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Analysis of 5-fluorouracil in saliva using
surface-enhanced Raman spectroscopy
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The ability of surface-enhanced Raman spectroscopy (SERS) to measure the chemotherapy drug 5-
fluorouracil in saliva is presented. A silver-doped sol–gel provided SERS and also some chemical
selectivity. 5-Fluorouracil and physiological thiocyanate produced SERS, whereas large biochemicals,
such as enzymes and proteins, did not, supporting the expectation that the larger molecules do not diffuse
through the sol–gel to any appreciable extent. In addition, 5-fluorouracil samples of 2 µg ml−1 were easily
measured, and an estimated limit of detection of 150 ng ml−1 in 5 min should provide sufficient sensitivity
to perform pharmacokinetic studies and to monitor and regulate patient dosage. This would fill a critical
need for this highly used drug, since genetic-based variations in its metabolism can range by as much as
five-fold from one patient to another. Copyright  2004 John Wiley & Sons, Ltd.
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INTRODUCTION

Determining safe and effective dosages for chemotherapy
drugs remains a significant challenge in the treatment of
cancer.1,2 Many chemotherapy drugs, such as 5-fluorouracil,
prevent cell growth through their incorporation into DNA
and RNA, which causes improper replication and incomplete
biochemical synthesis. Their success is based on the higher
rate of cancer cell multiplication than normal cells. Neverthe-
less, normal cell growth is also adversely affected, especially
those that also involve rapid cell turnover, such as blood cell
production in bone marrow. These dangerous side-effects
preclude the use of clinical trials to establish a statistical basis
for dosage, and the latter is based on the limited set of previ-
ously treated patients. A secondary approach to determining
safe and effective dosage is to monitor its metabolism during
administration and adjust concentrations accordingly. This
information can be extremely beneficial since the patient’s
genetic makeup and nutritional habits can strongly influence
the pharmacokinetics of these drugs.3 Unfortunately, current
practices require 10–20 ml of blood per analysis,4 and the
multiple samples required to profile pharmacokinetics may
further jeopardize the patient’s health and, consequently, are
rarely performed.4,5
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Saliva analysis has long been considered an attractive
alternative, and recent research has shown that drug
metabolism is often equally represented in saliva as in blood
plasma,6 – 9 typically at µg ml�1 concentrations. Analysis
of saliva is highly desirable in that it is non-invasive,
reduces the risk of HIV infection, is easier to obtain and
is easier to analyze chemically. Saliva is 99.5% water, and
the concentrations of interfering physiological chemicals are
typically 100 or more times lower than in blood plasma
or urine.10 Unfortunately, current saliva analysis, like blood,
requires 10–20 ml of sample to separate and detect drugs and
their metabolites chemically, and this quantity is difficult to
generate.

In an effort to overcome this limitation, we have
been investigating the potential of surface-enhanced Raman
scattering (SERS) to perform the needed measurements in
saliva. The rich molecular information provided by Raman
scattering and the increased sensitivity afforded by surface
enhancement from silver or gold nanoparticles has been
successfully used to measure numerous drugs,11 – 16 and it
may be possible to develop a simple SERS-active device to
analyze drugs and metabolites in <1 ml of saliva in <5 min.

Here we examined this potential by analyzing 5-
fluorouracil (5-FU, Fig. 1) in saliva. 5-FU is one of the
most often used drugs to treat solid tumors and colorec-
tal carcinoma.17 The metabolism, mechanisms of action
and chemotherapeutic usage of 5-FU have recently been
reviewed.17 In addition to being converted to one of three
active forms, 5-FU is also converted to an inactive form,
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Figure 1. Structure of 5-fluorouracil, with standard numbering.

dihydrofluorouracil (5-FUH2) by dihydropyrimidine dehy-
drogenase (DPD). There is a wide genetic-based variation
in the amount of DPD in individuals and the amount of
5-FU converted to 5-FUH2 can range from 15 to 80%. Con-
sequently, employing a ‘standard’ dose of 5-FU has led
to severe toxicity or even death in individuals deficient
in DPD.18

A recent pharmacokinetic investigation has shown that
5-FU concentrations in saliva closely match those in plasma,
reaching a maximum of 15–28 µg ml�1 and a 3 h minimum
of 0.1 µg ml�1 (patient dependent).9 Here we present pre-
liminary data supporting the concept that near continuous
monitoring of drug and metabolite concentrations afforded
by SERS of saliva would allow more effective control of
dosage and thereby minimize toxic effects on a patient-by-
patient basis.

