fect. A particularly promising application
for REX in this context concerns the study
of light-driven -(and other stimulus-driven)
processes such as transduction in the mem-
brane-associated visual pigment protein,
rhodopsin.
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Submicrometer Intracellular Chemical
Optical Fiber Sensors

Weihong Tan, Zhong-You Shi, Steve Smith, Duane Birnbaum,
Raoul Kopelman*

A thousandfold miniaturization of immobilized optical fiber sensors, a millionfold or more
sample reduction, and at least a hundredfold shorter response time, all simultaneously,
were achieved by combining nanofabricated optical fiber tips with near-field photopolymer-
ization. Specifically, pH optical fiber sensors were prepared with internal calibration, mak-
ing use of the differences in both fluorescence and absorption of the acidic and basic dye
species. The submicrometer sensors have excellent detection limits, as well as photo-
stability, reversibility, and millisecond response times. Successful applications include
intracellular and intraembryonic measurements. Potential applications include spatially
and temporally resolved chemical analysis and kinetics inside single biological cells and

their substructures.

Chemical concentration gradients and spa-
tial heterogeneities are of great interest in
many areas, including analytical chemistry,
cell biology, physiology, toxicology, and
materials science. In cell biology, for exam-
ple, intracellular measurements could pro-
duce concentration profiles of cytoplasms.
Probes of very small size are needed to make
such measurements. In this report, we de-
scribe a technology that enables the devel-
opment of optical fiber sensors with submi-
crometer to tens of micrometer dimensions
and extremely short response times. These
sensors serve as nonperturbative probes for
the measurement of microscopic and sub-
microscopic chemical profiles and their
time development.

Electrically based sensors with submi-
crometer dimensions and subsecond re-
sponse times have been used to probe
chemical concentrations that are spatially
heterogeneous (1). However, this is not the
case for optical fiber sensors, which have
been widely used in recent years (2—4) and
have demonstrated several advantages over
electrically based sensors (2—3). The most
important disadvantage has been the ab-
sence of an optical fiber sensor small
enough to probe spatial, chemical, or bio-
logical heterogeneities in the submicrome-
ter size range. The smallest optical fiber
sensor reported to date is about 100 pm,
requires a sample volume of microliters, and
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has a response time of several seconds. We
have developed an optical fiber sensor for
spatially heterogeneous measurements,
with sizes as small as 0.1 pm and sample
volume requirements on the order of fem-
toliters. At the same time, these new opti-
cal fiber sensors are also capable of fast
(millisecond) monitoring of chemical and
biological reactions, for.example, chemical
kinetics inside restricted intracellular do-
mains, where nonclassical rate laws apply
).

There are two major difficulties in mak-
ing small-sized optical fiber sensors. One is
the limitation in most of the available
techniques for the attachment of chemicals
or biological reagents to the fiber surface.
The attachment of chemical or biological
reagents by membranes or tubing or any
other mechanical method makes only very
limited use of the fiber tip surface, which
results in very weak signals and very slow
response times. The covalent immobiliza-
tion of reagents by photopolymerization on
the distal end of an activated fiber has
solved this problem (3, 4). In this ap-
proach, the polymer serves to increase the
surface area, which results in multiple re-
agent immobilization sites. Because there is
no need for the use of a membrane or other
mechanical means of confinement, the re-
sponse is faster and the manufacturing is
easier. The second difficulty in fabricating
small optical fiber sensors is that there are
no optical fibers of sufficiently small size
commercially available. The smallest opti-
cal fiber sold commercially is still in the




Fig. 1. (A and B) Photographs of 105-um and
submicrometer optical fiber pH sensors, re-
spectively [magnification in (B) is twice that in
(A)]. In (A), the fiber jacket has been taken
away, and only the cladding and core are
shown. The synthesized polymer at the fiber tip
is smaller than the cladding. (C) Optical fiber
sensor is inserted into the extraembryonic cav-
ity of the rat embryo. Blue light emanates from
the sensor.

range of 100 pm (cladding diameter). How-
ever, optical fibers can be drawn to very
small diameter tips (6-8). We have pre-
pared submicrometer optical fiber chemical
sensors as small as 0.1 pm in diameter. We
formed aluminum-coated fiber tips and then
incorporated a pH-sensitive dye into a co-
polymer that is attached covalently to the
silanized fiber tip surface by photopolymer-
ization.

We notice that calibration of these sen-
sors could be complicated and reproducibil-
ity could be a problem for most samples if
absolute light intensity measurements were
used for pH determinations (the general
practice for most ordinary optical fiber sen-
sors). Also, because these optical fiber sen-
sors are very small, there is only a small
amount of fluorophore available for sensing.
Thus, any significant photobleaching could
reduce the accuracy of the measurement.
Similarly, the geometry for signal collection
could be very critical if absolute intensity
measurements were used. These problems
were overcome by internal calibration.

