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Avoiding degradation of chemotherapy
drugs: is graphene the answer?

“While improving the target action of these drugs has been the
center of an intense research effort, the potential for degradation by
materials commonly used in their delivery, and the potential to create

extremely harmful products appears to have been almost entirely
overlooked.”
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The reactivity of chemotherapy
drugs

Sadly, chemotherapy is an important part of
many peoples’ lives — approximately 850,000
people are undergoing treatment in the USA
alone. The treatment typically involves the
delivery of a cocktail of aggressive drugs
into a patient’s bloodstream, with the aim
of inhibiting the development of cancer
cells. Unfortunately, this drug cocktail often
causes damage to healthy cells, including
blood-forming cells in the bone marrow, hair
follicles, cells in the mouth, digestive tract
and reproductive system. Some drugs also
cause damage to the heart, kidneys, blad-
der, lungs and nervous system [1]. In short,
chemotherapy drugs are typically very reac-
tive, and while they play an important part in
cancer treatment, their reactivity with non-
cancerous cells is a major cause for concern.
Exciting new targeted drug delivery methods
are being proposed (see, for example, [2]), but
these developments are still far from being
put into general use.

Chemotherapy drugs are not just reactive
toward cells, they are reactive agents more
generally. This means that we should also be
concerned by their interaction with all mate-
rials which they may encounter in normal
use — for example, containers, needles, valves
and the catheters through which the drugs
are administered to the patient. Surprisingly,
such concerns have been generally overlooked
— few studies of the electronic properties of

chemotherapy drugs (3] and the mechanics
of catheter degradation have been carried
out [4], but the chemical reactivity remains
unknown. In our recent work, we have tried
to address this by asking, do chemotherapy
drugs damage delivery apparatus? Does the
delivery apparatus damage the drugs? and
can nanoscale coatings offer protection?

Surface science methodology
Over the last decades, the methodology for
studying the chemistry of surfaces and inter-
faces has reached maturity. A wide range
of experimental and computational tech-
niques exist which allow the interactions of
atoms, molecules and crystals to be observed
in unprecedented detail — for example, to
observe catalytic reactions in real-time, and
to measure molecule orientation and bond
conformation [5]. Experimental techniques
such as x-ray photoelectron spectroscopy and
scanning tunneling microscopy have been
widely applied in many fields of research, as
have computational methods, such as den-
sity functional theory. In fact these powerful
methods are ideal for studying the chemistry
and interactions of chemotherapy molecules
with a wide range of materials, however,
these methods have not been employed in
understanding chemotherapy chemistry.
Studying reactive organic molecules, such
as chemotherapy agents, using traditional
surface science methodology is not entirely
straightforward. The molecules may be
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degraded by techniques involving exposure to x-ray or
electron beams, and their volatility can create problems
for the ultra-high vacuum environment which surface
science techniques typically require to operate. Even
using a purely computational approach, large molecules
such as epirubicin (C, H,NO,)) are sufficiently com-
plex to make the computation demanding. Nonethe-
less, many of these potential obstacles are not unique to
chemotherapy molecules and have been demonstrably
circumvented for other organic molecules. Thus the
exciting idea of applying the wealth of established sur-
face science methods in this important and overlooked
area is plausible.

“Our initial studies are just the tip of the
iceberg; we have been able to demonstrate that
it is relatively straightforward to use surface
chemistry techniques to gain a deep insight into
the chemistry relevant to chemotherapy drug
delivery.”

Our research

My research group at the Norwegian University of
Science and Technology (NTNU) works in close col-
laboration with a number of internationally renown
researcher groups on a wide variety of surface physics
and 2D materials [6-8]. One of the favorite experimen-
tal methods is photoemission spectroscopy — which we
perform in our own laboratory at NTNU or at syn-
chrotron laboratories elsewhere in Scandinavia, and
further afield. A natural starting point for us was to
investigate the most common chemotherapy agents in
our own laboratory, in order to test the feasibility of
such a research venture. As part of a student summer
project, we instigated in-vacuum studies of some of the
most common breast cancer drugs; cyclophosphamide
(a.k.a. Cytoxan), fluorouracil and epirubicin (a.k.a.
Ellence). We initially studied the bulk properties of
these drugs, and experimented with various means of
sample preparation (i.e., preparing samples from pow-
der, from solution and in-vacuum by thermal evapo-
ration). Having demonstrated to ourselves that this
methodology works, and that we were not inducing
damage to the drugs, we moved the experiment to the
Swedish synchrotron facility MAX-IT’ to make a more
thorough investigation of the surface reactions relevant
to the administering of chemotherapy.

