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Abstract: Pharmaceutical product quality is of vital importance for patient safety. Impurities and
potential degradation products can cause changes in chemistry, pharmacological and toxicological
properties by having a significant impact on product quality and safety. Stress-testing (forced degra-
dation) studies of pharmaceutical preparations became necessary to assure degradation mechanisms
and potential degradation products. Consequently, it is crucial to understand the nature of possible
degradation products. Surface-enhanced Raman spectroscopy (SERS) is a powerful vibrational spec-
troscopic technique that can provide valuable information about changes in a molecular structure
with its intrinsic finger-print property. In this study, a forced degradation study was conducted on
pemetrexed (PMT), an antifolate chemotherapy drug, in order to identify its likely chemical degrada-
tion products. The degradation mechanism of PMT was investigated under various experimental
conditions; basic (0.1 M NaOH), acidic (0.1 M HCl), and oxidative (3% HyO, v/v). We used silver
nanoparticles (AgNPs) of average size 60 nm as SERS substrates. The study shows that SERS can be
a fast and reliable technique to study the stability and possible degradation mechanisms of drugs
under several different conditions.
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1. Introduction

Drug safety and effectiveness are important concerns due to potential adverse effects
through their degradation products on patient health and the environment [1,2]. Investi-
gation of possible molecular changes in a drug molecule over time without interference
from excipients, impurities, and degradation products (DPs) is required [3]. Excipients
used to prepare the pharmaceutical form of a drug and/or inappropriate environmental
conditions can also promote the degradation of a drug substance [2]. For instance, primary
and secondary amines can react with carbohydrates to form glycosylamines. Many of the
reported drug-excipient reactions involve hydrolysis, oxidation, or a specific interaction of
drugs with reactive impurities in excipients [2,4]. The impurities and potential DPs may
cause changes in chemistry, and the pharmacological and toxicological properties of drugs
having significant impact on product quality and safety [5,6]. Furthermore, the degradation
molecules and their concentration levels have a vital importance not only for a patient’s
safety but also other living things exposed to the molecules via environmental factors such
as soil, water, vegetables, and fruits [1]. It should be noted that even if concentrations found
in the environment are at generally low levels, medicinal products are developed to be
highly potent substances, and thus concentration levels on their own are not the precise
indication of the associated risks [1,7]. The risk factors are associated with the nature of
a substance such as degradability, toxicity of a compound, exposure duration, toxicity of
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metabolites, and physicochemical properties. For these reasons, forced degradation (stress-
testing) studies of pharmaceutical preparations became necessary to assure degradation
mechanisms and potential DPs [8-10]. The authorities such as FDA and ICH guide stability
tests to figure out the quality of a drug substance and drug product. According to the
regulatory guidelines, the stress factors must include acid and base hydrolysis, oxidation,
thermal degradation, photolysis, and freeze-thaw cycles and shear [11,12].

In this study, the degradation behavior of pemetrexed (PMT), a structure shown in
Figure 1, is investigated under stress conditions such as oxidative and hydrolytic stress
following ICH guidelines [11]. PMT is an antifolate chemotherapy drug which is first-line
treatment for patients with advanced non-squamous, non-small cell lung cancer. PMT
applies its effect by disrupting folate-dependent metabolic processes essential for cell
transcription [13]. It acts by inhibiting thymidylate synthase, dihydrofolate reductase, and
glycinamide ribonucleotide formyl transferase enzymes used in purine and pyrimidine
synthesis [14]. PMT prevents formation of DNA and RNA, which are required for the
growth and survival of both normal and cancerous cells. The degradation profiles of PMT
using stability-indicating methods stated by guidelines are also reported in the literature on
high-performance liquid chromatography (HPLC) and HPLC coupled with tandem mass
spectrometry (MS/MS) [15-23]. In most of these studies, the decrease in the concentration of
the parent and increase in DPs are monitored under stress conditions. In a few studies, DPs
were investigated after their isolation using preparative chromatography, and characterized
by mass spectroscopy and NMR techniques for confirmation [18,23]. Additionally, some
of the studies of PMT and its metabolites in biological fluids have been conducted using
LC/MS methods [24-27].

OH

Figure 1. Chemical structure of PMT.

