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Palladium: a future key player in the hanomedical
field?

Anaélle Dumas and Patrick Couvreur®

Metal nanostructures offer invaluable possibilities for targeted drug delivery, detection/diagnosis and
imaging. Whereas iron, gold, silver and platinum nanoarchitectures have largely dominated this field to
date, several hurdles impede the widespread application of those nanopharmaceuticals in a clinical
context. Therefore, technologies based on alternative metals are now being evaluated for their potential
in medical applications. Palladium nanostructures are characterized by remarkable catalytic and optical
properties.
characteristics for applications in the biomedical field. Very recently, palladium nanostructures have been
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Context

The introduction of nanotechnologies in the biomedical field
has empowered a myriad of applications for targeted drug
delivery, detection/diagnosis and imaging, and are on the way to
positively impact medicine."?® Due to their size, structure
versatility and optoelectronic properties, metal nanostructures
are attracting interest for a number of biomedical applica-
tions.*® Indeed, advances in their synthesis and surface engi-
neering by specific ligands enable the preparation of
nanostructures with controlled size, shape, dispersity, and in
some cases biocompatibility, which has allowed the develop-
ment of an increasing number of drug-like metal architectures.”
Iron, gold, silver and platinum nanostructures are the most
extensively studied examples of metal nanodrugs with some
preparations already subject to clinical trials or even already
marketed.*® However, the highly complex, multifaceted and
multifactorial interactions of metal nanoparticles with biolog-
ical systems, and the absence of long term toxicological data,
impede the widespread application of those nano-
pharmaceuticals.*® While continuous efforts are made to
improve their activity and safety profiles for translation to the
clinic, technologies based on alternative metals are evaluated in
parallel, for their potential in medical applications. Palladium
is a noble metal with remarkable catalytic, mechanic and elec-
tronic properties. Palladium nanostructures have gained
interest in the last decade in a number of applications including
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future key players in the nanomedical field.

catalysis (e.g.: hydrogenation, C-C bond formation and oxida-
tion, for the manufacture of pharmaceuticals, the processing of
environmental pollutants or automotive emission control),***?
composition of electrical equipment,'*** or as sensors for the
detection of various analytes.'*" In medicine, palladium is
nowadays commonly used in dental appliances® and '°°Pd
needles are used in the clinic for prostate cancer® and choroidal
melanoma brachytherapy.” However, despite their remarkable
properties, palladium nanostructures have not been exploited,
until recently, in the nanomedicine field and it is the aim of this
Minireview to highlight such potential applications.

Taking advantage of the metal catalytic and/or optical
properties, potential therapeutic applications have been
considered through three classes of Pd nanostructures (Fig. 1).
Particularly remarkable is the nanotechnologies-mediated
chemistry, involving palladium resins to trigger therapeutically
relevant chemical reactions in a biological setting. This
approach enables spatially-targeted chemical activation of pro-
drugs and has no precedent among the therapeutic strategies
offered by metal nanostructures. In other recent reports, Pd
nanosheets and Pd nanoparticles (NPs) were used, respectively,
for photothermal therapy and as anti-tumor/anti-microbial
agents. As detailed below, such Pd-based nanopharmaceuticals
could become part of the nanomedical repertoire soon.

Palladium nanostructures of
therapeutic potential
Pd(0)-functionalized resins for targeted prodrug activation

Chemistry offers a unique means to specifically manipulate
biological systems. To date, a large repertoire of bioorthogonal
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Fig. 1 Schematic representation of palladium nanopharmaceuticals:
Pd(0)-resin for the chemical activation of prodrugs, Pd nanosheets for
the photothermal conversion of NIR light and Pd nanoparticles as anti-
microbial and cytotoxic agents.