EXPERIMENTAL

5-Fluorouracil, sodium thiocyanate and all chemicals used to
prepare the silver-doped sol–gel-coated vials were obtained
from Sigma-Aldrich (St. Louis, MO, USA) and used as
received. HPLC-grade water was used to prepare samples
ranging in concentration from 2 to 1000 µg ml�1. SERS-active
vials were prepared according to published procedures,19

using a silver amine precursor to provide the metal dopant
and an alkoxide precursor to provide the sol–gel matrix. The
silver amine precursor consisted of a 5 : 1 (v/v) ratio of 1 N

AgNO3 to 28% NH4OH, and the alkoxide precursor consisted
of a 2 : 1 (v/v) ratio of methanol to tetramethyl orthosilicate.
The alkoxide and silver amine precursors were mixed in an
8 : 1 (v/v) ratio, then 140 µl were introduced into 2 ml glass
vials, which were spin-coated. After sol–gel formation, the
incorporated silver ions were reduced with dilute sodium
borohydride. For the pH study of 5-FU, a 1 mg ml�1 stock
solution was prepared, adjusted to pH 3.7 using 0.1 M HNO3,
and then added to a 2 ml SERS-active vial. After the SERS
measurement, the 2 ml of solution was returned to the
stock solution and made basic using 0.1 M KOH. Prior to
re-addition to the same SERS-active vial, the vial was first
rinsed three times with distilled water, then twice with the
new solution prior to SERS measurement. This procedure
was repeated until a pH of 10.7 was obtained and measured.
Then the entire sequence was repeated, but instead 0.1 M

HNO3 was used to make the solution incrementally acidic
to a final measurement pH of 3.3. In all, pH measurements
were performed at 3.3, 3.7, 4.3, 4.8, 5.4, 5.6, 6.5, 9.2 and 10.7.

The vials were mounted horizontally on an XY posi-
tioning stage (Conix Research, Springfield, OR, USA), such
that the focal point of an f /0.7 aspheric lens was just inside
the glass wall. The lens focused the beam into the sample
and collected the scattered radiation back along the same
axis. A dichroic filter (Omega Optical, Brattleborough, VT,
USA) was used to reflect the excitation laser to the lens and
pass the Raman scattered radiation collected by the lens. An
f /2 achromat was used to collimate the laser beam exiting
a 200 µm core diameter source fiber optic, and a second
f /2 achromat was used to focus the scattered radiation into
a 365 µm fiber optic (Spectran, Avon, CT, USA). A short-
pass filter was placed in the excitation beam path to block
the silicon Raman scattering generated in the source fiber
from reflecting off sampling optics and reaching the detec-
tor. A long-pass filter was placed in the collection beam
path to block the sample Rayleigh scattering from reaching
the detector. A 785 nm diode laser (Model 785-600, Process
Instruments, Salt Lake City, UT, USA) was used to deliver
100–150 mW of power to the sample [up to 400 mW for
normal Raman scattering (RS)]. A Fourier transform Raman
spectrometer (Model IRA-785, Real-Time Analyzers, East
Hartford, CT, USA) equipped with a silicon photo-avalanche
detector (Model C30902S, Perkin-Elmer, Stamford, CT, USA)
was used to acquire the SERS and RS spectra. All spectra
were collected at 8 cm�1 resolution. For each sample, nine
spectra were recorded along the length of the vial with 1 mm
spacing. As a practical approach to minimizing the variabil-
ity associated with the SERS activity as a function of sample
position, three high- and three low-intensity spectra were
discarded, while the three median spectra were averaged
and reported. Relative standard deviations for all concentra-
tions reported are included in figures as š error bars. All
peak intensities used for calculations were measured peak
heights.

RESULTS AND DISCUSSION

SERS spectra of chemicals are often different than their
normal Raman spectral counterparts. This is largely due to
surface interactions that enhance various vibrational modes
to different extents. Further, it has been shown that a layer
of negative charge on silver provided by chloride anions
can greatly enhance the interaction of some analytes and
substantially increase SERS.20,21 In fact, the SERS of uracil
in 0.1 M KCl obtained on a silver electrode was found
to be substantially more intense than uracil obtained on
silver embedded in a sol–gel.22 Here, the silver-doped
sol–gels were rinsed with 5 mM HCl after reduction to
provide a negatively charged layer and improve the SERS
activity. The RS and SERS spectra of 5-FU are compared
in Fig. 2 for a crystalline powder and 1 mg ml�1 water,
respectively. Both spectra, not surprisingly, are very similar
to the corresponding spectra obtained for uracil,22 – 25 and the
peaks can be assigned to vibrational modes accordingly. The
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Figure 2. (A) Raman and (B) surface-enhanced Raman spectra
of 5-fluorouracil. Conditions: (A) crystalline powder, 150 mW of
785 nm, 1 min; (B) 1 mg ml�1, 100 mW of 785 nm, 2 min.

