning large nucleuses and spherical or spindle shapes were
captured in physiological saline and HA-EDA groups, where more chromatin and binucleolates were also
visualized, revealing a rapid tumor proliferation. As estimated by average cell numbers in each
microscopic field of platinum drug groups, i.e., cisplatin and polymer-drug conjugates, the tumor
cellularity was found significant declines, which was consistent with tissue necrosis, extensive cell
shrinkage and fragmentation. Nuclear chromatin was concentrated and distributed around the edge, and
many nuclei became pyknotic and had undergone karyorrhexis or/and karyolysis. Most importantly,
HA-EDA-Pt(IV) nanoconjugate group exhibited the largest necrosis area among all groups.

The mild pathological change of major organs and critical necrosis of tumors would be the huge
vindication of the nanomedicine’s curative effect. To explore the mechanism of antineoplastic activity of
HA-EDA-Pt(IV) nanoconjugate, tumor apoptosis was further investigated. The tumor protein p53, which
was able to activate a series of DNA repair proteins when DNA had sustained damage, was analyzed by
immunohistochemistry 3. Compared with cisplatin, p53 protein increased intensively after treatment with
HA-EDA-Pt(IV) nanoconjugate, emphasizing the greater efficacy of the nanomedicine. Moreover, as
detected by TUNEL, tumor tissues from platinum drug groups, i.e., cisplatin and HA-EDA-Pt(IV)
nanoconjugate, had extensive regions of apoptotic cells, especially the ones administrated with
nano-formulation, whereas such apoptotic cells were less presented in the other two groups, i.e., saline and
HA-EDA. These data were consistent with microscopic examination. It could be demonstrated that
polymer-drug conjugates efficiently deliver bioactive drugs to tumor sites, leading to reduced cell
proliferation, increased apoptosis and then a persistent inhibition on tumor growth.

Fig. 6(4) reflected the efficacy of platinum drugs, i.e., cisplatin and nanoscale conjugates, in
prolonging the survival time of tumor-bearing mice obviously, while the later did much better.
Unfortunately, 100% animal death occurred at the first day of third week after initiating treatment of
cisplatin due to self-toxicity, all mice without receiving platinum died with two weeks. In contrast, the
nanomedicine treated animals could live for up to four weeks.

The relative tumor volumes were also recorded in Fig. 6(5) and the significantly reduced tumor
volumes demonstrated expectant inhibition efficacy of the nanomedicine. The average tumor sizes of
control groups were approximately 500-1300 mm?® two weeks later, conforming that carriers couldn’t alter
the natural progression of melanoma. Animals treated with multidose of cisplatin developed tumors with
size of 850 mm?® on average after two weeks. By comparison, HA-EDA-Pt(1V) nanoconjugate treated mice
reached an average tumor size of 360 mm?® four weeks later, suggesting that their tumors grew in a



decelerated mode. Thus, platinum species released from nanoscale conjugates could enhance effect and
prolong survival time, achieve much better clinical evaluation than conventional cisplatin.

What’s more, the change in body weight was also collected as an indication of drug safety and
depicted in Fig. 6(6). Mice receiving cisplatin were very anorectic and exhibited significant weight loss,
whereas those treated with the nanoconjugate had the contrasting growth, implying fewer side effects.
There was little change in weight of control groups. For improvement in symptoms and putting on weight
during chemotherapy, polymer-drug conjugates would be the better choice.