With the aim of enhancing the working
ability of the miniaturized optical fiber sen-
sors, we used several internal calibration
methods to quantify pH that seem to be
simpler and apparently better than previ-
ously reported approaches (9, 10). Our
method is based on the fluorescence inten-
sity ratio obtained from different wave-

lengths of the same emission spectrum for
a single dye. It is highly effective for
small-sized sensors, especially when the
absorption differences of dye species are
also used. Because one can obtain various
ratios by selecting the intensities at differ-
ent wavelengths of the same spectrum,
this approach gives more than a double
check for a single experiment. The dy-
namic range can be increased up to ten
times if two different excitation sources are
used. Thus, our method greatly enhances
the sensitivity and accuracy of our mea-
surements and greatly improves the work-
ing ability of these miniaturized sensors in
biological samples.

For clarity, we note the common mis-
conception about optical techniques being
limited by the diffraction limit to about \/2,
where N is the wavelength of light. Al-
though this is true for most conventional
optical applications, it does not apply to
near-field or other scanning probe tech-
niques (6-8). Furthermore, with the use of
exciton-optical techniques (II, 12), the
miniaturization is limited only by the size of
the molecular probe.

The construction details have been giv-
en elsewhere (13). In this report, the im-
portant procedures are briefly discussed.
Optical fiber tips have been used as scan-
ning probes in near-field scanning optical
microscopy (NSOM) (6-8) and molecular
exciton microscopy (7, 11, 12). The appa-
ratus consists of a micropipette puller and a
CO, laser. One produces the fiber tip by
drawing an optical fiber in the puller with
the use of appropriate program parameters
and by heating from a CO, infrared laser.
Optical fibers can be tapered to well below
0.1-wm tips, hereafter referred to as pulled
tips. These pulled fiber tips are coated with
aluminum, leaving the end face as a trans-
missive aperture. To make the pulled tip
into a light source, we optically couple a
laser beam into the opposite end of the
pulled tip.

We prepared optical fiber sensors of var-
ious sizes, ranging from submicrometer to
tens of micrometers, by incorporating a
derivative of fluoresceinamine, N-fluoresce-
inylacrylamide (FLAC), into an acrylamide
and N,N-methylenebis(acrylamide) copoly-
mer that is attached covalently to a silanized
fiber tip surface by photopolymerization (4,
13). For most of our submicrometer sensor
work, photopolymerization was used, al-
though thermal polymerization was also
tried. The key difference between these
methods is that by photopolymerization the
sensor size is controlled by the area from
which the light exits, whereas for thermal
polymerization the size cannot be controlled
in this way. Light and heating were com-
bined for photopolymerization. The thick-
ness of the polymer on the fiber tip was
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Fig. 2. Fluorescence emission spectra of opti-
cal fiber sensor at 25°C. (A) Excitation at 442
nm. (B) Excitation at 488 nm.

controlled by the reaction time allowed for
the polymerization on the fiber tip and was
smaller than or close to the size of its
diameter (13).

We collected the signal through the
objective lens of a microscope, which in-
creases the collection efficiency by one or
more orders of magnitude compared to back
collection (through the same fiber). For the
smaller diameter sensors, a new apparatus
was built. An Olympus inverted frame flu-
orescence microscope was connected with
either an optical multichannel analyzer
(OMA) or a photomultiplier tube (PMT).
A 488-nm Ar* or a 442-nm He-Cd laser
beam was used for excitation of the dye
polymer.

The multi-mode and single-mode end-
structure of the pulled fiber tapered uni-
formly from the original fiber to a submi-
crometer tip with a flat end-surface perpen-
dicular to the fiber axis (Fig. 1B). Whereas
the sides of the tip were coated with alumi-
num, the flat end was left bare, and a tiny
aperture was formed. When a 30-mW, 442-
nm laser beam was coupled into the alumi-
num-coated fiber tip, a very bright spot at
the tip could be seen under the microscope.
This probe delivered light very efficiently to
the aperture because all the radiation re-
mained bound to the core to within a few
micrometers from the tip. The signal
emerging from a randomly chosen 0.2-pum
fiber tip (blank) was 10'2 photons per sec-
ond, as measured by neutral density filters.
Scanning electron microscopy showed that
the diameters of the fiber tips were from 0.1
to 1 wm, and most were about 0.5 pm. We
have made smaller tips in our NSOM re-
search (7), and the smallest fiber tip report-
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ed (6) is about 0.02 wm in diameter.