Since these experiments are time consuming, and
the synchrotron time is limited, we focused on one par-
ticular question; silver is used increasingly as a coating
in medical applications in general, and more recently
in catheters for chemotherapy [9-12], is it possible that
silver coatings are reacting with halogenated drug mol-
ecules, such as fluorouracil? Indeed, we found out that

silver catalytically breaks the C—F bond in the fluo-
rouracil molecule and facilitates a release of strongly
acidic HF [13]. Our study primarily uses photoemission
to observe this, and this is complemented by Auger
spectroscopy, x-ray absorption spectroscopy, scanning
tunneling microscopy and density functional theory
calculations. There are several important implications
of this finding; silver is degrading the drugs and poten-
tially compromising the efficacy of a treatment, but the
accidental release of HF may be responsible for cath-
eter degradation and the associated medical complica-
tions [4]. The possibility of releasing HF into an already
sick patient’s bloodstream is also a serious concern [14].

Graphene?

Having identified that silver catalytically degrades
fluorouracil, the obvious question to ask is can we
find a material which does not degrade these drugs?
There are a large number of potential candidates, and
we anticipate that we will conduct a more systematic
survey in the future, but in our initial study one mate-
rial stood out as being especially relevant; graphene.
Graphene has been hailed recently as a wonder nano-
material — it is strong, light, thin, cheap/plentiful
and most importantly for us, inert and biocompat-
ible. While graphene has garnered much interest as
a ‘single atom thick’ protective coating [15,16] and has
been proposed as an ideal candidate for biocompatible
coatings [17], graphene’s potential in medicine remains
generally unexplored (for example, a search of Nature
Medicine returns 0 articles [18]). In addition to these
considerations, my research group has experience with
preparing and studying high quality graphene for other
research projects [19-21] and hence we took graphene to
be our prime candidate for this study.

We conducted a surface chemistry experiment
which was a close analog to the aforementioned experi-
ment with silver — but in this case we investigated the
interface chemistry between fluorouracil and graphene.
As expected, we found that the defluorination which
was prevalent on silver was completely absent on the
graphene surface. In fact, the interaction between the
chemotherapy molecules and the graphene is so weak
that the molecules do not even stick to it unless the
temperature is far below body temperature. In short,
graphene offers an inert and ‘nonstick’ surface which
would make it an ideal candidate for coating catheters
and the apparatus used in the delivery of fluorouracil.

Outlook

Our initial studies are just the tip of the iceberg; we have
been able to demonstrate that it is relatively straightfor-
ward to use surface chemistry techniques to gain a deep
insight into the chemistry relevant to chemotherapy
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drug delivery. We have also shown that these studies
are of great importance since chemotherapy drugs can
be easily degraded by common materials — and we have
shown that this can be avoided by choosing emerging
new materials as protective coatings.

On the other hand, there is much work to be done.
Our studies so far are limited to silver and graphene.
Furthermore, they are limited to pristine/idealistic sur-
faces which do not accurately reproduce the patient/
drug environment. Does a graphene coating still per-
form well if it gets damaged? Is it possible to make
high quality graphene coatings on the inside of flex-
ible catheters? There are many such questions left to
be answered.

Our initial investigations have focused on the halo-
genated drug fluorouracil, since we suspected that a
dehalogenation reaction could occur — are the other
common chemotherapy drugs just as readily degraded?
What about the plethora of emergent and targeted
chemotherapy agents which are coming to the market?
Although there are many questions yet to be answered,
we have presented the methodology available to answer
them. At NTNU, we now have two master students
working on some of these questions. We have also
applied for funding from the Norwegian Research
Council to give us the resources to facilitate further
studies.

What do we learn from this?

The most important thing we learn here is that che-
motherapy drugs are reactive molecules, and therefore,
we need to give due consideration to the materials
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which they come into contact with. While improving
the target action of these drugs has been the center of
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