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An overview of therapeutic anticancer drug
monitoring based on surface enhanced
(resonance) Raman spectroscopy (SE(R)RS)
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Therapeutic drug monitoring (TDM) is important for many therapeutic regimens and has particular rele-
vance for anticancer drugs which often have serious effects and whose optimum dosage can vary signifi-
cantly between different patients. Many of the features of surface enhanced (resonance) Raman spec-
troscopy (SE(R)RS) suggest it should be very suitable for TDM of anticancer drugs and some initial studies
which explore the potential of SE(R)RS for TDM of anticancer drugs have been published. This review brings
this work together in an attempt to draw some general observations about key aspects of the approach,
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including the nature of the substrate used, matrix interference effects and factors governing adsorption of
the target molecules onto the enhancing surface. There is now sufficient evidence to suggest that none of
these pose real difficulties in the context of TDM. However, some issues, particularly the need to carry out
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Introduction

Many therapeutic anticancer drugs have serious side effects,
causing damage to normal tissues and organs."” This means
that the treatment dosage needs to be optimized by balancing
the need to provide the highest efficacy against minimising
toxicity.>® For many drugs, the dosage is easy to adjust
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multiplex measurements for TDM of combination therapies, have yet to be addressed.

because there is a large difference between the effective dose
and the levels giving toxicity. However, there are still a number
of anticancer drugs for which the optimal dosage is hard to
define due to their narrow therapeutic range. In addition, the
response and toxicity of drugs in individual patients are quite
different from aqueous environment so the various parameters
of those drugs, pharmacokinetics and pharmacodynamics for
example, are extremely valuable to study.’

Therapeutic drug monitoring (TDM) is a key method in
clinical chemistry and clinical pharmacology, which aims at
accurately measuring the concentrations of medication in
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patient’s blood.® It has been applied in clinical practice since
1970s, primarily focusing on drugs with a narrow therapeutic
window.”® Numerous factors will affect the appropriate thera-
peutic drug level, including personal factors such as age,
gender, weight, and genetic make-up, as well as environmental
factors such as diet, smoking habits and treatment history.*’
Moreover, in most cases patients are treated with more than
one anticancer drug simultaneously, so that TDM needs to be
capable of carrying out multiplex measurements.'®** This
may be complex if there are significant drug-drug interaction.’
The most commonly applied platforms for TDM are immuno-
assays of various types and separation techniques combined
with mass spectrometry (MS). In immunoassay, the detection
of an analyte depends on the binding of the analyte with a
specific binding molecule such as an antibody.'>'® Even
though immunoassay provides a well-established and easy-
operated platform technology, obvious shortfalls such as inter-
ference of the matrix, endogenous antibodies and drug metab-
olites etc. can limit its application in TDM. In addition, the
low sensitivity of such a technique makes the detection of low
concentration analytes difficult, while the need to have specific
binding molecules for each drug target limits the
generality.>'” Compared to immunoassay, liquid chromato-
graphy (LC) combined with MS is a more robust platform and
it has higher sensitivity for TDM. LC-MS avoids some of the
interference effects which are found in immunoassay and it is
able to detect multiple components in a complex mixed
sample after chromatographic separation.®'® However, LC-MS
is time-consuming, expensive and laboratory-based. Apart
from immunoassays and LC-MS, various spectroscopic
methods have also been developed for TDM including NMR,
Ultraviolet-visible (UV/vis), infrared (IR), fluorescence, X-ray
photoelectron (XPS) and surface plasmon resonance (SPR)
spectroscopies.'® Despite having some advantages, all these
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techniques have significant limitations associated with low
sensitivity or limited accessibility.

SERS is an obvious potential alternative to existing methods
for TDM. Many of its characteristics are exactly those which
practical TDM requires. Most notably, the high sensitivity of
SERS suggests that it will provide limits of detection and
quantification that are in the range encountered in therapeutic
applications.>**' Moreover, this sensitivity can be increased if
the excitation wavelength is chosen to fall within a strong
absorption band of the target molecules, giving surface-
enhanced resonance Raman spectroscopy (SERRS).>* Similarly,
the ability of SE(R)RS to provide characteristic fingerprint
spectra and to allow multiplex detection of several analytes
simultaneously is a major advantage.*® Finally, these benefits
can be realized in relatively low cost hand-held systems that
are appropriate for bedside measurements. These consider-
ations have led to several preliminary studies on monitoring
anticancer drugs which have reported that it is possible to
demonstrate some of these potential advantages in model
systems which are similar to clinical applications. However, as
is the case with many applications of SE(R)RS, a very wide
range of drugs and experimental methods have been used in
these studies so the overall picture is not clear.

