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Imatinib is the standard first line treatment for chronic myeloid leukemia (CML). Owing to dose-
related toxicities of Imatinib such as neutropenia, there is scope for treatment optimization through
therapeutic drug monitoring (TDM). Trough concentration of 1 ug/mL is considered the thera-
peutic threshhold. Existing methods for the detection of Imatinib in plasma are limited by long read
out time and expensive instrumentation. Hence, Raman spectroscopy was explored as a rapid and
objective tool for monitoring Imatinib concentration. Three approaches: conventional Raman
spectroscopy (CRS), Drop coating deposition Raman (DCDR) spectroscopy and surface-enhanced
Raman spectroscopy (SERS) were employed to detect the required trough concentration of 1 ug/
mL and above. Detection of therapeutically relevant concentrations (1 ug/mL) using SERS and
suitable nanoparticle substrates has been demonstrated. Prospectively, rigorous validation using
clinical samples is necessary to confirm the utility of this approach in routine clinical usage.
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1. Introduction

Tyrosine kinase inhibitors revolutionized the con-
cept of well-tolerated cancer therapy with the
introduction of Imatinib for the first line treatment
of chronic phase chronic myeloid leukemia (CML).
Imatinib inhibits ABL and the BCR-ABL fusion
protein, c-KIT, and the platelet-derived growth
factor receptor (PDGF-R).! It is also used for the
treatment of Philadelphia positive acute lympho-
blastic leukemia (ALL), gastrointestinal stromal
tumors (GIST) and some cases of dermatofi-
brosarcoma protuberans. The standard dose used in
adults is 400 mg once daily, whereas children with
Philadelphia chromosome-positive leukemia receive
a standard daily dose of 340 mg/m®.? Trough Ima-
tinib plasma concentrations above 1 pug/mL are
associated with complete cytogenetic and major
molecular responses to standard dose (400 mg once
daily) in chronic myeloid leukemia.® Variations in
drug disposition, especially plasma clearance (CL),
may result in excessive toxicity or suboptimal an-
ticancer efficacy. The main toxicities of Imatinib are
frequently dose-related. For instance, Neutropenia
correlates with the area under the concentration
time curve (AUC) of Imatinib.* Owing to the ex-
posure effect relationship, Imatinib is an ideal can-
didate for therapeutic drug monitoring (TDM),”
that would allow for optimization of dose to achieve
improved molecular response in CML.° Liquid
chromatography mass spectrometry (LC-MS) and
high performance liquid chromatography (HPLC)
are widely used and clinically practiced methods for
the detection of Imatinib levels.”

In view of long sample preparation time and non-
availability of instrumentation in standard hospital
settings, there is a need to develop an alternative
rapid yet accurate method for the determination of
plasma Imatinib concentrations. Raman spectro-
scopic (RS) studies in biomedicine, pharmaceutics
and homeland security applications (for detection
of biomarkers, chemicals, explosives) have already
been well documented.®'" Variants of RS such
as drop coating deposition Raman (DCDR) and
surface-enhanced Raman spectroscopy (SERS) are
known to be sensitive and can facilitate detection
up to single molecule level. With DCDR, a type of
non-enhanced Raman spectroscopy, applications
such as analyzing changes in the relative protein
concentrations of aqueous tertiary protein mixtures
and determination of albumin glycation have been
reported.''”1? SERS is a well known and time-tested

technique for ultrasensitive detection, analysis and
imaging at single molecule level.'*'> This paper
introduces the utility of Raman spectroscopy as a
prospective tool for rapid monitoring of patients
treated with Imatinib, at the therapeutic concen-
tration of 1 ug/mL and above.

2. Materials and Methods
2.1. Sample preparation

Different concentrations of Imatinib ranging from
5mg/mL to 1 ug/mL were spiked in ultrapure water
(Milli-Q systems, Millipore Corporation and referred
to as “milli-q” in the manuscript) and pooled plasma
(obtained from blood banks). A series of stock solu-
tions were prepared and serially diluted for their
corresponding analysis. To ensure repeatability and
reproducibility, each concentration was analyzed in
triplicates and the experiment was repeated three
times on different days.

