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Abstract. The release of excitatory amino acids (EAAs) from injured
neurons has been associated with secondary injury following head
trauma. The development of a rapid and sensitive method for the
quantification of EAAs may provide a means for clinical management
of patients affected by head trauma. We explore the potential appli-
cation of surface-enhanced Raman spectroscopy (SERS) for rapid
quantification of the concentration of EAAs in aqueous silver colloids.
The EAAs glutamate (Glu) and aspartate (Asp) are released following
head injury and have been observed to exhibit SERS spectra that
should enable them to be distinguished in a complex aqueous media.
Of the two EAAs, the concentration of Glu has been shown to be
more indicative of injury to the central nervous system. Using 30-s
scans and a 50-mW argon laser, aqueous Glu is quantifiable from 0.4
to 5 mmol/L and is spectrally distinguishable from Asp. In addition,
initial in vivo microdialysis experiments suggest that this SERS system
is capable of measuring chemical changes following head trauma in
the rat brain. Compared with current high-performance liquid chro-
matography (HPLC) techniques for amino acid detection, the short
scanning and processing time associated with the SERS approach en-
ables measurement on a near-real-time basis, providing clinical infor-
mation in anticipation of pharmaceutical intervention. © 2003 Society of
Photo-Optical Instrumentation Engineers. [DOI: 10.1117/1.1528208]
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1 Introduction
About 2 million Americans are hospitalized each year due to
head injuries, which has been reported as the most commo
cause of injury-related death in America.1 While 80 to 90% of
head injury patients admitted to hospitals suffer mild or mod-
erate injury, up to 5% of those patients die due to secondar
mechanisms associated with the initial injury. Of the patients
admitted with severe injury, as many as one-third die due to
secondary mechanisms.2

Elevated excitatory amino acid~EAA! concentrations ac-
company brain trauma and ischemia and have been implicate
in secondary injury to the nervous system.3–5An evaluation of
current scientific literature regarding the two amino acids
glutamate~Glu! and aspartate~Asp! suggests that the concen-
tration of Glu is more indicative of and sensitive to injuries
involving the central nervous system. While the intact and
healthy brain is quite resistant to Glu, an injured one is sus
ceptible to additional neurotoxic injury. Injured neurons re-
lease large quantities of Glu that injure more neurons, induc
ing a self-propagating cycle.6 Sudden increases in Glu
concentration have been observed as an antecedent to pati
death as much as several days following a severe hea
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injury.2,7 EAAs are also presumed to play pathogenic roles
neurological disorders including ischemic stroke, multip
sclerosis, Parkinson’s and Alzheimer’s diseases, epilepsy,
chronic schizophrenia.6

EAAs act as neurotransmitters that mediate postsyna
receptors and channels that controlCa21 flux. Mechanisms
proposed to account for the neurotoxic effects observed
clude acute neuronal swelling caused by excessiveCa21 and
Na1 and an increase to toxic levels ofCa21-mediated nitric
oxide production. Recent research has further implicated
in neuronal death after ischemia because Glu receptor bl
ade has been shown to be neuroprotective in animals.8

EAA concentrations in cerebrospinal fluid~CSF! or brain
extracellular fluid~ECF! samples can be collected using se
eral methods. These body fluids contain many of the sa
amino acids and neurotransmitters but often differ in conc
tration levels. In a traditional method, raw CSF samples
deproteinized with a sulfosalicylic or trichloroacetic acid s
lution. This deproteinization step is circumvented when m
crodialysis techniques are employed.9–12 In this procedure, a
dialysate fluid is flushed through a hollow tube with poro
walls that is inserted into the brain or spinal cord. Samples
taken of this fluid after different chemical species diffu
across the membrane from nearby extracellular fluid. Sam
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O’Neal et al.
are then frozen awaiting amino acid separation by high
performance liquid chromatography13 ~HPLC!. Chemical tag-
ging of the amino acids for use with fluorescence or electro
chemical detection techniques is then necessary due to th
low concentration of the analytes in these fluids. The reporte
human extracellular concentration of Glu by HPLC is at leas
0.6 mmol/L; the toxic concentration is at least 2 to 5mmol/L.
The time required to perform HPLC assays may eliminate
valuable clinical information while neurotoxicity induces fur-
ther brain injury over the course of minutes and hours. Fo
this reason, a near-real-time method of monitoring EAA con-
centrations may prove invaluable in the development of drug
therapies using specific amino acid antagonists.6