For comparison, larger size (100 to 200
pm) unpulled fiber sensors were also pre-
pared by photopolymerization on the si-
lanized fiber surface. The polymer grew only
on the fiber core surface where light is
emitted. The fine structure of the polymer
was quite clear. Results of pH testing on
this sensor were comparable with those
from previous studies (13).

To fabricate the submicrometer sensor,
we had to optimize the reaction tempera-
ture, polymerization time, and laser power,
as well as the coupling efficiency of the
sensor in order to grow submicrometer-size
polymer probes on the fiber tip surfaces. No
fine structure of the probe at the fiber tip
could be seen because of the resolution
limitations of conventional optical micro-
scopes. When we viewed the sensor under
the microscope, only a small and unre-
solved light spot was seen at its tip, which
supports our claim that a submicrometer-
size sensor has been fabricated (Fig. 1B).

Fluorescence spectra of the sensor for
two excitation wavelengths are shown in
Fig. 2. The dependence of the fluorescence
intensity on pH was inversely related to the
magnitude of the excitation wavelength.
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pH

For excitation at 442 nm, higher pH de-
creased the fluorescence intensity, whereas
for excitation of 488 nm, higher pH in-
creased the fluorescence intensity. This ef-
fect is a consequence of the isosbestic point
in the absorption spectra (Fig. 3).

Submicrometer pH fiber sensors were
tested with nine different buffer solutions,
from pH 4 to 9. Measurements were cycled
several times between these values of the
pH. For each pH buffer solution, a fluores-
cence spectrum of the sensor was recorded by
the OMA system. The typical exposure time
for taking the fluorescence spectrum was 0.5
to 10 s for submicrometer sensors. The use of
the OMA system, compared to that of
monochromator or optical filters, greatly
enhanced the efficiency and precision of the
experimental results. Moreover, because
very short sensor excitation times were used,
no evidence of photobleaching was observed
after repeated experiments over a long time
period. Thus, the lifetime of the sensor had
been prolonged. We estimate that as far as
bleaching is concerned, a given sensor can
be used for tens of thousands of measure-
ments (see below).

Figure 4 shows the useful ratios for each
excitation obtained at three different wave-
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Table 1. Measurements of the pH of aqueous
samples. The first line gives the measured
intensity ratios (that is, the intensity at 540 nm
divided by that at 610 nm, both resulting from
excitation at 488 nm). Using these ratios and a
calibration curve that had been obtained sep-
arately, we derived pH(1) values. The pH(2)
values were obtained directly from the commer-
cial bench-top pH meter.

Mea- Sample

sure-

ment A B C D
@ 1237  11.89 10.78 9.13
1610

pH(1)

pH(2) 7.20 7.00 6.70 6.30
Error (pH) +0.05 +0.07 -0.08 +0.05

Table 2. Enhancement of the fluorescence in-
tensity ratio. Two fluorescence spectra of the
sensor were obtained by excitations at 442 and
488 nm, respectively. Two intensities at two
different wavelengths of these spectra (one
from each spectrum) were used to calculate the
intensity ratio as lsaonmyassnmls1onmyaaznm. The
ratio differential is defined as, for example, the
intensity ratio at pH 9 divided by that at pH 4 for
the pH range from 4 to 9.

Ratio differential

pH Enhance-
range lsac/ass lsacsass ment (%)
ls10/a88 ls10a42
4109 3.01 7.038 230
7t08 1.31 1.84 140

lengths from a typical sensor that we have
constructed. The ratio of the intensities at
two different wavelengths can be used to
quantify pH. Other ratios can be used, if
necessary. The ratios at 540/490 nm and at
540/610 nm are large enough for a sensor to
measure pH sensitivély in the physiological
range. Only certain wavelength combina-
tions give accurate calibration. Moreover,
different sensors have slightly different be-
haviors for their intensity ratios, probably
as a result of the sensor geometry or dye
distribution (agg:egation).

The feasibility of the miniaturized opti-
cal fiber sensor and of the internal calibra-
tion technique has been tested with some
aqueous solutions and several biological
samples. The biolrgical samples tested were
blood cells, frog cells, and rat embryos
during various ages of their early life (from
8 to 12 days) (14). In Fig. 1C, we show the
pH measurement of a mid-gestation rat
embryo. The optical fiber sensor was insert-
ed into the extraembryonic cavity of the
embryo. Thus, we need only a single em-
bryo to measure pH, whereas previously up
to 1000 embryos had to be “homogenized”
for a single measurement (15). Our single
embryo pH measurements (for example, pH
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Fig. 5. Response time experiments at 25°C. The
sensor (~80 wm) was first kept in air. During
data acquisition, a pH 8 buffer was added to
the container with the sensor (curve A). For
curve B, a solution of HCI-H,O (pH 1.8) was
added to a container in which the sensor was
immersed in a pH 6.86 buffer solution. Excita-
tion at 488 nm was used for both experiments.