2.2. Raman spectroscopy
2.2.1. Instrumentation

Spectra were recorded using fiberoptic Raman mi-
croprobe (Horiba-Jobin-Yvon, France), as described
elsewhere.' This Raman system consists of laser
(785nm, Process Instruments) as an excitation
source and HE-785 spectrograph (Horiba-Jobin-
Yvon, France) coupled with CCD (Synapse, Horiba-
Jobin-Yvon) as dispersion and detection elements,
respectively. Optical filtering of unwanted noise,
including Rayleigh signals, is accomplished through
“Superhead”, the other component of the system.
Optical fibers were employed to carry the incident
light from the excitation source to the sample
and also to collect the Raman scattered light from
the sample to the detection system. Raman micro-
probe was assembled by coupling a 40X (NA: 0.65)
microscope objective (Nikon, Japan) to the superhead.

2.2.2. FExperimental approaches

All spiked samples were subjected to conventional
RS by placing approximately 10 uL of sample on a
CaF3y window. The spectra were recorded randomly
from multiple points on each drop using the setup
described above.

In case of DCDR, a volume of 10 uL (sample
spiked with drug) was deposited on CaF; substrates
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Table 1. Peak assignments for Imatinib.

Imatinib saturated

RS for imatinib detection

and allowed to dry for approximately 40 min in a
Fume hood. The dried drop was subjected to RS.
Spectra were acquired from one end of the drop
(periphery) to the other (vertical direction). This
was repeated by spanning the drop across the hor-
izontal direction to investigate the presence of
Imatinib in the dried drop.

SERS studies were carried out by depositing con-
cave gold nanoparticles on glass substrates coated

solution (cm ™) Assignment with aluminum foil substrates. Concave nanocubes
789 R3 (methylbenzene ring) were synthesized with slight m;);ilﬁcatlon§ in the
996 R4 (Aminopyrimidine ring) + method reported by Zhang et al.'” In a typical syn-
S = O (mesylate salt) thesis, seeds were prepared in the following way:
1048 R1 (N-methyl piperazine ring) 260 pL of HAuCl, (10 mM) were added to a 10 mL of
1324 R1 (N-methyl piperazine ring) cetyltrimethylammonium chloride (CTAC) solution
123; Eg (Pyridine ring) (0.1 M), to initiate the seeds growth, 700 uL of ice-
cold freshly prepared NaHB, solution (10 mM) was
1 1312 et
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Fig. 1. Representative spectra for conventional Raman approach in drug spiked milli-q. Spectra were acquired from Imatinib
spiked milli-q and representative spectra for 5 and 1mg/mL are shown in the figure, (a) Lowest concentration: 1mg/mL, (b)

Highest concentration: 5 mg/mL.
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added under continuous magnetic stirring and left
standing for 2 min and finally left undisturbed for 2 h.
For concave nanocubes, growth solution was pre-
pared by consecutively adding: 10mL of CTAC
(0.1 M), 500 L of HAuCly (10 mM), 50 L of AgNO;
(10mM), 200 pL of HCI (1 M), 125 L of ascorbic acid
(0.1 M). 50 uLi of seeds solution diluted 1:100 were
added to the growth solution to initiate the growth
of the nanoparticles. The nanoparticles were har-
vested from the surfactants and other media com-
ponents by centrifugation at 3500 rpm for 30 min.
This washing step was repeated 3 times to obtain
purified nanoparticles with minimal media compo-
nents.'® SERS substrates were prepared by dropping

20 uL of purified nanoparticles on the surface of
cleaned aluminum foil. After the nanoparticles dried,
spiked water and plasma solutions were dropped onto
the SERS substrate and the corresponding Raman
spectra were acquired at random points of the sample.

Spectral acquisition parameters of laser power —
30mW, acquisition time — 155, average — 4 were
kept constant for all the measurements (CRS,
DCDR and SERS). The laser spot size at the sample
was ~ 5-10 um. About 10 spectra were recorded
from different areas of the drop, in case of CRS
and SERS. For DCDR, ~ 15 spectra were acquired
from one end of the drop to the other, both hori-
zontally and vertically as previously stated. The
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Fig. 2. Representative spectra for DCDR approach in drug spiked and blank plasma. DCDR approach was explored to achieve
lower detection limit for Imatinib. Spectra were acquired from dried drop of Imatinib spiked plasma for concentrations 2, 1, 0.1 mg/
mL and blank plasma. Imatinib-specific signals could be observed till 0.1 mg/mL; (a) blank plasma, (b) Lowest concentration:
0.1 mg/mL, (c) Intermediate concentration: 1 mg/mL, (d) Highest concentration: 2 mg/mL.
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representative spectrum from each class has been
shown in the manuscript.