The most notable variables in TDM SE(R)RS are the nature
of the enhancing substrate used, excitation wavelength (SERS
versus SERRS), data analysis method (univariate versus multi-
variate) and of course the chemical properties of the drug com-
pounds studied, which is important since it determines which
drugs will adsorb to the enhancing surface. The purpose of the
review is to bring together information on the first generation
of SE(R)RS studies and to draw out some general conclusions
about the progress so far, as well as highlighting the areas
which need to be developed further if SE(R)RS is to become
established as a viable approach for TDM.
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Methods for SE(R)RS therapeutic
anticancer drug monitoring

The structures of the anticancer drugs which have been inves-
tigated by SE(R)RS in TDM-related studies are shown in Fig. 1,
while Table 1 brings together some of the most important
aspects of each of the studies. The first general observation
from Fig. 1 is that the structures of the molecules which have
been investigated are extremely diverse. From Table 1 the first
notable aspect of the previous work listed is that both aggre-
gated colloids and solid substrates have been used in these
studies. Although it is often not explicitly stated, the rationale
for using aggregated colloids in many of these studies is
straightforward, aggregated colloids are extremely easy to
prepare and offer intense SE(R)RS enhancement, which in
some cases allowed the detection down to single molecule
levels.”* As shown in Table 1, high signal enhancements have
been achieved using even the most conventional types of
aggregated colloids, such as aggregated citrate reduced Ag/Au
colloids (CRSC/CRGC), which allowed anticancer drugs includ-
ing methotrexate (2), mitoxantrone (5), 6-thioguanine (13) and
doxorubicin (14) to be detected down to micro-molar
levels.”” 29343549742 One common issue which arises in aggre-
gated colloid systems is that colloid aggregation is a dynamic
process. This means the plasmonic enhancement that aggre-
gated colloids provide also changes over time, which can
reduce the reproducibility of the SE(R)RS measurements. A
popular approach to improve the reproducibility of SE(R)RS
detection based on colloids is to use microfluidic systems. For
example, Smith et al. have developed a flow cell system for
mitoxantrone (5) detection in serum, which is simple and able
to avoid interference from the biological matrix.*> In this
work, a 632.8 nm excitation laser was selected to provide reso-
nance enhancement and allow the SERRS signal of the drug to
be recorded. This allowed mitoxantrone to be detected at con-
centrations as low as 0.04 nM. The same anticancer drug has
also been successfully detected based on a microfluidic SERRS
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Fig. 1 The structures of the anticancer drugs discussed in this review.
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device with a 532 nm excitation laser.*® Similarly, Xu et al.
have designed a SERS-microfluidic chip which can generate
controllable aqueous micro-droplets in oil and used it for
detection of 6-thioguanine (13) in human serum.*’ Forming
micro-droplets creates a stable and isolated micro-environ-
ment of colloid and drug, which increases the signal repeat-
ability. A similar lab-on-a-chip SERS system has also been used
for detection of methotrexate (2) in the therapeutic range
(2.0-0.2 pM).*® Alternatively, it is possible to design novel col-
loidal aggregates with long-term stability or colloidal nano-
particles (NPs) with novel morphologies which make them SE
(R)RS-active without the need for aggregation.*>*®

In contrast to aggregated colloids, solid enhancing sub-
strates often exhibit significantly higher stability, which
means that to facilitate the adsorption of weakly adsorbing
analytes they can be soaked for long periods of time in the
sample solution or a droplet of analyte can be directly
dropped onto the substrate and Raman probed. For example,
SERS signals of the anticancer drugs paclitaxel (1) and cyclo-
phosphamide (11) have both been successfully obtained using
this approach while the SERS signal of doxorubicin (14) has
been observed in biological matrices using solid substrates
within a flow-cell system.>>?%*? Alternatively, the analyte solu-
tion can be deposited and then allowed to dry directly onto
the surface of the solid substrate to physically bring the
analyte into close proximity with the enhancing surface.
Meneghetti et al. have used this method to quantitatively
detect doxorubicin (14), irinotecan (4) and SN-38 (9) on com-
mercially available Klarite substrates while imatinib (8) spiked
in plasma has also been measured with a limit of detection
(LOD) of 0.43 uM.>>?®