reactions enables the specific formation or cleavage of chemical
bonds for the modification of molecules in the chemically
complex environment of biological systems.?*** A number of
these reactions have demonstrated utility for the specific
labelling, tracking, activation and manipulation of molecules
under physiological conditions. However, metabolic or genetic
engineering is often required for the introduction of a selective
reactive chemical handle in a biological milieu.”® Added to
toxicological issues and selectivity concerns associated with
some of these reactions, their use has generally been restricted
to mechanistic studies and/or to the dissection of cellular
processes, rather than therapeutic applications.*

Recently, a heterogeneous Pd(0)-mediated reaction for the
spatially-targeted activation of prodrugs was reported. Using a
polyethylene glycol-polystyrene resin supporting 5 nm Pd(0)
particles (Pd(0)-resin), Unciti-Broceta et al. demonstrated the
possibility to bioorthogonally activate 5-fluoro-1-propargylur-
acil,”” and N*-propargyloxycarbonylgemcitabine,?® two other-
wise biologically inert prodrugs of, respectively, 5-fluorouracil
and gemcitabine. Although independently harmless, combined
treatment of either of the prodrugs with Pd(0)-resin restored
cytotoxicity and led to equivalent anti-proliferative properties
compared to the unmodified drug in colorectal and pancreatic
cancer cells. Heterogeneous deprotection of the propargyl
group using immobilized palladium nanoparticles enabled
control over the reaction location, which could not be achieved
with the most commonly used bioorthogonal reactions, due to
their homogenous character. Intratumoral implants loaded
with Pd nanoparticles could enable spatially-controlled activa-
tion of otherwise highly toxic compounds. This could signifi-
cantly expand the therapeutic window of potent cytotoxic drugs,
whose clinical activity is currently limited by their safety profile.
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Further in vivo demonstration will, however, be crucial to eval-
uate the real therapeutic potential of this approach, in terms of
safety and pharmacological efficiency. Nevertheless, prelimi-
nary studies indicated that Pd(0)-resin beads introduced in the
yolk sac of zebra fish embryos displayed neither apparent
toxicity nor any development alteration over several days, while
retaining their chemical activity.””

Nanoparticles mediating chemical reactions of therapeutic
interest in a biological environment represent a new approach,
beyond the state-of-the-art, to targeted drug-delivery. Chemi-
cally-controlled drug release using palladium resin could be
applied to a number of active compounds and diseases as long
as a palladium-labile prodrug can be prepared that is: (i)
minimally toxic, (ii) highly sensitive to palladium and (iii)
chemically stable towards enzymatic processing.*

Pd nanosheets for cancer photothermal therapy

Metal nanostructures-mediated photothermal (PT) therapy has
attracted extensive interest in recent years. This technology
involves the absorption of photon energy by the tumor localized
nanostructures, which convert it to heat, causing death of
surrounding cells.*® For this purpose, the use of a near-infrared
(NIR) light source is generally needed for deep tissue penetra-
tion, while causing little damage to healthy cells. Gold nano-
structures are the most widely studied PT therapy agents due to
their high extinction coefficients in the NIR region, high PT
conversion efficiency and acceptable biocompatibility.***
However, these structures usually suffer from low thermal
stability, leading to rapid deactivation under the heat generated
upon irradiation.**3*

Palladium nanostructures were not considered as efficient
PT agents until Huang et al. reported the synthesis of ultra-thin
(1.8 nm) hexagonal Pd nanosheets, displaying well-defined,
size-dependent and tunable absorption peaks in the NIR region
with efficient PT conversion.*® The 41 nm edge nanosheets were
able to kill 100% liver cancer cells after 5 min irradiation with
an 808-nm laser, while showing high biocompatibility in the
absence of irradiation. Interestingly, these nanosheets show
better photostability when compared to gold or silver nano-
structures. Several modifications including surface coating and
functionalization have then been proposed to improve proper-
ties of Pd nanosheets such as cellular uptake, or PT conversion
efficiency.®®*® Porous Pd nanoparticles (22.8 nm) were also
recently reported as attractive PT agents with PT conversion
efficiency as high as 93.4%, which is comparable to typical Au
nanorods.*”

