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Detection of glutamate in the eye by Raman
spectroscopy
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Abstract. Raman spectroscopy is used to detect glutamate in the eye.
Glutamate, a by-product of nerve cell death, is an indicator of glau-
coma and diabetic retinopathy. The Raman spectra of ex vivo whole
porcine eyes and individual components (lens, cornea, vitreous) are
measured and characterized. Monosodium glutamate is injected into
the eyes to simulate disease conditions, and the contribution to the
Raman spectrum due to the presence of glutamate is identified. The
Raman spectra from the native eye is dominated by vibrational modes
from proteins in the lens. An optical system is designed to optimize
collection of signal from the vitreous, where the glutamate is located,
and reduce the Raman from the lens. Two vibrational fingerprints of
monosodium glutamate are detected at 1369 and 1422 cm−1, al-
though the concentrations are much above physiological concentra-
tions. © 2003 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1559726]
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1 Introduction
Glutamate is the principal excitatory neurotransmitter in the
central nervous system, including the retina. When release
by nerve cells in physiologic quantities, it is involved in a
number of normal processes. With nerve cell injury or death
from a variety of causes, these cells release their interna
stores of glutamate into the surrounding tissue. This over
stimulates surrounding nervous cells, initiating a process tha
results in their demise and the release of even more glutamat
This process has been termed glutamate-mediated neurotox
ity or excitotoxicity. Glutamate-mediated neurotoxicity has
been shown to play a role in a variety of ocular disease
including glaucoma, diabetic retinopathy, macular degenera
tion, and retinal detachment, which together represent a majo
source of visual disability in the United States. When these
disease processes are present, it has been shown that there
increased levels of glutamate in the structurally adjacent vit
reous humor, probably due to spillover from glutamate being
elaborated by the retina in large quantities. At this time, there
are no techniques for the noninvasive measurement o
glutamate in the vitreous humor of human eyes. It is only
possible to detect the levels of glutamate in the vitreous hu
mor by an invasive technique. This technique measures vitre
ous humor glutamate levels from eyes undergoing surgery b
removing a small amount of vitreous humor and analyzing it
by way of conventional biochemical means, such as high per
formance liquid chromatography. This method clearly suffers
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from the absence of any value for use in connection w
diagnosing and monitoring nonsurgical patients~the majority!
over an extended period of time. The development of n
minimally or noninvasive methods, to measure the concen
tion of glutamate in the vitreous, can serve as both a scree
tool and a mechanism for monitoring disease progression
will provide clinicians with valuable information.

The Raman spectra were acquired inex vivo whole and
dissected porcine eyes. Monosodium glutamate~MSG! was
injected into the eyes to simulate disease conditions, and
Raman spectra with and without MSG were analyzed a
compared to determine those Raman bands that provided
highest potential to accurately detected MSG levels in
vitreous. An optical geometry was developed with allow
preferential acquisition of spectra from different regions
the eye. Using this geometry, it was shown that the prese
of glutamate in the vitreous could be detected noninvasiv
in the Raman spectrum.

The eye consists of multiple structures with distinct co
positions. Since many of these structures are transparent in
visible and near infrared, potentially they can all contribu
their respective signal to Raman measurements performe
the eye. When the excitation light enters the eye through
pupil and signal is collected in a backscattered geometry
would be employed in a clinical examination, Raman is ge
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erated in the cornea, lens, vitreous, and retina at differen
levels of intensity. Raman was observed from the cornea, len
and vitreous. The cornea consist primarily of water and pro
teins, the major protein component being collagen. The com
position of the eye lens is about 65% water and 35% crystallin
proteins. The vitreous is composed of 99% water with col-
lagen fibers and hyaluronic acid. It was expected that the Ra
man contribution from the vitreous would consist primarily of
water vibration bands, while the Raman from the lens and
cornea would be dominated by amide and C-H modes from
the constituent proteins.

The Raman spectra from the different components of the
eye have been studied extensively. Preliminary Raman mea
surements on the eye were reported by the authors.1 Callender
et al.2,3 investigated the primary events in vision using reso-
nant Raman scattering. Yu, Kuck, and Askren4 measured and
characterized the Raman spectrum from the intact rabbit len
Mizuno et al. directly measured the Raman spectra from in
tact rabbit and rat lenses,5 and used near infrared Fourier
transform spectroscopy to measure the Raman spectrum fro
rabbit cornea and sclera.6 Sebag et al.7 employed Raman
spectroscopy to investigate changes in the vitreous introduce
by diabetes. In that work, differences in the Raman relative
intensity at two peaks~1604 and 3057 cm21! was observed
between surgical vitreous specimens from patients with pro
liferative diabetic retinopathy and controls. Yaroslavsky et al.8