The approaches above can be extended by combining them
with chromatographic separation. Bonifacio et al. have devel-
oped a TLC-SE(R)RS method for detecting the anti-neoplastic
drug, irinotecan (4) in serum samples.*! In this work, the SE
(R)RS signal of irinotecan was acquired by directly applying
and then drying colloids on the relevant TLC spot. A pre-reso-
nance effect was observed by using a 514 nm laser rather than
a 785 nm laser. Moreover, Goodacre et al. have successfully
demonstrated SERS detection of methotrexate (2), an anti-neo-
plastic drug, in urine samples, by coupling SERS with high-
performance liquid chromatography (HPLC).”” By pre-separ-
ating methotrexate from its metabolite, 7-hydroxy methotrex-
ate, by HPLC and then using aggregated colloid, the SERS
signal of methotrexate was detected down to 2.21 uM using a
portable Raman system.

Other less conventional approaches to anticancer drug
detection have also been explored. For example, rather than
using standard Au or Ag NPs, Chen et al. have used composite
Ag@ZnO NPs to detect docetaxel (10) in plasma by mixing the
particles with the analyte solution and then drying them onto
an aluminium support.>® In addition, an example of indirect
SERS detection of erlotinib (15), which uses the loss of the
signal of a strongly scattering competitive molecule to signal
the presence of the drug, has been presented by Meneghetti
et al.**
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Finally, SE(R)RS can, of course, be used alongside other
synergistic techniques. For example, SERS has been used for
identification of 5-fluorouracil (3) (the effective metabolite of
capecitabine) while the concentration of capecitabine itself
was measured using high-resolution continuum source
absorption spectrometry which has high sensitivity for fluo-
rine and low chlorine interference.*®

Table 1 also shows the linear quantification ranges that
have been achieved for the various anticancer drugs which
have been studied using SE(R)RS with different types of enhan-
cing substrates and sampling techniques. Achieving high accu-
racy and reproducibility in quantitative SE(R)RS analysis have
been a longstanding challenge in SE(R)RS but in general, the
majority of the methods discussed here demonstrated good
linear quantification ranges of at least an order of magnitude
with acceptable levels of uncertainty. In some cases multi-
variate methods have been used in analysis of the data and it
seems likely that these will be used increasingly as SE(R)RS is
applied for routine TDM where the desired output is the
measured value of a concentration rather than a spectrum.
However, in the current context, it is important to note that
the clinically relevant concentration range varies widely
between drugs and that only a small fraction of SE(R)RS
studies to date have compared the quantification range they
achieved for their target drug with the clinically relevant con-
centration range,>>>729:32:35,38

Apart from the selection of an appropriate substrate,
another equally important and general issue in SE(R)RS TDM
of anticancer drugs is that the samples are typically in bio-
fluids, which contain high concentrations of bio-molecules,
particularly proteins, that interfere with the measurements by
binding to the anticancer drugs and/or competing with the
anticancer drugs for enhancing surface.*””*® For colloidal sub-
strates the adsorption of protein contaminants also prevents
colloid aggregation, which is often crucial for the formation of
plasmonic hot-spots for effective SE(R)RS analysis.*®

In general, the effect of protein in SE(R)RS is reduced using
sample pre-treatment steps for deproteinization or by using
enhancing surfaces with anti-fouling properties. Sample
deproteinization typically involves treating the sample with
alcohols, which separates the anticancer drugs from the pro-
teins in solution and induces protein precipitation. This
method has been successfully applied to SE(R)RS detection of
irinotecan (4), 6-thioguanine (13), imatinib (8), erlotinib (15)
and doxetaxel (10).>"*¥1%% 1t is also possible to remove pro-
teins with adsorbent or filtering materials. For example, White
et al. have successfully detected flucytosine, an antifungal
agent, in serum using a vertical flow membrane system with
inkjet-printed SERS sensors.”® In this work, layers of filter
paper were utilized to filter out the protein and a portable
Raman spectrometer used to obtain the SERS signals from the
printed Au NPs. Quantitative detection of flucytosine in
undiluted serum was achieved with a LOD of 10 pg mL™.
Moreover, Markin et al. have presented a pre-separation
method for urine samples which used silica gel chromato-
graphy and allowed the detection of ceftriaxone, an antibiotic,
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down to 0.4 pg mL~".>° Although these examples both focused
on detection of non-anticancer drug molecules, the approach
for protein separation is likely to be readily applicable for SE
(R)RS TDM of anticancer drugs.