Of particular interest for biomedical applications was the
development of smaller reduced-glutathione (GSH)-coated
palladium nanosheets (<10 nm diameter) with demonstrated
renal clearance.®® In the absence of irradiation, these GSH-
coated ultra-small Pd nanosheets showed prolonged blood
circulation, accumulation in tumors and no apparent toxicity
after injection in mice, whereas irradiation using a 808-nm NIR
laser (at 1 W em 2 for 5 min) enabled complete tumor ablation
in vivo.*® In addition, due to their size sitting below the renal
filtration limit, renal clearance was observed, making these
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ultra-small Pd nanosheets promising for practical use in PT
cancer therapy.

The attractive properties of these nanodevices as PT agents
motivated further use as components of more complex
assemblies for combined PT-chemo- or PT-photodynamic
therapies. Typically, doxorubicin (Dox)-loaded mesoporous
silica NPs covered with the Pd nanosheets provided syner-
gistic combined PT and chemo treatment: the heat resulting
from NIR light conversion promoted the pH-dependent
release of Dox after endocytosis, and the cellular uptake of the
Pd nanosheets was improved by their loading on the silica
nanospheres.** A similar therapy combination was shown
using Pd@Ag nanoplate composites.*” Interestingly, photo-
thermally enhanced photodynamic (PD) therapy was also
reported by using Pd-based nanodevices. PD therapy consists
in the absorption of photons by a photosensitizer resulting in
the formation of reactive oxygen species, causing irreversible
damage to surrounding cells. For such purpose, Shi et al
reported mesoporous silica-coated Pd@Ag nanoparticles
covalently loaded with the Chlorin e6 photosensitizer.** After
intratumoral injection of these particles in tumor bearing-
mice, simultaneous irradiation with 660-nm (Chlorin e6) and
808-nm (Pd nanosheets) lasers completely destroyed the
tumor, while irradiation with 660 or 808 nm alone did not.**
Further elaboration of this system was reported by Zhao et al.
with mesoporous silica nanoparticles loaded with tetra-
substituted carboxyl aluminium phthalocyanine as a photo-
sensitizer, which allowed efficient PD and PT effects under a
single 660-nm laser irradiation.*” It should be noted that
combined phototherapies requiring a single laser beam
provide a significant practical advantage for clinical applica-
tions, as the focus of two lasers beams on a single point in a
patient is delicate.

Generally, Pd nanostructures offer better photostability and
require lower laser power densities compared to other metallic
PT therapy agents.’” Taken together, high photothermal
conversion efficiency, biocompatibility, favorable size and
applications in combined therapies make Pd nanoparticles very
attractive alternatives to existing agents for non-invasive PT
cancer treatment.

Pd nanoparticles as anti-microbial and cytotoxic agents

Palladium nanostructures have also emerged as self-therapeu-
tics. A few examples recently demonstrated their anti-microbial
and cytotoxic pharmacological activities.

For example, Adams et al. reported the size dependent high
anti-microbial activity of Pd NPs. The particles showed higher
growth inhibition against S. aureus, compared to E. Coli, high-
lighting Pd NPs as useful anti-microbial agents especially for
gram positive bacteria.*®

Balbin et al. reported that Pd NPs supported on mesoporous
silica-based materials displayed relatively high cytotoxic activity
against four tested human cancer cell lines.** Interestingly,
these hybrid materials also displayed catalytic activity and were
used for C-C bond formation via Suzuki-Miyaura cross-
coupling between small molecules.** Even if Pd NPs are
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interesting candidates as self-therapeutics, further investiga-
tions are needed to elucidate their mechanism of action before
consideration as relevant nanomedicines.

Outlook

Despite their advantageous chemical, mechanical and physical
properties, palladium nanostructures have long been absent
from the nanotherapeutics repertoire. The three approaches to
palladium nanomedicines highlighted in this Minireview
uncover the therapeutic potential of these structures by the
exploitation of their catalytic ability, photothermal efficiency
and/or biological activity. Although further in vivo evaluation
will be crucial, these reports reveal the potential of palladium
species to perform similarly or even better than existing metallic
nanostructures for the same task.