studied the elastic and Raman scattering properties of the h
man lens. Borchman et al.9 used Fourier transform Raman
spectroscopy to study the lipid membranes ofex vivohuman
lenses. Bernstein et al.10 used resonance-enhanced Raman
scattering to study macular carotenoid pigmentsin vivo. Er-
makov, McClane, and Gellermann11 measured the concentra-
tion of macular carotenoid pigments in the human eye using
resonance-enhanced Raman spectroscopy. Although the R
man spectra from the eye and eye components have be
studied extensively, there are still numerous obstacles tha
need to be overcome to successfully detect disease in the e
by implementing a Raman-based monitoring system to mea
sure concentrations of glutamate or other molecules. Some o
these include the following. 1. A relatively large near-infrared
fluorescence emission from a variety of tissue fluorophore
add a background signal that can obscure weaker Raman si
nals and interfere with quantitative measurements. The fluo
rescence wing has been reported in the literature,12,13 but its
origin is not well established. The intensity of this wing de-
creases at longer wavelengths. 2. The presence of strong R
man signals from proteins in the lens and cornea can obscu
the glutamate signature. 3. Risk of retinal damage limits the
power of the excitation laser and integration times. Excitation
at infrared wavelengths reduces the intensity of the back
ground fluorescence wing and simultaneously reduces risk o
damage, thus allowing higher excitation intensity and/or
longer integration times.

2 Experimental Method and Results
The Raman spectra fromex vivoporcine eyes with and with-
out glutamate was measured to identify the Raman signature
that could serve as markers for the presence of glutamat
Disease conditions were simulated by injecting monosodium
glutamate~MSG! into the vitreous of the eyes. The presence
168 Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2
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of MSG was identified in the Raman spectra. A strong nat
Raman signal from the eye limited the effectiveness of th
measurements. To overcome this problem, the eyes were
sected and Raman measurements were performed on the
vidual components of the eye. The contributions to the Ram
signal from the different components of the eye were iden
fied, and it was determined that the lens and cornea were
major contributors to the background Raman signal, while
vitreous contribution consisted mostly of the fluorescen
wing and Raman from water bands. Based on this knowled
a modified optical system was designed to reduce collec
of Raman signals from the lens and cornea while maintain
efficient collection of Raman signals generated by t
glutamate in the vitreous. With this system, we were able
detect the presence of Raman from MSG in the eye.

2.1 Optical System
In the initial series of Raman measurements, the eye sp
mens were excited either at 632.8 or 800 nm. The excita
power of the helium neon laser is 5 mW. The 800-nm lase
an AlGaAs:GaAs diode laser from Power Technolog
~Model HPM900-800-100!. The output power measured at th
specimen site is 30 mW. With both lasers, the beam w
weakly focused inside the specimen. The laser beam ent
the eye at the middle of the pupil, and the beam direction w
approximately parallel to the optic axis of the eye. A mov
able mirror allowed switching the excitation laser without a
tering the collection geometry. A Nikon camera lens collec
the backscattered Raman signal and focused it onto the
trance of a computer-controlled flat field spectrometer~Acton
Research Corporation, model Spectra Pro 275!. Care was
taken to prevent back reflections from being incident on
spectrometer slit. The output of the spectrometer was cou
to a cooled CCD~Princeton Instruments model TEA/CCD
512!. The CCD is a 5123512 pixel array. The CCD signa
was integrated along the vertical axis~parallel to the slit! prior
to digitizing. The resolution of this system is 4 cm21. Scat-
tered laser light was blocked by a holographic notch fil
~Kaiser Optical Systems! positioned at the spectrometer sl
Integration times are computer controlled. For the data p
sented below, a 60-s integration time was used. Data
digitized with 16-bit resolution and transferred to a perso
computer for storage and additional processing.

2.1.1 Optical system for removal of background
Raman signal
To eliminate strong background Raman signals from nat
proteins in the eye, an optical system was designed that c
significantly reduce signal from the lens and cornea with
significant loss of signal from the vitreous, allowing detecti
of MSG in the eye. In this optical system, the exciting las
beam is brought to a tight focus inside the vitreous, wh
maintaining a large beam diameter at the lens and retina.
larger spot size on the retina reduces the risk of laser-indu
retinal damage. A description of this system is as follows.
the healthy, living eye, the lens changes focal length w
object distance to create a focused image on the retina. H
ever, in a dilated orex vivoeye, the lens images objects
infinity, i.e., the combined focal length of the lens and corn
is equal to the distance from lens to retina. For this situati
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Fig. 1 Schematic of optical system isolating the Raman signal from the
vitreous.
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a collimated laser beam incident on the lens is brought to
focus on the retina. In the optical system used in this researc
the exciting laser beam is first expanded prior to entering th
eye, and then brought to a tight focus at a distance of about
to 3 cm from the focusing lens. The eye is positioned such
that the beam diameter fills the~dilated! pupil and comes to a
tight focus in the vitreous, and then expands in diameter at th
retina. An aperture in the optics limits signal collection to the
region ~vitreous! near the focus.