Surface-enhanced Raman spectroscopy~SERS! techniques
have been previously applied to other neurotransmitters tha
are found in the central nervous system. Lee et al. used
silver electrode SERS technique to examine dopamine, ep
nephrine, and norepinephrine.14 Of these compounds, dopam-
ine was apparently the most sensitive, with quantitative mea
surements obtainable at 1mmol/L concentration. However,
dopamine concentrations in the brain are thought to be muc
lower.15 They added potential confounders known to exist in
CSF and ECF such as ascorbate, glutathione, and acetylch
line, but determined that these chemicals were not SERS a
tive. Since these confounders were unable to generate SER
spectra, they did not affect the SERS spectra of the analytes
interest.

Kneipp et al. combined dopamine and norepinephrine with
a different silver colloid than the one used in this research.16

They showed that quantitative measurements could be mad
of a single analyte in the presence of other SERS-active ana
lytes in an aqueous solution using a SERS technique. The
presented spectra of dopamine at 0.5mmol/L, with some
spectral features observable at concentrations 100 time
lower. In addition, they added albumin as a confounder, bu
determined that it was not SERS active with their colloid.

Both traditional dispersive Raman and SERS spectral at
tributes have been reported for the EAAs we studied in this
paper. Traditional dispersive Raman detection limits fall far
short of detecting typical physiological concentrations.17,18

Chumanov et al. showed aqueous SERS spectra for 68 and
mmol/L Glu and Asp~respectively! along with a broad exami-
nation of other amino acids.19 They did not report on these
amino acids in physiological solutions nor did they sugges
what SERS detection limits exist for any amino acids. While
they did report general enhancement factors for amino acid
of at least106, the concentration of EAAs reported were well
above expectedin vivo values for mammals.

The study presented in this paper examined the SER
spectra of the EAAs in aqueous solution and determined th
detection limit of Glu using silver colloids prepared according
to the Creighton method.20 The goal was to determine if
SERS is sensitive enough to detect micromolar concentratio
levels of Glu reported for CSF or brain ECF. For brain ECF,
preliminary research described here, along with several othe
reports, suggests that Glu is one of the highest concentrate
and most SERS-active amino acids following brain
injury.21–24 In both extracellular brain fluid and CSF, Asp has
been reported4,10,25at lower concentrations than Glu. The abil-
ity to detect the SERS spectral attributes of Glu in the pres
ence of confounding biological molecules of approximately
34 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
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the same molecular weight was investigated. The time c
straints of colloidal SERS measurements, which must
prompt enough to have the potential for rapid detection at
bedside, were also investigated.

2 Materials and Methods
Traditional dispersive Raman scattering and SERS scatte
measurements were conducted with a 500M SPEX spectr
eter equipped with a CCD camera operated in multichan
detection mode. The samples were excited by the 514.5
line of an argon laser~CR-4 supergraphite ion laser by Cohe
ent! operating at a power of5061 mW. Sample excitation
and Raman signal collection was performed using a pre
ously described confocal Raman system,26 although the con-
focal attributes of the system were not required in this stu
Thirty-second data acquisition was used throughout the st
All measurements were performed under the same condit
~i.e., laser power, spot size, etc.!.

The silver colloids were prepared according to the pro
dure previously described by Creighton et al.20 One part~1
mmol/L! aqueous silver nitrate(AgNO3) was added dropwise
to 3 parts~2 mmol/L! aqueous sodium borohydride(NaBH4)
at room temperature to produce 20 to 30 ml of collo
AgNO3 and NaBH4 were purchased from Alfa Aesar an
were used within 8 h ofstock preparation due to known long
term instability and decomposition of these components
water. TheAgNO3 stock was handled and stored under da
room conditions due to suspected light sensitivity. The m
ture was constantly and gently stirred during preparation
homogenize the colloidal particles, but was then allowed to
for at least 2 min before the addition of any adsorbate
decrease in SERS enhancement due to a reduced abili
aggregate over time was noted by previous investigators,
colloids over 30 min old were never used.27 The color of the
pH 9.3 colloidal solution ranged from light yellow to golde
brown, with darker colloids producing greater enhancemen
the Raman signal. Therefore, only golden brown solutio
were employed for this study. All solutions were prepar
using Millipore water in the pH range 5.5 to 6.0 with a res
tivity of 18 mV. The pH was measured with a pH met
~Piccolo Plus by Hanna!, which was calibrated using standa
buffer solutions of pH 7.01 and 4.01. The amino acid so
tions were always mixed with the silver colloidal solution in
one-to-one milliliter ratio. All of the samples from each da
set were mixed with the colloid as quickly as possible a
spectra were collected starting 10 min later, which took in
account slower reaction times for lower concentrated samp
Amino acids andg-amino-butyric acid~GABA! were ob-
tained from Sigma. For the studies performed in this pap
the same colloid preparation was used in each case for
calibration and validation data sets.