To create antifouling surfaces, Yu et al. have used a hier-
archical surface modification strategy which involved pre-
forming a self-assembled monolayer (SAM) of zwitterionic
polymer brush on the surface of Au NPs before using them for
SERS detection of doxorubicin (14).*> A similar approach was
applied by De la Rosa et al. who used Au NPs functionalised
with a zwitterionic amino acid r-cysteine SAM brush as the
enhancing substrate, which allowed detection of paclitaxel (1)
and cyclophosphamide (11) down to nano-molar level in
serum.”

In general, a broad range of experimental methods have
already been demonstrated for SE(R)RS detection of anticancer
drugs. However, there is insufficient evidence to judge which
method is optimum, or even if there exists a single optimum
solution but the fact that so many methods are at least reason-
ably successful suggests that the availability of an appropriate
enhancing substrate or need to reduce protein interference
will not be the major limitations in implementing SE(R)RS as
a method for TDM.

The adsorption of anticancer drugs on
Au/Ag surfaces

The previous sections showed that many anticancer drugs can
be detected by SE(R)RS. However, this in itself is not sufficient
to demonstrate that SE(R)RS can be developed into a generally
viable method for TDM of anticancer drugs, since there is a
much larger number of anticancer drug molecules which have
not been studied by SE(R)RS. Therefore, in this section we
discuss whether the drugs which have been studied to date are
representative of the large number of potential target analytes
or if they are actually a special subset of anticancer drugs
which are particularly favourable for SE(R)RS detection.

SE(R)RS analysis of anticancer drugs requires the analyte to
be in close proximity to the enhancing surface to experience
sufficient signal enhancement. In most cases, this requires the
drugs to be able to spontaneously adsorb onto the enhancing
surface, which depends on both the molecular structure of the
drug and the surface chemistry of the substrate material.”" It
is therefore extremely important to discuss the types of inter-
actions between the anticancer drugs and Ag/Au metal sur-
faces investigated so far, since this may serve as a general
guideline to predict other potential anticancer drug candidates
which could be detected via SE(R)RS.

Ag/Au NPs typically carry a layer of chemically bound
capping agents on their surfaces. Therefore, to move into the
enhancing electromagnetic field on the surface of the NPs the
analyte must either replace the capping agents or adsorb onto
them as a second layer, as illustrated in Fig. 2. To replace the
initial capping agents on the surface of the enhancing metals
the anticancer drugs need to have functional groups which
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Fig. 2 Schematic illustration of the two ways in which analytes may
adsorb onto enhancing metal surface: chemical adsorption and physical
adsorption.

adsorb strongly to the metal surface. The first molecule
detected by SERS was pyridine and it is now well established
that pyridine and various other types of nitrogen-containing
heteroatomic functional groups have a strong affinity to Ag
and Au surfaces.”>™* Indeed, ca. 66% of anticancer drugs
which have been studied using SE(R)RS contain nitrogen-
based hetero-aromatic rings. For example, Goodacre et al. have
demonstrated that methotrexate (2), a pyrimidyl anticancer
drug, can be detected using CRSC as enhancing substrate.>”
Similarly, capecitabine (3), which also contains a pyrimidine
group, has been found to spontaneously adsorb onto chloride-
capped Ag NPs.*° Irinotecan (4), a pyridyl drug which is one of
the most cytotoxic but effective drugs used for the treatment of
metastatic colorectal cancer, could be quantitatively analyzed
using both citrate-capped Au NPs and chloride-capped Ag NPs
via SE(R)RS.*"*> Imatinib (8) which contains multiple nitro-
gen-based hetero-aromatic functional groups has also been
successfully detected.*®

Another hetero atom which is well-established to be
strongly adsorbing to Ag and Au surfaces is sulfur, with thiols/
thioyls being the best-known.”>*® For example, 6-mercaptopur-
ine (7), methimazole (12) and 6-thioguanine (13) has been
detected down to 2.4 nM, 100 nM and 0.66 uM,
respectively.>®*° It is notable that 20% of the anticancer drugs
which have been studied by SE(R)RS contain sulfur while only
0.2% of anticancer drugs are sulfur containing.>”