2.2.3. Spectra pre-processing

Raman spectra were corrected for charged coupled
device (CCD) response with a National Institute of
Science and Technology (NIST) certified Standard
Reference Material 2241 (SRM 2241) followed by the
subtraction of background signals from optical ele-
ments and substrate. Spectra were interpolated in
600-1800cm ! region. Details of the spectral pre-
processing are mentioned elsewhere.'® Average spec-
tra were computed from these background-subtracted

|
(=]
o

RS for imatinib detection

and interpolated spectra. The typical spectra were
baseline-corrected by fitting a fifth-order polynomial
function using LabSpec 4.18 (Horiba Jobin Yvon,
France). These baseline-corrected, smoothed
(Savitzky—Golay, 3) and vector-normalized spectra
were analyzed for detecting Raman signals attrib-
utable to Imatinib and computing difference spectra.

3. Results and Discussion

While RS has been used for various other applica-
tions discussed earlier, its use for detection of drugs
like Imatinib in biological matrices has not been
explored. Existing methods such as HPLC and
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Fig. 3. Difference spectra for DCDR approach (a) Highest concentration (2mg) — blank plasma, (b) Lowest concentration

(0.1 mg) — blank plasma.
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LC-MS being used for the purpose are resource-
consuming and labor intensive. This prompted us to
explore an alternative method for therapeutic
monitoring of Imatinib. The RS method described
here for the detection of Imatinib in plasma is the
first to be reported so far.

The potential of Raman spectroscopy as thera-
peutic tool for detection of Imatinib was explored
using three approaches: conventional Raman spec-
troscopy (CRS), DCDR and SERS. The chemical
name for imatinib is 4-[(4-methyl-1-piperazinyl)
methyl]-N-[4-methyl-3-[[4-(3-pyridinyl)-
2-pyrimidinyllamino]-phenyl]benzamide methane-
sulfonate. For a pure/saturated Imatinib solution,
spectra were acquired using the same experimental
setup and bands were observed at positions 782,
996, 1048, 1310, 1424, 1600 and 1623 cm~!. These

bands can be attributed to the following structural
components in Imatinib: 996 cm~! band can be
attributed to R4 (aminopyrimidine ring) and
v(S=0) (mesylate salt), 1048 cm~! is assigned to
R1 (N-methyl piperazine ring) and R5 (pyridine
ring), 1310 cm ! is attributed to R1 and R2 (ben-
zamide ring). 1424 cm ! can be assigned to R4 and
R5 while R2 vibrations are associated with
1615 cm 1. Spectral assignments were made based
on the available literature, and are also tabulated
in Table 1.'%2° The same standard bands were used
to identify Imatinib in the spiked samples.

3.1.

The feasibility of detecting Imatinib was first evalu-
ated using CRS in drug-spiked milli-q. The baseline
corrected spectra acquired using CRS are shown in

Conventional Raman spectroscopy
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v \/k
0.0 B00 Igoo 1z00 1300 ET: )
wof ()
" uk_\
0.0
600 300 ipoo 1200 1400 iqoo
o] (@
" \\
0.0
600 500 ifoo 1z00 1300 1400
1.2 (b)
" W\/A‘f‘
0.0 \“‘\/\_
600 800 ipoo 1200 1400 #6500
1.0 (a}
- \—\A_/\r/
0.0
600 300 1000 1200 1400 600

Wavenumbexrxr

(cm—1)

Fig. 4. Representative spectra for SERS approach in drug-spiked milli-q. SERS approach to achieve therapeutically relevant
concentrations was first investigated in milli-q. Concentrations ranging from 1-0.001 mg/mL were spiked in milli-q and deposited on
suitable nanoparticle substrates. Imatinib-specific signals could also be detected in the lowest concentration. (a) Blank nano-
particles, (b) Lowest concentration: 0.001 mg/mL (1 ug/mL), (c) Concentration: 0.01 mg/mL, (d) Concentration: 0.1 mg/mL, (e)