This feasibility study begins with an examination of hom
geneous amino acid solutions. This simplifies control of ea
amino acid concentration and eliminates confounding effe
This univariate approach enables the determination of Ram
enhancement from each analyte ranging from below norma
extreme pathologic concentrations. Furthermore, the effect
suspected confounding analytes can then be examined
vidually.
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Feasibility Study using Surface Enhanced Raman Spectroscopy . . .
The normal dispersive Raman spectra of 50 mmol/L Glu
and Asp solutions were obtained initially and served as rela
tive reference spectra for the SERS measurements. Followin
a qualitative comparison of the dispersive Raman and SER
spectra, a quantitative analysis of the relationship betwee
Glu concentration and SERS spectral intensity was performe
by tracking the changes in the band observed at 830 cm21.
This quantitative study examined 3 samples from each Glu
concentration between 0.4 and 5mmol/L ~24 samples total!
and was prepared from a single silver colloid. An additional
set of 8 samples of variable concentration was prepared usin
the same colloid. The spectra were calibrated by subtractin
features produced by the aqueous colloid along with any
broad baseline shifts indicative of Raleigh scatter~as influ-
enced by the general increase of colloidal particle size due t
analyte induced aggregation!.28 A supplementary qualitative
study was performed to ascertain the low end of the SERS
detection range of an aqueous homogeneous Glu solution.

The SERS sensitivity of a variety of amino acids relative
to Glu ~Gln, Phe, Tyr, Gly, Ala, Asp, and GABA! was tested.
Additionally, Asp was added to Glu in similar, lower, and
higher concentrations to determine the sensitivity and spec
ficity of the SERS system to changes in Glu in the presence o
the similar SERS active confounder Asp.

The time-dependent kinetics of silver colloids with Glu
was examined. SERS measurements were started immediate
after the samples were prepared with 30-s scanning repeat
for a 15-min period.

Finally, a preliminary in vivo microdialysis experiment
was performed on two rats. This surgical procedure is de
scribed in detail elsewhere.29 The animals were exposed to
middle cerebral artery occlusion~MCAO!, a procedure that
produces localized ischemia in the brain to resemble hea
trauma.23,24 A microdialysis probe was then inserted into the
damaged area of the brain and the concentrations of the var
ous components of extracellular brain fluid were sampled
across the dialysis membrane. The small pore size of th
probe membrane allowed analytes such as amino acids to pa
into our SERS detection system, while rejecting the flow of
any larger confounding substances that occur naturally in th
brain. An artificial cerebral spinal fluid was pumped using a 2
mL/min flow rate and 30mL samples were collected every 15
mins.

3 Results
Representative normal dispersive Raman and SERS spectra
Glu and Asp are shown in Figures 1 and 2, respectively. Th
Raman spectra of 50 mmol/L Glu and Asp confirms earlier
spectral observations of other investigators showing a stron
COO2 band at 1416 cm21, with a similar peak in the SERS
spectra.17,18 Both the (COO2) band at 1387 cm21 and the
(CH2) band at 1048 cm21 were prominent.19 In addition, the
EAAs were readily distinguishable in a mixed solution~Fig-
ure 3!.