Apart from nitrogen-based hetero-aromatic and sulfur-based
functional groups, amine functional groups are also commonly
found in the group of anticancer drugs which have been
studied by SE(R)RS. In fact, 13 of the 15 anticancer drugs which
have been studied by SE(R)RS contain at least one amine group.
These can be strongly binding, DFT calculations have shown
that the adsorption strengths of amine groups are highly depen-
dent on the overall structure of the molecule and the protona-
tion state of the amine groups.”® A study showed that in 2016,
the percentage of anticancer drugs containing R3;N, R,NH or
RNH, groups was 38.6%, 40% and 6.8%, respectively.>®

Besides sulfur and nitrogen compounds, phosphorous com-
pounds can also form chemical bonds with Au, Ag.°° An
example that is relevant here is cyclophosphamide (11) which

This journal is © The Royal Society of Chemistry 2020
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is a non-aromatic anticancer drug which contains both amines
and phosphoryl groups and could be detected down to 5 nM
on graphene oxide supported r-cysteine-functionalized star-
like Au NPs substrates, as demonstrated by Camacho-Villegas
and De la Rosa.>®

It is generally believed that polycyclic aromatic hydrocarbons
(PAHs) do not possess strong affinity for Ag and Au nanosur-
faces. However, we have recently shown that PAHs, such as
naphthalene and fluoranthene, can adsorb directly onto the
surface of CRGC by displacing citrate and chloride ions through
strong m-metal interactions.®” Interestingly, the effect was only
observed for CRGC but not CRSC. This is significant because,
as shown in Fig. 1, most anticancer drugs that have been
studied by SE(R)RS contain at least one aromatic ring. In fact, it
has been reported that 74% of all known anticancer drugs
contain at least one aromatic ring (including carbo-aromatic
rings and hetero-aromatic rings) which could have important
effects on the adsorption of aromatic anticancer drugs to Au
and Ag substrates.’” The contribution of n-metal interactions to
the adsorption of aromatic anticancer drugs is not clear in
many cases since most of the aromatic drugs which have been
studied by SE(R)RS also contain other surface binding func-
tional groups. However, paclitaxel (1) and doxorubicin (14),
both contain no well-defined conventional surface binding
functional groups and would therefore be expected to preferen-
tially adsorb on Au surfaces which allow n-metal interactions.
Consistent with this expectation, all the existing SERS studies of
paclitaxel (1) were obtained by using Au NPs as SERS enhancing
substrates. Huang et al. successfully detected paclitaxel on bare
Au at even 15 nM drug concentration, while work published by
De la Rosa et al. showed detection on cysteine functionalised
Au substrates with a LOD as low as 10 nM.>>?® However, SERS
studies of doxorubicin (14) have been carried out on both Ag
and Au substrates, suggesting that other moieties such as
hydroxyl groups may also contribute to binding.**™**

Overall, SE(R)RS has been demonstrated for anticancer
drugs containing several types of functional groups including
hetero/carbo-aromatic rings (present in >70% anticancer
drugs), various amine groups (present in >80% of anticancer
drugs), sulphur-containing group (much less common,
present in 0.2% of anticancer drugs) and phosphorous groups.
The high proportion of these groups in anticancer drugs indi-
cates that the drugs which have been investigated so far are un-
likely to be especially favourable cases. Instead it is likely that
most anticancer drugs possess sufficient affinity to Au and/or
Ag surfaces to allow SE(R)RS detection.

Surface modification methods for SE
(R)RS therapeutic anticancer drug
monitoring

Within the SE(R)RS literature there are numerous examples of

studies in which surface modification is used to promote the
adsorption of target analytes of various types onto the enhancing

This journal is © The Royal Society of Chemistry 2020
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surface, but the approach has been less widely adopted for anti-
cancer drugs, presumably because their intrinsic tendency to
adsorb to Ag and Au enhancing metals makes the need for them
less pressing than for other weakly-adsorbing targets. However,
surface-modification techniques may still be useful for improv-
ing the performance of SE(R)RS in TDM of anticancer drugs.

For example, Tian et al. showed that using Ag NPs modified
with p-cyclodextrin as the enhancing substrate increased not
only the SERS signal intensity of 6-mercaptopurine (7) but also
the speed of the analytical process and the linear quantifi-
cation range of the drug, compared to as-prepared CRSC
(Fig. 3).>” This signal improvement was attributed to the inser-
tion of 6-mercaptopurine into the cavity of $-CD, which forced
the drug molecules to stand vertically rather than lie flat on
the surface of the enhancing substrate.