Biodistribution of platinum in plasma and organs

A notable advantage of the nanoconjugate was the possibility to alter tissue distribution of platinum
complexes which might benefit the accumulation in tumor sites. The mice were sacrificed at defined time
points and total platinum content, which stood for the nanoconjugate content based on the assumption that
HA-EDA-Pt(IV) nanoconjugate kept intact before entering tissues, was measured. Several features could
be summarized from Fig. 7. The platinum concentration in both organs and plasma showed successive
decrease with time. Originally, cisplatin was mainly partitioned in kidney, secondly in liver, then lung,
heart, spleen and brain, which demonstrated rapid clearance and explained high nephrotoxicity. After
administration of HA-EDA-Pt(IV) nanoconjugate, similar patterns were also observed, but with reduced
platinum content in most organs at each time point, especially in kidney. These would benefit
enhancement of bioavailability and alleviation of damage to organs. As for plasma, platinum
concentration was significantly improved after conjugation. Even 24 hours later, the platinum content was
still as high as 5 times, compared to cisplatin, implying prolonged circulation and possible enrichment in
tumors. Obviously, the nanoconjugate would be protected against the attack of reticuloendothelial system,
reduce liver metabolism and renal excretion, and increase the residence time in blood. From
biodistribution assay, a rational conclusion could be drawn that the nanoconjugate has a relatively longer
systemic circulation time, therefore provides enough time to accumulate in tumor vasculature by
passive-targeting in nature due to EPR effect *2,

Site-specific delivery of Cy7, SE-labeled nanoconjugate to melanoma-bearing mice

As our nanoconjugate was engineered for tumor-specific delivery of Pt(IV), herein, after labelling with a
fluorescent dye, Cy7, SE, HA-EDA-Pt(IV)-Cy7, SE was injected into melanoma-bearing C57BL/6J mice
for biodistribution study. Notwithstanding the conjugation efficiency of Cy7, SE was 3.05%, the
fluorescent intensity was strong enough to trace the kinetics of HA-EDA-Pt(IV)-Cy7, SE in vivo.
Moreover, poor dye loading efficiency minimized its effect on peak time and elimination rate of
HA-EDA-Pt(IV) nanoconjugate. A tendency of signal intensity change was observed by real-time
imaging. As shown in Fig. 8(1), the free dye exhibited a completely different kinetic behavior compared
with HA-EDA-Pt(1V)-Cy7, SE, suggesting that the conjugation of Cy7, SE was stable for in vivo
distribution study and that the strong fluorescent signal in tumor sites was unlikely resulting from the
property of the dye itself. It could be explained that the defects of neovasculature result in continuous leak
of HA-EDA-Pt(IV)-Cy7, SE. On the other hand, those large molecules are entrapped in tumor interstitium
owing to the slow venous return and poor lymphatic clearance *. In addition, the ex vivo images of
isolated tissues indicated that the tumor retention of HA-EDA-Pt(1V)-Cy7, SE could be detected for more
than 12h. Surprisingly, a strong fluorescent signal could also be found from the plasma in the
nanoconjugate group, suggesting the great stability of HA-EDA-Pt(IVV) nanoconjugate in vivo. Besides, a

long retention time in plasma was also benefit for the targeting delivery of platinum and achieving



sustained chemotherapy.

Additionally, tissues were sectioned to further validate in vivo targeting effect. Much lower
fluorescent signals in lung and kidney were captured in Fig. 8(2) as compared to Cy7, SE group, while no
significant difference was detected in heart, liver, spleen and brain between groups. Importantly, the level
of free Cy7, SE was greatly increased in kidney, likely due to the clearance of the dye from the body.
However, as for tumors, sample from nanoconjugate group displayed much stronger fluorescent signals
than that from free dye group, which was greatly consistent with the in vivo imaging results. Hence, a
favorable distribution for HA-EDA-Pt(1V)-Cy7, SE with distinctly increased accumulation in tumors
could be proved. Unlike non-specific delivery of Cy7, SE, the process of partitioning, in addition to
metabolism and excretion, could be considered as targeting effect.

Conclusions

To sum up, a platinum-based pro-drug was constructed and linked to biodegradable HA to obtain
HA-EDA-Pt(IV) nanoconjugate. The nanoconjugate was designed to achieve tumor-specific therapy via
multi steps, such as receptor-mediated endocytosis as well as microenvironment-based drug release and
reactivation. The appropriate physicochemical properties and in vivo data support our prospect that the
nanoconjugate could deliver Pt(IV) to tumor tissues and cells, where Pt(IV) could be converted into its
active form, Pt(Il), thereby curing cancer and minimizing side effects. Briefly, the nano-sized delivery
system provides a unique strategy for transport of other platinum complexes.
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Table 1 Valence state analyses of Pt in various samples by XPS.