A diagram of the system is shown in Fig. 1. This system is
based on the R2001 Raman Spectrometer from Ocean Optic
with additional optics to modify the collection geometry. The
exciting diode laser, spectrometer, and CCD detector are in
tegrated components of the R2001. The eye specimens a
excited by the diode laser at 785 nm, coupled into a 90-mm
optical fiber. The excitation power, measured at the sampl
site, was 100 mW. A 200-mm collection fiber is mounted in
the same jacket as the excitation fiber and serves as the co
lection aperture. A dichroic mirror/beamsplitter combination
is used to make the excitation and collection optics collinear
A notch filter at the tip of the excitation fiber eliminates fluo-
rescence from the laser diode, and fluorescence and Ram
generated in the optical fiber. The output beam from the ex
citation fiber is allowed to expand to a diameter slightly
greater than that of the pupil aperture, and is then brought t
a tight focused by a 103microscope objective. The distance
from the fiber tip to the microscope objective is adjustable.

The signal is detected by a cooled CCD, digitized with a
12-bit analog-to-digital converter, and transferred to a per
sonal computer for storage and processing. The spectral res
lution of this system is 30 cm21. Integration times are com-
puter controlled and can be varied from 50 ms to 240 s. Fo
the data presented next, integration times were typically 60 s

In this experimental setup, the eye is positioned such tha
the pupil aperture closely matches the beam diameter as
enters the pupil. The eye lens and cornea provide additiona
focusing power, which brings the beam to a focus inside the
vitreous. The microscope objective also functioned as the co
lection lens. The small depth of field of this system permitted
only signals generated near the focus of the excitation beam
be efficiently coupled into the collection fiber. The distance of
the focal point from the retina can be varied by moving the
eye relative to the objective. When the eye was positioned
closer to the focusing lens, i.e., focusing closer to the retina
the excitation beam came to a focus in the middle of the
vitreous, with a large beam diameter at both the eye lens an
the retina. In this position, only signals generated in the vit-
,

s,

-
e

l-

n

-

.
t
t
l

reous will be collected by the fiber. Moving the eye forwar
i.e., focusing closer to the lens, will result in an increase
Raman signal being detected from the lens and cornea.

2.1.2 Safety issues and power levels
The American Conference of Governmental and Indust
Hygienists~ACGIH! provides a threshold limit value~TLV !
for ocular exposure to NIR laser radiation.14 For an exposure
time t, (1.831025<t<103) and for wavelengths in the rang
of 700 to 1049 nm, the TLV is given by:

TLV51.8CAt3/4 mJ/cm2, ~1!

whereCA is given by:

CA5100.002~l2700! ~700<l<1400 nm!. ~2!

For a 1-cm2 beam spot size on the retina, the TLV at 785 n
is 57 mJ/cm2, and therefore the maximum allowed las
power for 60 s exposure is 0.96 mW. Implementation in
clinical setting would require a significant reduction in las
power. Decreasing the laser power will also result in a low
background Raman signal and fluorescence wing emissio

2.2 Specimen Preparation
Raman measurements were performed onex vivoporcine eyes
acquired from a local abattoir. The eyes were stored at
prior to acquisition of spectra and were typically one to tw
days old at time of measurement. Eyes for which the cor
was cloudy were rejected, but no other selection process
applied to the eyes.

Disease conditions were simulated by injecting an aque
solution of MSG into the eyes. The MSG was injected
syringe near the back of the eye to reduce risk of the nee
damaging the lens or cornea. The MSG injection added a
tional fluid, causing the eye to bulge at the lens. This dist
tion changed the collection efficiency of the Raman syst
and subsequently the strength of the signal. To reduce
distortion, fluid had to be removed from the eye to restore
back to its approximate original shape.

It was difficult to determine the precise concentration
MSG injected into the vitreous; 2 to 3 ml of a supersatura
aqueous solution of MSG were injected into each eye. T
MSG was not uniformly distributed in the vitreous, and it w
observed that the Raman signal from the MSG reache
maximum about 5 to 15 min after injection indicating that
took some time for the MSG to diffuse from the point o
injection to the laser beam path. A rough estimate is that
amount of MSG injected into the eyes was 100 to 500 mg.
comparison, Dreyer et al.15 reported glutamate levels of 1
mg/ml in a healthy eye and 27mg/ml for glaucoma patients.