7.50 = 0.05 for day 10 rat embryo) agree
with those from “homogenized” samples
(for example, pH 7.46 = 0.06 for day 10
mouse embryos). Furthermore, the mea-
surements carried out by our sensors are
nondestructive single-cell operations. A
complete embryo study will be reported
(16).

Using four aqueous solutions in the phys-
iological pH range (Table 1), we compared
the accuracy of these optical fiber sensors to
that of a macroscopic standard high-preci-
sion pH meter (Omega). The results from
the sensor are similar to those obtained from
the commercial pH meter and demonstrate
the effectiveness of the internal calibration
method in quantifying pH.

Because of the opposite effects of pH on
absorptivity at different wavelengths (Fig.
3), we made use of the differences both in
absorption and in fluorescence of the dye at
different wavelengths to quantify the pH
and increase the differential in intensity
ratio per pH unit change. We obtained a
significant enhancement factor (Table 2).

The miniaturization of the sensor also
permits a very fast response time because
the analytes have immediate access to the
dye on the sensor tip. The submicrometer
sensors have response times shorter than
can presently be measured (20 ms). This is
consistent with Fig. 5, which shows the 10
to 90% response times for one of our largest
sensors (~80 wm) to be <500 ms.

The submicrometer pH sensor has a
detection limit of <3000 hydrogen ions in
the measurements of pH 8 buffer solutions
inside a micrometer-size membrane hole
(13). The submicrometer pH sensor also
has good stability, even when a high laser
power (30 mW, collected fluorescence in-
tensity around 10° counts per second) is
used. Over a time period of 40 min, only a
10% loss in intensity for sensors immersed
inside a buffer solution was recorded. The

photobleaching is practically impercepti-
ble at the routine lower laser power oper-
ation.
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Large Enhancement in Oxygen Mobility in the
Superconductors RBa,Cu;0, with Increasing
Rare-Earth Size

J. L. Tallon and B.-E. Mellander*

Ultrasonic composite oscillator measurements of the mechanical

relaxation in

RBa,Cu,0,_ arising from oxygen hopping in the basal chain layer show enhancements
in oxygen mobility of 20, 50, and 100 times for R = gadolinium, neodymium, and lanthanum,
respectively, above that for R = yttrium. The use of the larger rare earths offers a practical
solution to the major problem of slow oxygen diffusion in single crystals and bulk, dense
material for wires and melt-textured monolithic bodies.

Solid-state oxygen diffusion is of interest in a
range of disciplines and technologies from
diffusion in minerals for geothermometers and
geobarometers (1), to fast oxygen ion conduc-
tors for fuel cells and oxygen sensors (2), to
electronic ceramics (3), to cuprate supercon-
ductors with high superconducting transition
temperatures, T_ (4). The 90 K superconduc-
tors RBa,Cu;O0,_s (R =Y,La,Nd, . . .) are
oxygen-deficient (8 > 0.7) as synthesized
and, as a consequence, insulating. An essen-
tial step in their manufacture is to load oxygen
after synthesis by annealing or slow cooling in
0O, to 350°C to induce superconductivity.
The transition temperature is maximized at
about 90 K when oxygen deficiency is more or
less eliminated and 0 < & < 0.1. Oxygen
diffusion into and through the lattice occurs
in the basal chain layer between the ideally
occupied O1 site and the ideally unoccupied
O5 site. This incorporation of oxygen pre-
sents no difficulty in conventionally prepared
materials in which, because of their high
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porosity (>15%) and microcracks, oxygen is
able to diffuse rapidly into the material bulk.
Moreover, because of the T, = 90 K pla-
teau (4), incomplete oxygen loading may
result in a 90 K superconductor, although
other properties, such as flux pinning, will
not be optimized.

Dense, bulk material presents a rather
different picture. Because the oxygen self-
diffusion coefficient between 400° and
500°C is in the range 10712 to 10~ cm?/s,
the rate of oxygen loading in YBa,Cu;0,_;
(1-2-3) may be prohibitively slow for sam-
ples that are more than 98% dense and
several millimeters in dimension (5). In
addition, the markedly anisotropic thermal
strains (4) that occur on oxygen loading
(positive in the b direction and negative in
the a direction), as well as the effects of
inhomogeneous oxygen loading, result in
differential stresses that cause substantial
microcracking. This change in microstruc-
ture, of course, has a harmful effect on
critical current density and on mechanical
properties.

It was earlier shown (6) that, by substitut-
ing A = Na, K, or Ca into 1-2-3 according to
the formula Y;_ Ba, A, Cu;0;_5 (x +y
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