For comparison with other investigators previous work,
absolute SERS enhancement factors of the prominent
mmol/L Glu peaks were estimated to be at least107 by adding
a 1 mol/L methanol standard following a procedure outlined
by Kneipp et al.30 Aqueous MeOH shows a singular feature at
1020 cm21 in the 900 to 1200-cm21 region. When thisGlu
g
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1MeOH mixture is added to a silver colloid, the resulta
spectrum includes Glu SERS features plus the unenhan
features of MeOH. We further assume that the probing v
umes among our different solutions are constant and that
Raman cross sections of the different molecules are clos
the same size~within an order of magnitude!. We then take
into account the relative concentrations in solution and co
pare the relative peak heights of the highest MeOH featu
with the highest Glu SERS feature. For the concentrati
employed here Glu is53106 less concentrated than MeOH

Fig. 1 Background corrected SERS and Raman spectra of Glu: (top) 3
mmol/L, SERS; (bottom) 50 mmol/L, Raman. SERS intensity is shown
here reduced by a factor of 10 for comparison.

Fig. 2 Background-corrected SERS and Raman spectra of L-aspartic
acid: (top) 100 mmol/L, SERS; (bottom) 50 mmol/L, Raman. SERS in-
tensity is shown here reduced by a factor of 10 for comparison.
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 35
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Fig. 3 Plot of 5 mmol/L Glu in the presence of 5 mmol/L Asp. The Glu
peak at 830 cm−1 is differentiated easily in the presence of Asp, since
Asp has no spectral features in the 800- to 850-cm−1 range. The C–C
peak of Asp is shifted to 785 cm−1.
-

-

-

o

d

its
ith
s

tate.
t a
ex-
his
nd

. It
ggre-

ent
and produces 12 times the photons for the highest peak
Therefore, this method estimates that the SERS enhanceme
of Glu is 63107. Similarly, the SERS enhancement of a 100
mmol/L concentration of Asp was deduced to have an en
hancement of106.

The colloidal SERS qualitative detection limit of our sys-
tem (SNR53) was 0.4mmol/L Glu using 30-s scans and 50
mW. The 1387- and 1048-cm21 bands were the only features
distinguishable from the background noise at this low concen
tration.

Figure 4 shows the correlation of the 830-cm21 band in-
tensity compared to known Glu concentrations in SERS mea
surements. This moderately intense band was chosen due
its uniqueness among amino acids.19 The calibrated sample
data followed a log-log linear model(R250.986) for concen-
trations between 0.4 and 5mmol/L as expected.27,31 No shift
of spectral traits was observed as the adsorbate concentrati
varied. The Glu concentration model was reproducible using
spectral intensity at 830 cm21 with an average relative error of
correlation of 13.1%. The independently collected sample se
yielded an average error of prediction~AREP! of 12.6% com-
pared with the initial model.
36 Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1
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The initial kinetic study is illustrated in Figure 5. Depicte
is the time dependence of the 1387-cm21 band intensity of the
Glu/colloidal mixture at 1 and 5mmol/L concentrations. For
the 5mmol/L sample, this band intensity quickly reached
maximum 2 min after the amino acid sample was mixed w
silver colloids. For the 1mmol/L sample, the process wa
slower; it took approximately 10 min for theCOO2 band
intensity to reach a reaction rate that approached steady s

Figure 6 shows the extinction spectra of glutamate a
range of concentrations. The initial unaggregated colloid
hibits a predominant feature centered around 395 nm. T
feature is a product of the Mie scattering observed arou
particles approximately the size of the wavelength of light
decreases as these initial particles are consumed in the a
gation that produces increasing levels of SERS enhancem
~compare with Figure 5!.

Fig. 5 Normalized SERS intensity (1387-cm−1 peak) of 1 mmol/L (tri-
angle) and 5 mmol/L (circle) Glu versus time. Aggregation reactions
between the colloid and lower concentrated amino acids took longer
to reach steady state conditions compared to higher concentrated
amino acid solutions. However, the curves plateau past 10 min. Other
spectra collected for quantitative measurement in this study were
taken starting at 10 min, based on these results.