An alternative approach to using supramolecular hosts is to
modify the surfaces with SAMs of thiol-terminated modifiers
which are chosen to attract non-adsorbing analytes and/or to
repel competing contaminants. As discussed in previous sec-
tions, SAMs of zwitterionic polymers have been used as anti-
fouling layers in SERS TDM of doxorubicin (14) in plasma
(Fig. 4).*’ In addition to the zwitterionic polymer antifouling
layer the mixed SAMs also contained different types of thiols
which acted as either chemically-binding ‘reporters’ or phys-
ically attracting ‘attractors’ which allowed the detection of a
variety of weakly/non adsorbing therapeutic drug molecules.

Besides organic modifiers, the surface of Ag and Au enhan-
cing metals can also be modified with other inorganic
materials to form hybrid materials to increase the SERS
signals of anticancer drugs. For example, graphene oxide (GO)
supported Au NPs have been developed as SERS enhancing
substrates for the detection of two anticancer drugs, paclitaxel
(1) and cyclophosphamide (11).>® Using crystal violet as a
probe molecule, the authors showed that the SERS signal of
the probe molecule at 107® M on the hybrid enhancing sub-
strate was ca. 2x stronger than the probe molecule at 10™* M
on pure Au enhancing colloids. In addition, the authors
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H
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Fig. 3 Schematic illustration of the sensing mechanism when
B-CD-AgNPs are used as the SERS-active substrate to detect
6-mercaptopurine.’
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American Chemical Society.

showed that the Au@GO substrates could be functionalised
with r-cysteine modifiers to reduce protein adsorption (Fig. 5).

Alternative methods for increasing sensitivity/selectivity of
SERS measurements by adding other constituents to the
enhancing material that might potentially be applied to anti-
cancer drugs include substrates incorporating metal organic
frameworks (MOFs), molecularly imprinted polymers (MIPs)
and artificial peptides.®*°?

Simultaneous SE(R)RS monitoring of
multiple anticancer drugs in
combination therapy

The studies discussed above suggest that SE(R)RS may well be an
excellent method for anticancer drug monitoring. However, one

significant omission is that the studies have not addressed the
issue of making multiplex measurements. This is important
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because many anticancer drug regimens use at least two drugs
simultaneously, since the combination may give synergistic effects
and reduce the possibility of drug resistance developing. There are
a small number of published studies which partly address the
issue of multidrug detection, but full quantitative studies are still
required. For example, Wang et al. have shown simultaneous
SERS detection of two anticancer drugs in living cells.*

In their study 6-mercaptopurine (7) and methimazole (12)
were injected into a microfluidic chamber containing living
cells which contained pre-incorporated Ag NPs. Both drugs
gave their own distinctive SERS signal in HeLa and SKBR3
cells, respectively, as shown in Fig. 6. This demonstrated the
possibility of achieving real-time label-free SERS detection of
multiple drugs in vivo, which could be useful in studying the
pharmacokinetics of drugs. However, no quantification of the
drugs in this binary drug system was carried out.

Cunningham et al. have reported SERS detection of a
binary mixture of drugs, mitoxantrone (an anticancer drug (5))
and promethazine (an antihistamine) on Au.** As shown in
Fig. 7, both drugs gave detectable signals at four different total
feedstock compositions. However, it is worth noticing that the
difference in sensitivity for the two drugs meant that their
strongest characteristic peaks (1037 cm™* for promethazine
and 1292 ecm™" for mitoxantrone) were only observed at similar
intensity when the ratio between promethazine and mitoxan-
trone was ca. 3000:1. Even when the difference in Raman
cross-section of the two analyte molecules are considered, this
result obviously suggests that the amount of promethazine
and mitoxantrone adsorbed on the surface of the enhancing
substrate was very different from their ratio in the initial feed-
stock. This result is consistent with the results of competitive
adsorption experiments of mixed thiols which have shown that
differences in adsorption coefficients can lead to surface con-
centrations which are very different from the concentration of
the analytes in the bulk solution.®* This is potentially an issue
for multiplex SE(R)RS TDM since one drug within the thera-
peutic regimen may dominate the SE(R)RS signal to the extent
that it may mask the SE(R)RS signals of the other components.