2.3 Raman Spectra from Glutamic Acid
To identify the positions of the higher intensity Raman em
sion bands from MSG(C5H8NO4Na), the Raman spectra o
MSG powder and aqueous solution were measured and
shown in Figs. 2~a! and 2~b!, respectively. The higher inten
sity Raman bands from the MSG powder had peak emiss
at 938 and 1416 cm21. Other, less intense Raman bands we
observed at 779, 838, 986, 1032, 1126, 1321, 1508, and 1
cm21. In solution, the more intense Raman bands from
Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2 169
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Fig. 2 Raman spectra from MSG: (a) powder and (b) aqueous solution.
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MSG were observed at 938, 1346, and 1416 cm21. Additional
Raman bands were observed at 768, 871, 1004, 1073, an
1140 cm21. The broad emission band seen in Fig. 2~b! at 1612
cm21 is a water band.

2.4 Raman Spectra from Porcine Whole Eyes
Initially the Raman spectra were acquired with 632.8-nm ex-
citation. The helium neon laser was weakly focused in the
middle of the vitreous. Some of the major features observe
in the spectrum were: the aliphatic and aromatic C-H stretch
ing bands from various proteins at 2930 and 3056 cm21, re-
spectively; an O-H stretching mode at 2900 cm21 is observed
as a shoulder on the low energy side of the more intense 293
cm21 band; broad bands from water in the 3200 to 3500 cm21

region; and a relatively large fluorescence wing. In the finger
print region, additional Raman bands were observed in th
measured spectra. Most evident were theCH2 stretching
mode at 1445 cm21 and the amide I mode at 1650 cm21.
Weaker bands can be observed at 1233, 1326, and 1533 cm21.
However, the intensity from these Raman bands was signifi
cantly weaker than the fluorescence wing.

To reduce the fluorescence wing, the excitation source wa
changed to a 800-nm diode laser. An additional benefit from
the use of an 800-nm excitation source in a clinical setting
170 Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2
d

0

would be a reduced risk of retinal damage. The spectra fro
typical eye, before and after MSG injection, are shown in F
3. To facilitate comparison between the spectra, the data
normalized to the amide I bands at 1237 cm21. This band was
used for normalization because of the relatively strong na
eye signal and the absence of an MSG signal at this wa
length.

Numerous bands were observed in the Raman spect
from the native eye. Some of the more intense bands w
observed at 758, 852, 882, 1003, 1032, 1125, 1237, 13
1445, 1538, 1603, and 1658 cm21. Assignments of many of
these bands are in the literature and are repeated here.
758 and 881-cm21 bands have been assigned
tryptophan.4,5,15 The 852-cm21 Raman band is from
tyrosine.5,15 The 1003 and 1031-cm21 bands have been as
signed to phenylalanine.4,6,16 The 1237 and 1320-cm21 bands
are amide III bands. The 1445-cm21 band is aCH2 deforma-
tion mode. The 1604-cm21 band is from collagen. The
1658-cm21 band is an amide I mode.

MSG was injected into the eyes, and after a five min
delay, the Raman spectra were acquired. The delay allo
time for the MSG to diffuse through the vitreous. Examin
tion of spectra shown in Fig. 3 reveals that after injection
MSG, there is an increase in signal in the region from 900
1050 cm21, with an additional Raman peak appearing at 9
cm21. The 1346 and 1416-cm21 bands observed in the spec
trum from the MSG solution~see Fig. 2! were not observed in
the eye spectra. Although the 966-cm21 band was only ob-
served in the eye after MSG injection, it is not clear wheth
this band is the 938-cm21 band observed in the spectrum o
the MSG solution or the 961-cm21 observed in the cornea
spectrum~see next!. If the 966-cm21 Raman band was from
the MSG, then the reason for the shift in peak position is
known. It may be due to differences in the local environme
In either case, the closeness of this band to the strong ph
lalanine Raman band at 1003 cm21 and the large background
wing may make this band unreliable as a marker for glutam
concentrations in the vitreous.