Number Sample name Binding energy (ev) Oxidation
Ptsrr) Ptussio) state of Pt
a Cisplatin 72.50 75.87 +2
b Cis,cis,trans-[Pt(NH5),Cl,(OH),] 75.29 78.64 +4
c P(IV) 75.34 78.65 +4
d HA-EDA-Pt(IV) nanoconjugate 74.37 7747 +4
e HA-EDA-Pt(IV) nanoconjugate + GSH 71.92; 75.02; 78.18 +2, +4
f HA-EDA-Pt(IV) nanoconjugate + NaAsc 72.52; 75.51; 78.39 +2, +4
g HA-EDA-Pt(IV) nanoconjugate + B16-F10 72.33; 75.66; 78.45 +2, +4
h HA-EDA-Pt(1V) nanoconjugate + Hep G2 71.98; 75.13; 78.36 +2, +4
i HA-EDA-Pt(IV) nanoconjugate + rat plasma 75.68 78.99 +4

Table 2 Pharmacokinetic parameters of cisplatin and HA-EDA-Pt(IV) nanoconjugate post a single

intravenous injection to half male and half female rats. Data were presented as means + SD, n = 12.

Model type Parameter Unit Cisplatin HA-EDA-Pt(IV) nanoconjugate
AUCy_ ¢ (h-mg)/L 27.515+1.187 143.395 +2.172
Non-compartment CL L/(h-kg) 0.327 £ 0.149 0.057 £ 0.010
model Vs L/kg 7.432 £1.348 2.777 £0.365
MRT it h 26.531 + 1.461 49.811 + 1.056
A mg/L 16.680 £ 1.898 22.738 £0.717
o 1/h 4.329 £ 0.585 2.271£0.160
B mg/L 0.887 £0.148 2.726 £ 0.066
Two-compartment B 1/h 0.054 +£0.018 0.026 = 0.001
model t120 h 0.162 +0.024 0.306 +0.022
t1r2p h 13.656 + 3.868 26.441 +0.961
Ko ht 0.901 + 0441 0.224 +0.016
' ht 3.213 £0.396 1.807 +£0.141
' ht 0.269 + 0.023 0.266 + 0.009

Table 3 Variations of the indexes (ALT, AST, ALP, BUN and Scr concentration) in B16-F10-bearing

C57BL/6J mice administrated with different chemotherapeutics.

Group drug ALT (IU/L) AST (IU/L) ALP (1U/L) BUN (mmol/L)
Physiological saline 106.00 +2.71 902.71 +5.28 75.00 +2.89 10.34+£1.43 9.86 +1.68
Cisplatin 126.75 +4.99 1006.50 +9.29 161.75 + 8.26 27.93+051 40.75 + 2.06
HA-EDA 102.14 +4.34 91257 +4.24 60.14 +3.13 7.84 £0.92 12.71+£2.43
HA-EDA-Pt(IV) nanoconjugate 102.33 £3.72 856.33 +7.94 87.67 +4.93 8.42 +£0.92 14.00+25