Raman shift/ cm

Fig. 6 SERS image of 6 MP, MMI, and their mixture in HeLa and SKBR3
cells, respectively. The six images on the left (a, b, c, d, e, f) correspond
to the mapping of a specific band of the six spectra on the right (A, B, C,
D, E, F), respectively. The green blocks represent the band of 6 MP at
1289 cm™ and red blocks represent the band of MMI at 1356 cm™.%¢
Reprinted with permission from ref. 36. Copyright 2017 American
Chemical Society.
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Fig. 7 SERS spectra of promethazine and mitoxantrone mixtures, pro-
methazine and mitoxantrone. Individual primary SERS intensity peaks for
both promethazine and mitoxantrone compounds can be identified at
1037 and 1292 cm™ respectively. Measurements were taken in
sequence from the top to bottom.>®

Other studies have investigated binary systems of drugs and
their metabolites, for example, mixtures of the drug irinotecan
(4) and its metabolite, SN-38 (9), which is the active com-
pound. In experiments where mixed samples were dried onto a
solid Au substrate it was found that the spectra were very
similar although multivariate analysis could be used to separ-
ate them.’> In a second example, doxorubicin (14) and its
metabolite, doxorubicinol were studied by SERS.*> When the
molar ratio of the two components at fixed total concentration
(2 uM) was altered, the resulting spectra showed a corres-
ponding change in the relative intensities of bands character-
istic of both species.

The studies above show that some of the issues which are
associated with multiplex SE(R)RS in general are likely to be
encountered in TDM of combinatorial anticancer chemo-
therapy. The most notable of these being the challenge in
designing systems where the sensitivity of the analysis
matches the concentration ranges of all the compounds which
need to be monitored. This could mean that for mixtures
where the therapeutic range of each drug is very different the
sensitivity of the enhancing material to the higher concen-
tration drugs would need to be suppressed. Conversely, in mix-
tures with similar therapeutic ranges, the challenge will be to
ensure that the sensitivity to each of the drugs is approxi-
mately the same. It seems unlikely that these conditions will
be met by simple unmodified surfaces, except by coincidence,
so there is a clear need for approaches which allow the sensi-
tivity of the assay to the various target compounds to be con-
trolled, possibly by surface modification. This requirement
does add an extra level of difficulty in designing SE(R)RS TDM
methods for particular drug combinations and it may be the
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reason that up to this point there have been no quantitative
studies of anticancer drug mixtures. However, the widespread
use of combination therapies for different types of cancer
mean that it is a challenge that will need to be met.

Conclusions

The SER(R)S studies of anticancer drugs published to date have
demonstrated that limits of detection in the uM to nM range
can be achieved for drugs with a very broad range of structures
using a variety of enhancing substrates. As discussed above,
this generality is associated with the structures of anticancer
drugs which, despite their diversity, typically have at least one
feature which helps to promote adsorption onto simple unmo-
dified Au or Ag enhancing surfaces. Similarly, several methods
for minimising the effects of interfering components within
biofluid samples have been demonstrated, while more estab-
lished protocols which are likely to be directly transferrable to
SE(R)RS TDM of anticancer drugs are also available. These
observations, coupled with the potential to carry out rapid
bedside SE(R)RS testing using compact instruments, means
that SE(R)RS does have real advantages compared to the tech-
niques traditionally used for TDM, such as LC-MS.

Apart from the normal issues that are associated with achiev-
ing reliable SE(R)RS quantification and are now well recog-
nised,® an additional challenge which is particularly relevant for
SE(R)RS TDM of anticancer drugs is to develop SE(R)RS assays
that can quantitatively monitor two or more drug compounds
simultaneously. This is important because many therapeutic regi-
mens in oncology involve the use of combinations of drugs. In
principle, multiplex sample detection should be possible since
each drug will give a characteristic finger print spectrum.>*°¢”
However, successful multiplex detection will also require that the
signals of each component can be detected at the required con-
centration range, which suggests that methods to control the sen-
sitivity of each component will need to be developed. This will
likely require combined research efforts in material fabrication
and surface-modification to create novel enhancing substrates. In
summary, there is now clear evidence that SE(R)RS has real
advantages over established TDM approaches and that single
drug analysis is already possible while multidrug monitoring
remains an important challenge for the future.
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