2.5 Raman Spectra from Porcine Eye Components
The Raman signals from the different eye components w
measured to separate the contributions from the different

Fig. 3 Raman spectra from porcine eye excited at 800 nm.
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Fig. 4 Raman spectrum from porcine cornea.
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components. The cornea and lens were separately remov
from the porcine eyes. A typical Raman spectrum from the
porcine cornea is shown in Fig. 4. The intensity of the Raman
signal and the fluorescence wing from the cornea was an ord
of magnitude weaker in intensity than from the whole eyes
under similar conditions of excitation. Much of the structure
observed by Mizuno et al.6 in the rabbit cornea was not ob-
served in the porcine specimens. The two strongest Rama
peaks were at 961 and 1030 cm21. Although collagen repre-
sents a significant component in the cornea, a Raman spect
distinct to collagen was not evident in these spectra. The
amide I and III bands and theCH2 deformation band signals
were observed to be very weak. The short optical path lengt
of the excitation light through the cornea was a contributing
factor in the weak corneal signals.

On the other hand, the Raman spectrum from the isolate
lens was relatively strong and exhibited considerable struc
ture. The intensity of the fluorescence wing was greatly re
duced, thereby improving the signal-to-noise compared to th
whole eye spectrum and revealing additional Raman structur
in the spectrum. Figure 5 shows a typical Raman spectrum
from the porcine lens. The more intense Raman bands wer
observed at 824, 1004, 1246, 1329, 1447, and 1661 cm21.
Additional Raman bands were observed at 614, 764, 888
1123, 1329, 1547, 1602, and 1728 cm21. A comparison of
Raman shifts observed in the whole eye to those observed
the lens and cornea indicate that the major contribution to th
whole eye Raman spectra is from the lens and cornea.

2.6 Raman Spectra from Eye Cup
To determine if the Raman signature of MSG in the vitreous
could be detected, assuming that the cornea and lens signa
could be eliminated, Raman spectra were acquired from th
eye cup, an eye with the lens and cornea removed. The ey
cup Raman spectrum is dominated by contributions from the
vitreous. The Raman spectra of the eye cup before and afte
injection of MSG are shown in Fig. 6. The eye cup spectrum
consisted of a large fluorescence wing and the water vibratio
band near 1630 cm21. This is to be expected, since the vitre-
ous is 99% water. After injection of MSG, three Raman bands
appeared in the eye cup spectrum, located at 949, 1346, a
1417 cm21. A comparison of this spectrum with the Raman
d
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e
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ls
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d

spectrum of MSG solution@see Fig. 2~b!# reveals that these
three bands are very close to the positions of the three st
gest Raman bands from the MSG. These measurements
vided the evidence that an MSG signature could be dete
vitreous, assuming that the background signals from the
and cornea can be eliminated.

2.7 Raman Spectra Acquired with Confocal
Geometry
As before, Raman spectra were acquired fromex vivoporcine
whole eyes with MSG injected. A typical whole eye spectru
with MSG injected is shown in Fig. 7. This spectrum w
acquired with the exciting laser focused near the middle of
vitreous. Significant in the spectrum is the lack of a stro
Raman signal from the lens and the presence of two Ram
bands at 1369 and 1422 cm21. These two bands were no
present in the native~no MSG injected! eye spectrum and are
close to the 1346 and 1416-cm21 bands observed in both th
MSG solution ~see Fig. 2! and the MSG injected eye cu
spectra~see Fig. 6!. Therefore it is concluded that these tw

Fig. 5 Raman spectrum from porcine lens.

Fig. 6 Raman spectra from porcine eye cup before and after injection
of MSG. Spectra were taken from an untreated eye and 5 min after
MSG was injected into the eye.
Journal of Biomedical Optics d April 2003 d Vol. 8 No. 2 171
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Fig. 7 Raman spectrum from porcine whole eye with MSG injected.
Raman signals from the lens and cornea were remove by the optical
system.
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Raman bands are from the MSG. The 949-cm21 band ob-
served in the MSG injected eye cup spectrum and the
966-cm21 band initially observed in the whole eye~see Fig. 3!
were not evident in this spectrum, but a weak band at 976
cm21, which was not observed in the native eye spectrum
was evident in this spectrum. It is not known if this band is a
Raman signal from the MSG.

3 Conclusion
In conclusion, this work has demonstrated that with the prope
optical system, it may be possible to use Raman spectroscop
to detect high concentrations of glutamate in the vitreous with
minimal background interference from the Raman of the lens
and cornea. This research demonstrates the potential to u
Raman spectroscopy for real-time, noninvasive measuremen
of glutamate concentrations in the eye as a marker for macula
generation, although the concentrations were much highe
than physiological concentrations. Future efforts will concen-
trate on developing methods to accurately quantify glutamat
concentrations and to determine minimum sensitivity levels
Extending this work to a clinical setting would require devel-
opment of a significantly more sensitive detection system.
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