Concentration: 0.5 mg/mL, (f) Highest concentration: 1 mg/mL.
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Figs. 1(a) and 1(b). Major Raman bands indicating
the presence of Imatinib in the highest concentration
(5mg/mL), were observed at 782, 992, 1045, 1211,
1312, 1598 and 1615 cm ! [Fig. 1(b)].1%?" The lowest
limit of detection of Imatinib using CRS was found to
be 1mg/mL, where minor bands attributable to
Imatinib were observed at 992, 1045 and 1211 cm ™!
[Fig. 1(a)]. The presence of Imatinib in 1mg/mL
was confirmed using difference spectra computed by
subtracting blank milli-q from 1mg/mL concentra-
tion (data not shown). Positive bands at 990, 1044,
1321, 1598 and 1618 cm™! verify the detection of
Imatinib for this concentration. With a detection
limit way above the desired therapeutic threshold
of 1 pg/mL, this approach proved to be inefficient
for use from a clinical perspective.

3.2. DCDR

In order to improve sensitivity and evaluate the de-
tection of Imatinib in human plasma, the technique
of DCDR was employed. For these experiments,

RS for imatinib detection

concentrations starting from 2mg/mL up till
0.1mg/mL of Imatinib spiked in plasma were
employed. The baseline corrected spectra are shown
in Figs. 2(a)-2(c). As seen in Fig. 2(a), major Raman
bands for blank plasma were observed at 1660, 1450,
1265, 1128 and 1008 cm~! attributed to Amide I
(protein), CH, stretch (lipid and protein), Amide III
(protein), C-N stretching (protein) and Phe, re-
spectively along with bands at 946, 1114, 1306, 1320
and 1618cm~!. For the highest concentration of
drug-spiked plasma (2mg/mL), major bands were
observed at 996, 1045, 1114, 1214, 1262, 1313, 1457,
1598, 1618 and 1657 cm ! [Fig. 2(c)]. The Imatinib
reference spectra is suggestive that bands at 996,
1045, 1214 1313, 1598 and 1618 cm ! may be indic-
ative of Imatinib. Imatinib-related bands were also
observed in the successive lower concentrations,
down to 0.1 mg/mL, where bands at 1211, 1313 and
1618 cm ! [Fig. 2(b)] can be attributed to Imatinib.
To confirm the presence of Imatinib, difference
spectra were computed from the highest and lowest
concentration by subtracting blank plasma spectra.
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Fig. 5. Difference spectra for SERS approach. (a) Highest concentration (1 mg) — blank nanoparticle, (b) Lowest concentration

(1 ug) — blank nanoparticles.
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As seen in the Fig. 3(a), positive bands at 998, 1049,
1211, 1311, 1595 and 1615 cm ! indicate the presence
of Imatinib in the difference spectrum (2mg —
blank) for a concentration of 2mg/mL. Negative
bands at 1240, 1270, 1450 and 1660 cm ! correspond
to contributions from plasma, and are not drug fea-
tures. In the lowest concentration difference spec-
trum (0.1 mg — blank), two minor bands at 1595 and
1615cm ™! reflect the presence of Imatinib. Thus,
DCDR enabled the detection of concentration as low
as 0.1 mg/mL, but it failed to achieve detection of
therapeutically relevant concentration i.e., 1 ug/mL.

3.3. SERS

SERS was consequently explored for detecting
Imatinib at clinically relevant concentrations,
owing to its sensitivity up to the single molecule

level. Feasibility SERS experiments were initially
carried out in milli-q for drug concentrations of 1,
0.5, 0.1, 0.01 and 0.001 mg/mL, baseline corrected
spectra are shown in Fig. 4. In case of drug-spiked
water, highly intense bands were observed in higher
concentrations (1, 0.5 and 0.1 mg/mL) at 992, 1034,
1303 and 1595 cm~! due to enhancements because
of drug-metal interactions [Figs. 4(d)—4(f)]. Other
bands observed at 763 and 1207 cm~! could also be
attributed to Imatinib. In the lowest concentration
of 0.001 mg/mL (1 ug/mL), imatinib-related bands
were observed at 995, 1034 and 1303 cm ! [Fig. 4(b)].
Difference spectra were computed to confirm
this limit of detection. Blank nanoparticle spectrum
was subtracted from the highest (1mg/mL) and
lowest concentrations (1 ug/mL), as shown in Fig. 5.
Positive bands at 990, 1034, 1294 and 1585cm ! in
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Fig. 6. Representative spectra for SERS approach in drug-spiked plasma. SERS approach to achieve therapeutically relevant
concentrations was then investigated in drug-spiked plasma. Concentrations ranging from 0.1-0.001 mg/mL were spiked in plasma
and deposited on suitable nanoparticle substrates. Imatinib-specific signals could also be detected in the lowest concentration. (a)
Blank plasma, (b) Lowest concentration: 0.001 mg/mL (1 ug/mL), (c) Concentration: 0.005mg/mL, (d) Highest concentration:

0.1 mg/mL.
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Fig. 5(a) can be attributed to Imatinib. In the lowest
concentration difference spectrum, major positive
bands were observed at 653, 763, 992, 1038 and
1152cm~t. Of these, bands at 992 and 1034 cm !
may be indicative of Imatinib detection at this
concentration (1 ug/mL). Further, the feasibility of
detecting Imatinib in drug-spiked plasma was eval-
uated (Fig. 6). The concentrations 0.1, 0.005 and
0.001 mg/mL were spiked in plasma. The highest
concentration showed bands at 992, 1034, 1592 and
1615cm~! [Fig. 6(d)], while minor bands could also
be observed at similar band positions in the 1 ug/mL
concentration [Fig. 6(b)] with respect to blank plas-
ma [Fig. 6(a)]. A difference spectrum was calculated
by subtracting blank plasma from the highest
(0.1 mg/mL) and lowest concentration (1pg/mL).
Major positive bands for the highest concentration
difference spectrum was seen at 719, 985, 1034, 1107,

RS for imatinib detection

1303, 1592 and 1611 cm ™!, of which 985, 1034, 1303,
1592 and 1618 cm ™! can be attributed to Imatinib
[Fig. 7(a)]. In the lowest concentration difference
spectra, positive bands were observed at 727, 985,
1034, 1114, 1176, 1259, 1296 and 1592 cm . Bands
at 985, 1034, 1296 and 1592 cm ™! can be attributed
to Imatinib [Fig. 7(b)]. Thus, the therapeutic detec-
tion limits of 1 ug/mL was achieved using both drug-
spiked milli-q and plasma. The reproducibility of the
approach was confirmed by multiple repetitions of
the experiment. Thus, SERS with suitable nano-
particles substrates can lead to peak enhancements
that enabled detection at the required therapeutic
concentration of 1 ug/mL.

The advantage of using RS-based approach for
drug monitoring of Imatinib is the objectivity, rapidity
and the minimal sample preparation requirements.
As SERS-nanoparticles-based approach can achieve
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Fig. 7. Difference spectra for SERS approach. (a) Highest concentration (0.1 mg) — blank plasma, (b) Lowest concentration

(1 ug) — blank plasma.
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the therapeutic detection limits, this approach can
be adopted for all future clinical applications.
Coating of aluminum substrates with the synthe-
sized nanoparticles is a simple and standardized
procedure. Thus, manufacturing ready-to-use sub-
strates on a large scale is not labor intensive. For
clinical applications, blood samples from visiting
patients can be collected, placed on the already-
prepared substrate, and spectral acquisition can be
done. The spectra can then be tested against existing
standard models of the therapeutically relevant
trough and peak concentrations. Drug levels in
patients can then be inferred from the result of the
test prediction. Thus, an immediate decision on op-
timal dose can be made. Although, availability of on-
site instrumentation at all clinical centers can be a
limiting factor, samples can be collected and trans-
ported to a centralized facility for Raman analysis,
and results can be sought within a few hours of
sample receipt.

4. Conclusion

RS, DCDR and SERS approaches were explored for
the detection of Imatinib at therapeutic concentra-
tion of 1 ug/mL and above. Of these, SERS-nano-
particle-based approach can be a more practical and
efficient tool for TDM of Imatinib in clinics.

Although HPLC, LC-MS are sensitive as well as
precise methods for determination of Imatinib con-
centration, this study has been designed specifically to
detect imatinib at the concentration of 1 ug/mL and
above. We would like limit the sensitivity to 1 ug/mL
and above as that is our therapeutic threshold and
detection at lower levels may not have clinical utility.
Thus, CRS, DCDR and SERS approaches were ex-
plored for the detection of Imatinib at therapeutic
concentration of 1ug/mL and above. The current
study is a proof of concept which introduces a semi-
quantitative assay for detection of Imatinib in human
plasma. Prospective rigorous validation using clinical
samples is required to establish Raman-spectroscopy
as a rapid and objective tool for routine clinical usage.
This concept can be extended for other drugs which
are candidates for TDM.
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