Fig. 6 Absorption spectra of the Glu-colloid complex across the dy-
namic concentration range of the colloid for this analyte. The height
of the 390-nm absorption feature, attributed to unaggregated silver
particles, is inversely proportional to SERS enhancement. We find no
further change in the absorption spectra for this colloid above 10
mmol/L.
Fig. 4 SERS spectral intensity of the unique 830-cm−1 Glu peak versus
concentration. When exhibited as a log-log plot, the colloid yields a
linear model that predicts concentration between 0.4 and 5 mmol/L.
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Feasibility Study using Surface Enhanced Raman Spectroscopy . . .
Fig. 7 Initial SERS examination of rat extracellular brain dialysate be-
fore and during ischemic conditions. This initial study of two rats
shows significant SERS differences before and after MCAO. The mi-
crodialysis probe was inserted at 0 min and MCAO was induced at 90
min. The peak measured at 742 cm−1 was never attributed specifically
to Glu but showed a compelling similarity to changes expected in
EAA concentrations following head injury.
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As depicted in Figure 7, the preliminary data taken from
two rat models shows a trend in the SERSin vivoanalysis that
mimics the known trend of glutamate to fluctuate over time
after brain injury from the MCAO procedure.23,24 After the
probe insertion at time zero, a small rise in glutamate is ex
pected due to damage from the insertion of the probe itself
Healthy brain physiology then reasserts itself and baselin
levels of Glu are restored. Glu levels are expected to rise
sharply after ischemia is induced and are observed to pea
around 180 min. After about 1.5 to 2 h into ischemic condi-
tions, as most of the cells in the traumatized region are the
dead, Glu levels are expected to begin a slow decline.

4 Discussion
As depicted in Figures 1, 2, and 3, the SERS spectral peak o
Glu at 830 cm21 is distinguishable from the 785-cm21 Asp
peak. Assuming this peak is attributed to~C-C! stretching,
then a difference due to the different carbon-chain length o
the two molecules is expected. As anticipated from an exami
nation of Chumanov et al.19 and confirmed in our studies, the
800 to 850-cm21 area of Glu is unique among the common
amino acids found in proteins.

In general for a mixed solution, quantitative colloidal
SERS methods are confounded when detecting analytes d
to the varying ability of different molecules to cause adsorp-
tion, induce aggregation, and influence SERS enhancemen
This is due in part to the competition of different analytes to
displace the negatively charged ions known to exist on the
surface of the metal particles. In practice, amino acids with
the greatest ability to cause adsorption should be visible in
mixed solution even to the exclusion or suppression of more
concentrated but less active analytes. Glu was found to be b
far the most SERS active amino acid tested. For example, th
Creighton SERS colloid was shown to be many times~'30!
less sensitive to Asp than to Glu. While isolated aqueous As
is not considered SERS active below 50mmol/L, it is known
that aliphatic amino acids can sensitize a silver colloid in
much the same way as certain ions(Na1,Mg21,Cl2). This
occurred when the EAAs were mixed~Figure 3! and spectral
k

f

e

t.

y

attributes were observed from Asp at concentrations far be
what would be expected from an isolated solution.

Since Asp and other amino acids share the 1387-
1048-cm21 bands, only the 830-cm21 peak is unique to Glu.
This peak was found to be quantifiable to 0.4mmol/L using
the instrument setup and dosimetry already described. A lo
detection limit of Glu can potentially be achieved usin
longer scanning time or higher laser power since the S
would be expected to increase. For example, isolated Glu
0.1 mmol/L concentration was distinguishable from the bac
ground by increasing the scanning time to 300 s. Thus, th
is a trade-off between resolution versus the time required
obtain the information, however, for this clinical applicatio
0.4mmol/L resolution is sufficient. Above 5mmol/L Glu, only
slight increases in SERS peak heights are expected due
saturation of the binding sites of the silver colloid. If th
concentration of an unknown Glu sample is thought to be
or above 5mmol/L, dilutions of the unknown solution can b
made until the intensity of the 830-cm21 peak falls within the
0.4 to 5mmol/L Glu calibration curve. In addition, extinction
spectra of the colloid could be generated to determine
aggregation state and concomitant SERS enhancement20 ~Fig-
ure 6!.

Kinetic aggregation predictions for a particular collo
preparation were found to be reproducible and predictable
an effort to prove the reproducibility of these colloids, a ca
bration curve~Figure 4! was produced using known concen
trations of amino acids and then unknown concentratio
were determined with the use of the model produced.