Raman spectrum [Fig. 2(A)] is dominated by peaks at 766,
1223, 1347, 1423 cm�1, and a doublet at 1653 and 1669 cm�1.
These peaks have been assigned to the pyrimidine ring-
breathing mode, a concerted ring mode, an unassigned mode,
NH in-plane deformations and the two carbonyl stretches
(C O), respectively.23,24 In the SERS spectrum [Fig. 2(B)],
these peaks shift to 786, 1234, 1335, 1400 and 1667 cm�1.
Only one carbonyl peak is observed, suggesting a preferred
orientation. The combination of the attractive forces between
the chloride anion surface layer and the nitrogen protons
and the repulsive forces between the fluorine and the same
layer favors orientation with C4 O towards the surface, and
it is likely that it is this carbonyl mode that is enhanced. The
wavenumber at which this SERS peak occurs is nearly the
same as the higher wavenumber carbonyl peak in the RS that
is assigned to the C4 O mode, supporting this reasoning.23

The intensity of the SERS carbonyl mode and the shift in
wavenumber by as much as 20 cm�1 for other modes suggest
a strong surface interaction. A similar conclusion was drawn
for uracil based on the observed shift of the ring-breathing
mode from 780 to 802 cm�1.25

5-FU is a weak acid with a pKa of 7.93,26 and consequently,
depending on the ionic form, the pH can also strongly
influence the molecule to surface interaction.27 The pH
dependence of the SERS spectrum is essential if quantitative
measurements are to be made. Figure 3 shows the SERS
spectra of 5-FU for selected pH values of 4.3, 5.6, 6.5, 9.2
and 10.7. The peaks at 1234, 1400 and 1667 cm�1 decrease
in intensity whereas those at 786 and 1335 cm�1 remain
constant as the pH is made basic. Also, the last two peaks
both shift in wavenumber towards each other by ca 8 cm�1

as the pH is changed from 3.3 to 10.7. Although this shift
appears to follow the trend in pH, it is equivalent to the
spectral resolution of the measurements and was not further
analyzed. In addition, two new peaks appear at 1545 and

Figure 3. (A) Surface-enhanced Raman spectra of 1 mg ml�1

5-FU in water at pH (A) 10.7, (B) 9.2, (C) 6.5, (D) 5.6 and (E) 4.3.
Conditions: 100 mW of 785 nm, 2 min.

1606 cm�1. The decrease in the intensity of the 1234, 1400 and
1667 cm�1 peaks is a consequence of the anion being formed.
Deprotonation occurs at the N3 position,26 which essentially
removes this interaction with the chloride anions on the silver
surface, and also that of the nearby carbonyl groups. It also
appears that the intensity of the 1400 cm�1 NH deformation
is reduced by ¾50%, consistent with elimination of one of
the two modes. The appearance of the peak at 1545 cm�1,
assigned to the C6 –H deformation mode, suggests that this
part of the molecule now interacts with the chloride anion
coated surface. The 1606 cm�1 peak is tentatively assigned to
a trigonal ring mode, based on the same mode observed in
the SERS spectra of pyrazine at 1590 cm�1,28 and the fact that
formation of the anion leads to a high degree of �-electron
delocalization.26

The intensities of the 1545 and 1667 cm�1 peaks, normal-
ized to the 1335 cm�1 peak intensity, are plotted in Fig. 4

Figure 4. Plot of the 1545 (ž) and 1667 cm�1 (♦) peak
intensities (heights normalized to the 1335 cm�1 peak height)
as a function of pH representing 5-FU� and 5-FU, respectively.
Lines represent predicted relative concentrations based on the
pKa of 7.93.
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as a function of pH and compared with the calculated con-
centration of the neutral and anionic forms based on the
pKa. The decrease in the latter peak and increase in the for-
mer peak coincident with the pKa supports their respective
assignment to the neutral and anionic forms. It is important
to note that the 786 and 1335 cm�1 peak intensities are nearly
constant as a function of pH and are therefore appropriate
for quantitative analysis.