Jansen et al. [18] and Warner et al. [15] identified several PMT DPs through oxida-
tion and hydrolysis using HPLC and NMR. First, the DPs were separated in a reversed-
phase preparative HPLC method, then they were identified with NMR. In another study,
Respaud et al. also identified only two potential DPs, des-glutamate and glutamic acid [19].
In their study, they employed a HPLC instrument equipped with an ultraviolet and evapo-
rative light-scattering detector to determine the DPs of PMT. More recently, a new HPLC
method for PMT degradation was developed and validated as per ICH guidelines using
a design of experiments methodology equipped with Box-Behnken design by Naren-
deran et al. [23]. As seen in all reported studies, in spite of the fact that HPLC is the most
used technique to investigate the degradation and stability of drugs, it is not possible
to perform the analysis in a single HPLC method. For this reason, mass spectroscopy
is heavily used to complement HPLC for the characterization of degradation products.
However, the MS-based techniques are expensive, time-consuming, and requires highly
trained personnel. As an alternative, surface-enhanced Raman spectroscopy (SERS) has
been gaining attention for drug analysis in recent years [28-30].

SERS has received growing interest in variety of areas due to its inherent merits
such as high sensitivity down to a single molecule, intrinsic finger-printing property, and
multiplexing features due to the narrow spectral bands. These features make SERS one of
the most powerful techniques for non-destructive, in situ, in vitro and in vivo analysis of
chemical and biological substances. A noble, gold or silver, metal nanostructured surface is
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essential to achieve strong SERS activity. Although both noble metal surfaces are routinely
used, AgNPs are preferred in some cases due to their higher SERS activity [31]. When
colloidal metal nanoparticles are used as SERS substrates, the analyte of interest is simply
mixed with the colloidal suspension and spotted on a suitable surface [32].

This study is the continuation of our effort to investigate the potential of SERS for
the drug degradation profiles [28]. In our previous study, we monitored the degradation
behavior of tofacitinib and methotrexate under hydrolytic, oxidative and thermal conditions
using mesoporous SI@AgNPs as SERS substrate. We found that drug molecules and naked
AgNPs surfaces might interact in the presence of HCI or H,O,, and AgNP surfaces can
result in undesired reactions due to their high chemical reaction [33]. We aimed the study
at understanding the effects of naked AgNPs on PMT degradation with NaOH, HCl and
H,O; exposure up to 48 h. This study will be first of its kind to date.

2. Materials and Methods
2.1. Silver Nanoparticles (AgNPs) Synthesis and Characterization

All glass was cleaned with aqua regia (nitric acid:hydrocloric acid, 3:1 (v/v)) to remove
any impurities present on the glass surface. AgNPs were synthesized by the Lee-Meisel
method [28]. The concentration of the AgNPs suspension was labelled as “1X” as synthe-
sized. The initial suspension was concentrated 32 times by centrifugation and removal of the
supernatant, and labeled as “32X”, which was used as the SERS substrate. Figure 2 shows
the characterization of AgNPs colloidal suspension using Ultraviolet-visible (UV-vis) spec-
troscopy, transmission electron microscopy (TEM) and dynamic light scattering (DLS). The
colloidal suspension of AgNPs has a maximum absorbance at 430 nm as seen in Figure 2a.
Figure 2b, c show a representative TEM and DLS plot with an average hydrodynamic size
of 60 nm of AgNPs, respectively.
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Figure 2. UV-vis spectrum (a), TEM image (Scale bar: 0.2 pm) (b), and DLS plot showing hydrody-
namic size distribution (c) of AgNPs.

2.2. Forced Degradation Conditions

The main stock solutions of PMT prepared at 25 ugmL~! was protected from light
exposure and stored at 4 °C. The forced degradation conditions include hydrolytic con-
ditions of 0.1 M sodium hydroxide (NaOH), acidic 0.1 M hydrochloric acid (HCI), and
oxidative conditions of 3% v/v hydrogen peroxide (H,O,) based on ICH recommenda-
tions [12,13,28,34]. The basic and acidic degradation of PMT were performed by mixing
1 mL of PMT stock solution with 2 mL 0.1 M NaOH and 0.1 M HCI at room temperature
for 6,12, 24, 30 and 48 h. For the oxidative stress, 1 mL of PMT stock solution was treated
with 2 mL of 3% (v/v) HyO, at room temperature for the same exposure times in hydrolytic
degradation. Each sample measurement was repeated three times, and from each droplet,
30 spectra were collected and averaged.