Crucial to the establishment of palladium nanostructures in
the biomedical field will be the determination of their safety
profile. This will require the acquisition of a precise under-
standing of parameters such as: (i) pharmacokinetics and bio-
distribution, (ii) metabolism and clearance mechanism, (iii)
acute and chronic toxicity and (iv) mechanisms behind the
pharmacological activity. Interactions of the nanostructures
with cells and biological environments (and their impact on
pharmacokinetics and biodistribution) are other issues
deserving deep investigation, especially after nanoparticle
surface modification.®

Of note, owing to its biological inertness, metallic Pd(0),
forming the Pd nanostructures, shows a priori the safest toxicity
profile among palladium species.** However, the release of Pd**
ions from Pd(0) structures under biological conditions, espe-
cially from catalytic resins undergoing Pd(0)/Pd*" cycles, cannot
be excluded and will need careful consideration.

Even if not as nanoparticles, the safety of metallic palla-
dium has already been demonstrated in the clinic where it is
commonly used in the form of radioactive '®*Pd needles
injected locally for cancer treatment,*"** or as alloys compo-
nent in dental appliances.>® Although sensitization and
allergy can occur in some patients, these technologies are
generally considered as safe and not showing palladium-
related complications.*>*® However, although bulk palladium
itself seems relatively harmless, different biodistribution and
accumulation patterns, eventually leading to new toxicities,
could result from its administration as nanometric struc-
tures. Even within chemically similar nanometric objects,
small changes in size, shape, composition or surface func-
tionalization can significantly impact the pharmacological
activity, the pharmacokinetics and the interactions with bio-
logical systems.® This is, however, a burden encountered in
the development of all types of nanomedicines since poor
predictability requires careful safety assessment on a case by
case basis. On the other hand, innovation in the technologies
of metallic NP preparation tend to give access to Pd nano-
structures with increasingly controlled size, shape and
coating, to help the design of fine-tuned structures meeting
both therapeutic and safety requirements.?****
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The emergence of palladium nanotechnologies with
potential therapeutic properties is recent, which may explain
the surprisingly low number of publications. Yet, their unique
properties and potentially low toxicity qualify them as
possible future key players in the nanomedical field. There is
no doubt that new applications will be discovered, for
example by the use of their optical properties for diagnosis or
highly attractive theranostic purposes. The remarkable
multiple facets of palladium nanostructures might, therefore,
soon provide highly simple systems but capable of combined
effects.

Acknowledgements

A. D. thanks the Swiss National Science Foundation for finan-
cial support.

Notes and references

1 S. Mura, J. Nicolas and P. Couvreur, Nat. Mater., 2013, 12,
991-1003.

2 M. L. Etheridge, S. A. Campbell, A. G. Erdman, C. L. Haynes,
S. M. Wolf and J. McCullough, Nanomed.: Nanotechnol., Biol.
Med., 2013, 9, 1-14.

3 S. Mura and P. Couvreur, Adv. Drug Delivery Rev., 2012, 64,
1394-1416.

4 L. H. Reddy, J. L. Arias, J. Nicolas and P. Couvreur, Chem.
Rev., 2012, 112, 5818-5878.

5 R. R. Arvizo, S. Bhattacharyya, R. A. Kudgus, K. Giri,
R. Bhattacharya and P. Mukherjee, Chem. Soc. Rev., 2012,
41, 2943-2970.