Scr (umol/L)
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Fig. 1 Platinum release profiles from HA-EDA-Pt(IV) nanoconjugate: (A) in buffer solutions at pH 5.0
and 7.4; (B) in 0.1 and 5 mM NaAsc aqueous solutions. (C) Possible release routes of platinum species
based on hydrolysis and reduction. The cumulative percentage of released platinum to total payloads in
the nanoconjugate was plotted as a function of time.
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Fig. 2 (1) In vitro cytotoxicity of HA, HA-EDA, HA-EDA-Pt(I1V) nanoconjugate and cisplatin against
B16-F10, Hep G2 and HEK-293 at (a, ¢, €) 24 and (b, d, f) 48 h; (2) Tumor cells were incubated with (a,
b) 5 and (c, d) 50 mg/L HA-EDA-Pt(IV)-TRITC (red). (b, d) Receptor competition study was also
conducted with excess of HA. The nuclei were stained by DAPI (blue); (3) Cellular uptake of cisplatin
and HA-EDA-Pt(I1V) nanoconjugate at 8 and 24 h determined by GFAAS. (A) B16-F10 and (B) Hep G2
were incubated in the present of platinum drugs at equivalent cisplatin concentrations; (4) Flow cytometric
analysis for apoptosis in (A) B16-F10 and (B) Hep G2 following treatment with platinum drugs. The
formulations were listed as follows: (a, b, c) blank control, (d, e, f) HA, (g, h, i) HA-EDA, (j, k, I) Excess
HA was added to cells 2 h before incubation with the nanomedicine at various levels, (m, n, 0)
HA-EDA-Pt(IV) nanoconjugate at equivalent cisplatin concentrations, (p, q, r) cisplatin at doses of 12.5,
25 and 50 mg/L.
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Fig. 3 X-ray photoelectron spectroscopic (XPS) study of Pty on (a) cisplatin, (b)
cis,cis,trans-[Pt(NH3),Cl,(OH),], (c¢) Pt(IV), (d) HA-EDA-Pt(IV) nanoconjugate, as well as the
co-incubation products of HA-EDA-Pt(IV) nanoconjugate with (¢) 6 mM GSH, (f) 3 mM NaAsc, (g)
B16-F10, (h) Hep G2 and (i) rat plasma, respectively.
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Fig. 4 Survival rate and body weight change of ICR mice treated with physiological saline; cisplatin at
doses of (a) 3.375, (b) 4.500, (c) 6.000, (d) 8.000, () 10.670 and (f) 14.220 mg/kg; HA-EDA-Pt(1V)
nanoconjugate at doses of (a) 25.816, (b) 34.421, (c) 45.894, (d) 61.192, (e) 81.590, (f) 108.787, (9)
145.049, (h) 193.398, (i) 257.865, (j) 343.819, (k) 458.426, (I) 611.234, (m) 814.979 and (n) 1086.639
mg/kg for evaluation of MTD.
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Fig. 5 In vivo pharmacokinetic curves of Pt concentration in the plasma versus time after a single

intravenous injection of cisplatin and HA-EDA-Pt(IV) nanoconjugate in rats. Data were presented as
means + SD (n = 12).
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Fig. 6 (1) Comparison of tumor sizes from different groups, i.e., physiological saline, cisplatin, HA-EDA
and HA-EDA-Pt(IV) nanoconjugate; (2) Average weights of major organs (heart, liver, spleen, lung,
kidney, brain) and tumors. Asterisk represented statistically significant differences compared to the
respective physiological saline or HA-EDA controls (*, p < 0.05; **, p < 0.01; ***, p < 0.001); (3) Ex vivo
histological observation for major organs and tumors with HE stain, tumor sections with
immunohistochemistry and TUNEL; (a) cisplatin, (b) physiological saline, (c) HA-EDA, (d)
HA-EDA-Pt(IV) nanoconjugate. Nuclei were stained bluish violet, and extracellular matrix and cytoplasm
were stained pink in HE. Brown stains represented tumor protein p53 in immunochistochemistry. Brown
stains indicated apoptotic cells in TUNEL; (4, 5 and 6) Survival, tumor size change and relative body
weight change profiles of animals received corresponding treatments: physiological saline for (a) male and
(b) female mice, cisplatin for (c) male and (d) female mice, HA-EDA for (e) male and (f) female mice,
HA-EDA-Pt(IV) nanoconjugate for (g) male and (h) female mice.
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Fig. 7 Biodistribution of Pt concentration in heart, liver, spleen, lung, kidney brain and plasma at specified
time points after an intravenous administration of cisplatin and HA-EDA-Pt(IV) nanoconjugate to normal
mice. All date were normalized by weight of organs, that was, microgram per gram of respective organs,

or volume of plasma, that was, milligram per liter of plasma, and expressed as averages + SD from six
animals per time point.
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Fig. 8 Tumor-bearing mice were treated with (A) Cy7, SE (control) and (B) HA-EDA-Pt(1V)-Cy7, SE. (1)
Specific targeting of the nanomedicine for HA receptor-overexpressed tumor was interpreted by

Tumor

fluorescent images acquired at 2 and 8 h and ex vivo fluorescent images of tumors, major organs and
plasma collected after sacrificing the mice at 12 h. (2) Typical CLSM images of fluorescent signals (red)
internalized by various tissues. The nuclei were stained with DAPI (blue).
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