The reproducibility and good quantitative results observ
in this paper was due in part to the careful control of t
colloid manufacturing process. Regarding colloid manuf
ture in general, care must be taken to ensure reproduc
results given the variables inherent in colloidal system
Glassware cleanliness, water quality, and the age of the s
solutions play important roles in determining the relati
SERS activity of a given colloidal preparation. If any of the
factors vary, the particle size, as noted by the color of
colloid, is affected. For example, from Mie theory it is know
that the color of the solution relates directly to particle size
colloidal solutions where particles are approximately t
wavelength of light.32 The light brownish-yellow~larger par-
ticles! colloids that were used for this study were determin
to produce better enhancement and reach steady state a
gation quicker than yellow~smaller particles! or brown~much
larger particles! colloids in concurrence with earlier work b
Torres and Winefordner.27

The rate of aggregation of an EAA with the silver collo
is dependent on the limited surface area of the silver parti
in solution and can be described with ‘‘active site’’ analog
This analogy predicts that the detected peak intensities use
our model take longer to reach steady state kinetic conditi
under low concentrations than high or saturated adsor
concentrations~Figure 5!. The surface area, as predicted b
the particle size and quantity, should limit this rate. For lo
concentrations of analyte, this analogy predicts that so
minimum threshold value of active surface sites must be
tivated to produce detectable aggregation. As more of the
tive sites are occupied, a decrease in the reaction rate is
pected. Diminishing increases in peak intensity for G
concentrations were observed above 5mmol/L due to this
Journal of Biomedical Optics d January 2003 d Vol. 8 No. 1 37



-

e
e

e

-

.
-
s
f
s
e

r

e
r

n

-
-
-

y

l

r

rk

in

n,
ic

.
u-

rs,
of
rders

g,
ead

te

ced
ite

va-
e in
in-

al
sis

ne-
cid

s,’’

ed
d re-

d

and

e-
ter-

.

o-
d on
ve-

he
c-

w,
d

O’Neal et al.
saturation effect. The nonlinearities in the model observed a
medium concentrations~'2 mmol/L! can also be attributed to
this enzyme-like sigmoidal kinetics.

Reproducible timing of the reaction between the colloid
and the analyte was a primary concern for quantitative mea
surements. Ideally, SERS spectra should be obtained at a tim
when the aggregation reaction between the colloid and th
analyte has reached steady state conditions. In practice, unr
acted colloids over 30-min old were discarded since it was
found that these solutions became increasingly stable and r
sistant to aggregation caused by the introduction of an ana
lyte. Similarly, once an analyte was added to a freshly pre
pared colloid it was noticed that the newly created colloidal
complex became relatively stable after a short period of time
Steady state aggregation conditions of the EAA/colloidal so
lution served to produce a steady SERS signal level. Thu
based on the results of Figure 5, a 10-min time estimate o
steady state conditions was used in this study as the earlie
possible measurement that produced a high confidence of r
producibility as confirmed by the less than 13% AREP of the
independent sample set.

Regarding thein vivo results, as mentioned, the SERS peak
differences were observed to change in a fashion that corre
lates directly with previous studies of brain injury induced
using the MCAO procedure.23,24 Although the spectral peak
differences are indicative of head injury, furtherin vivo stud-
ies are required to determine if these changes are directly o
indirectly related to changes in glutamate levels. One outlie
was noted at 225 min but was verified in both of the SERS
scans taken of this sample, which suggested a sample
handling error.

5 Conclusion
The combination of the strong SERS activity of Glu obtain-
able in a timely fashion and sensitive even in the presenc
other similar confounders makes a compelling argument fo
the use of colloidal SERS systems for monitoring brain ECF
and CSF samples. SERS is an especially promising techniqu
for use with clear biological solutions such as CSF microdi-
alysis samples. These samples do not contain large scatteri
or fluorescing particles that typically confound Raman and
SERS measurements of biological media. Even with a mini
mal 50-mW laser power and 30-s scan time, the current pro
tocol provides detection limits that can ascertain subphysi
ological levels of Glu in an aqueous solution rivaling time-
consuming conventional HPLC methods. The uniqueness o
the SERS Glu spectrum should enable us to quantitativel
distinguish it in complex solutions such as ECF as well. This
initial system also showed the potential of detecting chemica
changes in traumatized rat brain tissues. Future work will fo-
cus on obtaining morein vivo samples and the possible appli-
cation of postprocessing techniques such as multivariate pa
tial least-squares regression for analyte quantification.
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