6 T. Kim and T. Hyeon, Nanotechnology, 2014, 25, 012001.

7 K. Kobayashi, J. J. Wei, R. Iida, K. Ijiro and K. Niikura, Polym.
J., 2014, 46, 460-468.

8 B. Fadeel and A. E. Garcia-Bennett, Adv. Drug Delivery Rev.,
2010, 62, 362-374.

9 N. Li, P. Zhao and D. Astruc, Angew. Chem., Int. Ed., 2014, 53,
1756-1789.

10 M. Q. Zhao and R. M. Crooks, Angew. Chem., Int. Ed., 1999,
38, 364-366.

11 D. Astruc, Inorg. Chem., 2007, 46, 1884-1894.

12 B. Karimi, S. Abedi, J. H. Clark and V. Budarin, Angew. Chem.,
Int. Ed., 2006, 45, 4776-4779.

13 M. S. Kwon, N. Kim, C. M. Park, J. S. Lee, K. Y. Kang and
J. Park, Org. Lett., 2005, 7, 1077-1079.

14 L. M. Davis, ]J. M. Compton, D. E. Kranbuehl],
D. W. Thompson and R. E. Southward, J. Appl. Polym. Sci.,
2006, 102, 2708-2716.

15 B. L. French, L. M. Davis, E. S. Munzinger, J. W. J. Slavin,
P. C. Christy, D. W. Thompson and R. E. Southward, Chem.
Mater., 2005, 17, 2091-2100.

16 Z. Chang, H. Fan, K. Zhao, M. Chen, P. He and Y. Fang,
Electroanalysis, 2008, 20, 131-136.

17 F. Favier, E. C. Walter, M. P. Zach, T. Benter and
R. M. Penner, Science, 2001, 293, 2227-2231.

18 S. Mubeen, T. Zhang, B. Yoo, M. A. Deshusses and
N. V. Myung, J. Phys. Chem. C, 2007, 111, 6321-6327.

2156 | Chem. Sci., 2015, 6, 2153-2157

View Article Online

Minireview

19 Q. Wang, X. Cui, J. Chen, X. Zheng, C. Liu, T. Xue, H. Wang,
Z. Jin, L. Qiao and W. Zheng, RSC Adv., 2012, 2, 6245-6249.

20 B. Woodward, Platinum Met. Rev., 2012, 56, 213-217.

21 J. C. Blasko, P. D. Grimm, J. E. Sylvester, K. R. Badiozamani,
D. Hoak and W. Cavanagh, Int. J. Radiat. Oncol., Biol., Phys.,
2000, 46, 839-850.

22 P. T. Finger, A. Berson, T. Ng and A. Szechter, Int. J. Radiat.
Oncol., Biol., Phys., 2002, 54, 1438-1445.

23 D. M. Patterson, L. A. Nazarova and J. A. Prescher, ACS Chem.
Biol., 2014, 9, 592-605.

24 C. D. Spicer and B. G. Davis, Nat. Commun., 2014, 5, 4740.

25 E. M. Sletten and C. R. Bertozzi, Angew. Chem., Int. Ed., 2009,
48, 6974-6998.

26 M. Grammel and H. C. Hang, Nat. Chem. Biol., 2013, 9, 475-
484.

27 J. T. Weiss, J. C. Dawson, K. G. Macleod, W. Rybski, C. Fraser,
C. Torres-Sanchez, E. E. Patton, M. Bradley, N. O. Carragher
and A. Unciti-Broceta, Nat. Commun., 2014, 5, 3277.

28 J. T. Weiss, ]J. C. Dawson, C. Fraser, W. Rybski, C. Torres-
Sanchez, M. Bradley, E. E. Patton, N. O. Carragher and
A. Unciti-Broceta, J. Med. Chem., 2014, 57, 5395-5404.

29 J. T. Weiss, C. Fraser, B. Rubio-Ruiz, S. Myers, R. Crispin,
J. C. Dawson, V. G. Brunton, E. E. Patton, N. O. Carragher
and A. Unciti-Broceta, Frontiers in Chemistry, 2014, 2, 56.

30 D. Jaque, L. M. Maestro, B. del Rosal, P. Haro-Gonzalez,
A. Benayas, J. L. Plaza, E. M. Rodriguez and J. G. Sole,
Nanoscale, 2014, 6, 9494-9530.