A preliminary calibration curve relating SERS intensity
to concentration was prepared by measuring 100, 50, 10,
5 and 2 µg ml�1 samples (Fig. 5). The SERS intensity was
taken as the peak height at 786 cm�1 minus the value at
750 cm�1 as the baseline. This peak intensity increases rapidly
with concentration to 5–10 µg ml�1 and then levels off
(Fig. 6). This Langmuir isotherm response is typical for SERS
substrates where signal intensity is a function of available
silver surface area.29 The ‘roll-over’ concentration represents
the point at which monolayer coverage has been reached, and
higher concentrations do not produce significant increases

Figure 5. Surface-enhanced Raman spectra of 5-FU for
concentrations of (A) 100, (B) 50, (C) 10, (D) 5 and
(E) 2 µg ml�1. Conditions: 100 mW of 785 nm, 5 min.

Figure 6. Surface-enhanced Raman spectral response as a
function of 5-FU concentration. Conditions as in Fig. 5.

in intensity. It can be seen that even at 2 µg ml�1 [Fig. 5(E)],
the signal-to-noise quality is quite good. This spectrum was
used to estimate a limit of detection (LOD), defined as the
concentration that produces a peak three times as intense
as the baseline noise. Using the intensity of the 786 cm�1

peak, and the relative standard deviation of baseline noise,
an LOD of 150 ng ml�1 is estimated for 100 mW of 785 nm
laser power at the sample and an integration time of 5 min.

As a preliminary demonstration of the proposed appli-
cation, several samples were prepared by adding 500 µg of
5-FU to 1 ml of saliva and the SERS spectra were recorded
(Fig. 7). In all cases, the 5-FU peaks were readily apparent,
indicating that this chemotherapy drug could be identified
in saliva. The average 786 cm�1 peak height for each sample
ranged from 0.65 to 0.8, which corresponds to the mono-
layer regime according to Fig 6, and accurate determination
of concentration is not possible. Nevertheless, these values
are not inconsistent with the initial concentration. For sev-
eral samples two new peaks appeared at 445 and 2095 cm�1.
The latter peak is characteristic of cyanide and thiocyanate
chemical species. Cyanide has been observed in the saliva
of cigarette smokers,30 and thiocyanate is observed in most
people, likely as an antibacterial agent.31 The two peaks
are assigned to thiocyanate based on previous SERS spectra
recorded using silver electrodes.32 This was confirmed by
preparing and measuring SERS spectra of this chemical with
the silver-doped sol–gels [Fig. 7(C)]. The three thiocyanate
peaks are the N–C–S bend at 445 cm�1, the C–S stretch at
735 cm�1, and the C–N stretch at 2095 cm�1. The 879 cm�1

peak is attributed to trace amounts of boric acid generated
by the silver reduction process.33 Although these peaks do
not interfere spectrally with the characteristic 5-FU peaks,
the thiocyanate could block the SERS-generating metal sur-
faces. The large biochemicals of saliva, such as ˛-amylase

Figure 7. Surface-enhanced Raman spectra of 0.5 mg of 5-FU
added to 1 ml of saliva: (A) sample 1 and (B) sample 2.
(C) 1 mg ml�1 KSCN in water for comparison. Conditions:
100 mW of 785 nm, 1 min.
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and mucin, represent a similar concern. However, no peaks
appear that suggest that they are present on the silver parti-
cles. It is possible that these molecules are SERS inactive, but
more likely they probably simply do not diffuse through the
sol–gel pores.

CONCLUSION

The silver-doped sol–gels used in this study provided good-
quality SERS spectra of 5-fluorouracil and some chemical
separation from saliva. The unique SERS peaks were all easily
observed at 2 µg ml�1. Measurements of 5-FU artificially
added to real saliva samples also provided high-quality
spectra, but physiological thiocyanate was observed in
some samples. The sol–gels appear selectively to allow
smaller molecules, such as 5-FU and thiocyanate, to diffuse
through to the silver particles, but exclude many large
saliva biochemicals. The estimated limit of detection for
5-FU of 150 ng ml�1 is within the 1–30 µg ml�1 expected
range of physiological concentrations. This should provide
ample sensitivity to perform pharmacokinetic studies and to
monitor and regulate patient dosage. Current work involves
improving the reproducibility and expanding the capabilities
to include the measurement of 5-FUH2 and leucovorin. The
latter is a drug often included with 5-FU treatment to reduce
deleterious side-effects. We believe that this preliminary
work has demonstrated the potential of developing a simple
saliva sample system, based on a SERS-active sol–gel,
which may have great value in monitoring and regulating
chemotherapy drug dosage. Such a device may be broadly
applicable to monitoring other drugs as they are evaluated
during clinical trials.
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