2.3. SERS Studies

The drug solutions were first exposed to basic, acidic and oxidative conditions at
increasing durations from 6 to 48 h. Then, an aliquot from each of these solutions was
mixed with AgNPs suspension. From this mixture, 1 uL volume was placed onto a
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CaF, slide and allowed to dry. All measurements were performed by using a Renishaw
InVia Reflex Raman Microscopy System (Renishaw plc., New Mills, Wotton-under-Edge
Gloucestershire, Kingswood, UK). An 830 nm laser was used to acquire the SERS spectra.
The collection time for each SERS measurement was 10 s and a total of 10 spectra from
different aggregates on the droplet area were collected. We attempted to identify both the
degradation rate and mechanisms.

3. Results and Discussion

Raman and SERS spectra of a molecule can be very different depending on the nature of
the interaction of a molecule with the substrate surface. In order to give an idea to the reader,
we provide a comparison of average intensity-normalized and baseline-corrected Raman
and SERS spectra of PMT in Figure 3. In an interesting study, AuNPs-PMT conjugates were
synthesized and characterized with the aim of utilizing AuNPs as drug carriers [35]. In that
study, both Raman and SERS spectra of PMT were reported. Although the experimental
conditions for both Raman and SERS spectral acquisitions are different, it is important to
mention this study as spectral reference point. A bulk Raman spectrum of PMT is also
provided in Figure S1. As expected, many new spectral bands on SERS spectra appears and
there is almost no spectral overlap between two spectra indicating a high affinity of PMT to
the AgNPs surface. Table S1 shows the tentative SERS band assignments for PMT and as it
degrades under several experimental conditions based on the previous studies [20,24,36,37].

Raman

Intensity

400 600 800 1000 1200 1400 1600
Raman shifts (cm)

Figure 3. Comparison of Raman and SERS spectra of PMT.

The forced degradation studies indicated that the PMT substance degrades in solution
via two main degradation pathways, hydrolysis of the amide linkage at low pH, and
oxidation of the five-member ring of the pyrrolopyrimidine moiety [15,19,23]. Figure 4a
shows the two principal reactive sites for the PMT molecule, where chemistry can take
place. Figure 4b shows the main potential DPs of PMT, oxidative dimers, ring-opened keto-
amine, lactams, des-glutamate and a—hydroxy lactams. This information is important to be
able interpret the spectral changes under stress conditions. The other aim is to investigate
how stress conditions affect the SERS activity of AgNPs after exposing them with PMT and
degradants following the forced degradation conditions.
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Figure 4. (a) Possible degradation sites in PMT structure. It degrades via oxidation of its five-member
ring of pyrrolopyrimidine moiety through water loss and its rearrangement, and/or hydrolysis of
amide bond as shown above, (b) potential degradation products (DPs) of PMT under NaOH, HCI
and H,O, exposures.

Figure 5 shows the SERS spectra of PMT exposed to NaOH at increasing times. The
drug and the NaOH concentrations remain the same but the exposure times increase. An
aliquot from the solution during incubation was taken and mixed with the AgINPs colloidal
suspension. As seen, the spectral pattern remains almost the same with increasing NaOH
exposure time but several changes in relative band intensities are apparent indicating the
concentration changes of the molecular structures originating from their parent compound.
In Table S1, the assignment of each band observed on the SERS spectra is provided. It was
reported that the DPs in basic conditions are the oxidative dimer, ring-opened keto-amine,
and o—hydroxy lactams [18]. According to the study conducted by Jansen et al., 4.2% of
PMT exposed 24 h to NaOH was degraded. In our previous study employing mesoporous
silica-coated AgNPs as SERS substrates, we also reached the conclusion that NaOH does
not cause a destructive effect on AgNPs [28]. From the consistent spectral patterns at
increasing exposure times, it is clear that NaOH is compatible with AgNPs and they do
not lose their SERS effect and the observed spectral changes is the result of possible mild
degradation of PMT.