31 P.K. Jain, X. H. Huang, I. H. El-Sayed and M. A. El-Sayed, Acc.
Chem. Res., 2008, 41, 1578-1586.

32 X. Huang and M. A. El-Sayed, J. Adv. Res., 2010, 1, 13-28.

33 X. Q. Huang, S. H. Tang, X. L. Mu, Y. Dai, G. X. Chen,
Z. Y. Zhou, F. X. Ruan, Z. L. Yang and N. F. Zheng, Nat.
Nanotechnol., 2011, 6, 28-32.

34 S. Link, C. Burda, M. B. Mohamed, B. Nikoobakht and
M. A. El-Sayed, J. Phys. Chem. A, 1999, 103, 1165-1170.

35 X. Q. Huang, S. H. Tang, J. Yang, Y. M. Tan and N. F. Zheng, J.
Am. Chem. Soc., 2011, 133, 15946-15949.

36 S. H. Tang, X. Q. Huang and N. F. Zheng, Chem. Commun.,
2011, 47, 3948-3950.

37 J. W. Xiao, S. X. Fan, F. Wang, L. D. Sun, X. Y. Zheng and
C. H. Yan, Nanoscale, 2014, 6, 4345-4351.

38 S. H. Tang, M. Chen and N. F. Zheng, Small, 2014, 10, 3139-
3144.

39 W. J. Fang, S. H. Tang, P. X. Liu, X. L. Fang, J. W. Gong and
N. F. Zheng, Small, 2012, 8, 3816-3822.

40 W. ]J. Fang, J. Yang, J. W. Gong and N. F. Zheng, Adv. Funct.
Mater., 2012, 22, 842-848.

41 S. G. Shi, X. L. Zhu, Z. X. Zhao, W. J. Fang, M. Chen,
Y. Z. Huang and X. L. Chen, J. Mater. Chem. B, 2013, 1,
1133-1141.

42 7. X. Zhao, Y. Z. Huang, S. G. Shi, S. H. Tang, D. H. Li and
X. L. Chen, Nanotechnology, 2014, 25, 285701.

43 C. P. Adams, K. A. Walker, S. O. Obare and K. M. Docherty,
PLoS One, 2014, 9, e85981.

44 A. Balbin, F. Gaballo, ]J. Ceballos-Torres, S. Prashar,
M. Fajardo, G. N. Kaluderovic and S. Gomez-Ruiz, RSC
Adv., 2014, 4, 54775-54787.

This journal is © The Royal Society of Chemistry 2015


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc00070j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 29 1393. Downloaded on 24/11/1404 10:31:26 ..

(cc)

View Article Online

Minireview Chemical Science

45 W. H. O. Geneva, http://whqlibdoc.who.int/ehc/WHO_ 47 M. Chen, B. H. Wu, J. Yang and N. F. Zheng, Adv. Mater.,

EHC_226.pdf, 2002. 2012, 24, 862-879.
46 J. Muris, R. ]J. Scheper, C. J. Kleverlaan, T. Rustemeyer, 48 L.Zhang,Y.C.Liand].C.Yu,/. Mater. Chem. B,2014, 2,452~
I. M. W. van Hoogstraten, M. E. von Blomberg and 470.

A. ]. Feilzer, Contact Dermatitis, 2014, 71, 82-91.

This journal is © The Royal Society of Chemistry 2015 Chem. Sci,, 2015, 6, 2153-2157 | 2157


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c5sc00070j

	Palladium: a future key player in the nanomedical field?
	Palladium: a future key player in the nanomedical field?
	Palladium: a future key player in the nanomedical field?
	Palladium: a future key player in the nanomedical field?
	Palladium: a future key player in the nanomedical field?
	Palladium: a future key player in the nanomedical field?

	Palladium: a future key player in the nanomedical field?
	Palladium: a future key player in the nanomedical field?