Figure 6 shows the SERS spectra of PMT exposed to HCl at increasing times. The
DPs in acidic medium are reported to be an oxidative dimer, ring-opened ketoamine, des-
glutamate, and lactams [15,18,20]. When PMT was exposed to HCl for 3 h, 15.32% of PMT
degraded [20]. As seen in Figure 6, at shorter exposure times, SERS spectra are quite noisy
and do not provide much molecular information. After 30 h exposure, new bands start
to appear at 640, 1051, 1100, 1253, 1437, 1615 cm™! that can be assigned HCH bending,
CH in plane bending, NH; rocking, CH, symmetric deformation and scissoring of NHp,
respectively [28,35]. There could be one reason for this observation, the loss of SERS activity
of AgNPs as a result of undesired reactions with HCl during the first 24 h. Once all HCl is
consumed, the SERS activity of AgNPs continues to be intact upon mixing reaction mixture
with the AgNPs colloidal suspension at 30 and 48 h. Thus, as seen, several bands appear at
30 h, and more bands at 48 h.
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Figure 5. SERS spectra of PMT exposed to 0.1 M NaOH for a duration of 6-48 h.
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Figure 6. SERS spectra of PMT exposed to 0.1 M HCl for a duration of 648 h.

Figure 7 shows the SERS spectra of PMT exposed to H,O, for increasing dura-
tions. According to the PMT degradations studies, PMT is not stable as it is exposed
to HyO, [14,17-19]. PMT was degraded by HyO; as it is an oxidizing agent and the ex-
posure generates DPs such as oxidative dimers and lactams [18,20]. Galla et al. reported
that when PMT was exposed to 3% H,O, for 30 min, 17.15% of PMT degraded [20]. As
in Figure 7, it was only possible to obtain a meaningful SERS spectrum after 30 h ex-
posure time. This could be due to the undecomposed H,O, at earlier exposure times
(24,12, and 6 h), which can cause dissolution of AgNPs, and a result the loss of the
SERS activity. The new bands appeared at increased exposure times (30 and 48 h) at
752,953, 1011, 1055, 1448 cm~! can be assigned to pyrimidine ring breathing, C=0 stretch-
ing, hydrogen bonds of pyrimidine-water, CH in plane bending, and H,C=CH-CHj sym-
metric deformation, respectively [28,35]. On the other hand, after 48 h exposure, while both
bands at 752 and 1448 cm ! disappeared, a new band occurred at 1096 cm~!. This can be
explained with oxidation of carbon atoms in CO, CN or CH bonds.
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Figure 7. SERS spectra of PMT exposed to 3% H,O; for a duration of 648 h.

Since the same concentration of HCl and H,O; is used for all exposure times, at
increasing exposure times, the HCl and H,O, left in the drug and degradation product
mixture react with the AgNPs mixed with this causing the loss of SERS activity. This could
be due to dissolution of AgNPs into its ions or precipitation of AgNPs as result of change
in surface charge. When the spectra of PMT exposed to HCl and H,O, from 30 to 48 h are
compared, the same bands at 1051, 1100, 1437 em ! (Table S1) with little shifts are observed.
This explains that the oxidative dimer and lactams are the DPs of PMT for both conditions.

4. Conclusions

This SERS study indicates that the degradation of PMT with NaOH exposure is a
much milder process than the H,O; case since almost no SERS bands are observed with
the exposure to HyO; at shorter exposure times. Even 6 h of HyO; exposure results in
complete degradation or all DPs being below the detection limit of the technique. This
study shows that the drug was not stable under the basic, oxidative conditions, and showed
varying degrees of degradation depending on exposure time at ambient temperature. The
NaOH exposure caused much milder degradation of the drug as clearly observed from
the SERS spectra. Although HPLC and LC-MS analyses need to obtain a complete picture
of the degradation profile of an API under various stress conditions, SERS can provide
useful insights into possible degradation mechanisms. Although, as demonstrated in this
study, SERS can used to study the autoxidation, molecular fragmentation, dimerization and
polymerization of drugs under different conditions in an aqueous solution, the possible
interactions of the agents used with the SERS substrates should be realized.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app12041807/s1, Figure S1: Raman spectrum of PMT; Table S1:
Tentative SERS band assignments.
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