solder protects undetlying tissue from damage
due to excess laser-induced heat deposited in
the tissue. Our protein solder cansists of a high
concentration solution of bovine serum albu-
min, mixed with indocyanine green dye to en-
hance the solder’s absorption of the 800-nm
dinde laser light used to activate the solder.!
The solder is formed into hollow tubes and
pre-heat treated to enhance its stability and
strength during and immediately after surgery.
The fold-and-bond surgical Lechnique we have
used to repair blood vessels with the protein
solder is based on a technique veported carly
this centary.?

A total of 90 rats were divided into two
groups. In group oune, the repairs were per-
formed using conventional microsuturing
techniques, and in group two, the repairs were
performed using owr new laser welding tech-
nique. In addition, subgroups of animals [rom
cach group were evaluated at times of 10 i, |
hour, 1day, | week and 6 weelks, after surgery.
The time the aorta was clamped was noted for
each procedure and the results analysed statis-
tically. Subsequently, alter the selecled evalua-
tion period, each repair was tested for patency
and mechanical strength. Furthermore, three
animals from each subgroup were sactificed to
allow histological examination of the surgical
repair site.

All repairs were patent at the time of evalu-
ation, The mecan clamp time of all repairs per-
formed by microsuturing was 20.6 minuics,
compared (o the mean clamp time of all laser
soldered repairs of 7.2 minutes (p << 0.0001).
‘Ihe strain incasurements revealed a stronger
mechanicai bond of the sutured repair in the
initial phase, but after six weeks, the mechani-
cal resistance was comparable for both tech-
niques. [ istological evaluations indicated that
the solder wus resorbed by the body afier 6
weeks, and that negligible thermal damage oc-
curred to surrouading tissue,

In conclusion, our new technique using a
resorbable protein as a solder activated by a
diode laser provides a reliable safe vapid arte-
rial repair, which could be performed faster
than conventional suturing after a short learn-
ing curve.
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Surface-micromachined confocal
scanning optical microscope
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The confocal scanning microscope (CSM) can
create high-resolution three-dimensional
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(a)

CEhL3  big. 1.

(a) Schematic of pCSOM en-
doscope and (b) surface micromachineed optical
scanner and reflectors.

(3D) images of thick and lighi-scattering ob-
jects from successive acquisition of 21 images
through {ts optical sectioning property. This
capability allows ws to devcelop a micro-
optical-cudoscope for high-¢ualily in vive im-
aging of living tissue. Harlier works on CSMs
employed a single-mode optical fiber for illu-
mination and detection. Reported scanning
methods utilize cither {iber movement or lens
transtation, which are not fast enough to mini-
niize motion artifacts or suitable for further
miniaturization. 'The microelectromechanical
system (MIMS) approach has shown great
promise to produce miniaturized CSMs by
batch fabrication. For example, Ref. 1 de-
scribes two cascaded 1) scanning mirrors
made by silicon bulk-micromachining,

Lo this paper, we propose a novel surface-
micromachined 21 scanner to extend the per-
formance of CSMs, This microscope s called
surface-micromachined confocal scanning
aptical microscope (WGSOM). Surface-

micromachining technique takes advantage of

the MEMS free-space micro-optical bench
{ES-MOB),2 which provides more flexibility in
integraling micro-optics with other MEEMS ox
oplical components.

‘I'he schematic of the wCSOM endoscope is
illustrated in Vig. [(a). A MEMS chip with
fixed reflectors and a scanning mirror is placed
in (ront of a single-mode fiber. The probing
light is projected and collected by a lens. We
used a gradient-index (GRIN) lens for its small
diameter (1.8 mm), low spherical aberration,
high coupling efficiency, and very high nu-

merical apertuce (0.46). The 3D structure of

the scanning mirror and reflectors were real-
ized by the Micro-Elevator by Self-Assembly
(MISA) technique,?® as illustrated in Fig, 1(b).
"T'he gold-finished polysilicon scanning mirror

10 — —_— - - — —
- ©—- Oilferantial (gias 55 V)

- ¢ - Oiffarantlal (Blas 50 V)
-0 - Diiteramtial (ias 45 V)
L
—a— DT uparation }/jjj/

o

e

o

S
%
()

Mirtot Angle (deg.)
s
2,
El‘
T %hh\
-1

0 20 40 GO 80 100
Applied Voltage (V)

)

CThL3  Fig. 2. (a) SEM view showing the
driving electrodes for electrostatic diffevential op-
cration and (b} plol of mirror angle as a function
ol applied voltage. Differential operation at bias-
ing voltages of 45, 50, and 55 V show improved
fincarily (han that of DC operation.

(400 pum X 400 pum) is suspended with nested
XY -torsion beats (2 wide, 200- i long,
and L5« thick) 72 ppnr above four driving
clectrodes tiled on the substrate. This architec-
ture cnables a wide scan vange of £10° for
X-scanand T20° for Y-scan. The angle-voltage
transfer curve was lincavized by applying a PC
bias voltage, Vi, plus a small signal differentiat
voltage, -mw, as illustrated in Fig. 2. Note that
the bias voltage can be used to tunc the slope of
the curve, The resonant frequency of the 210
scanmer is 1kl z, and the magnitude of wobble
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CThL3 Vig. 3. (a) pCSOM cxperimental

sctup and (b) 313 plot of intensity distribution
from 25-pm pitch line-and-space metallic pat-
terns.
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and jitter are 22 prad and 85 prad, respec-

tively. The pointing accuracy is less than 3.3

prad,

We have demonstrated the pCSOM using a
monochromatic light source at 633-nm wave-
fength and a GRIN lens with a 2-mm working
distance. A 3D intensity plot of a sample speci-
men (25-pm pitch line-and-space metallic
patterns) is itlustrated in lig. 3. The ficld of
view of the wCSOM was 100 pm X 100 pm.
Square-mesh scanning without XY cross talk
was petformed by using a calibration table
programmed on a personal computer. Tt
achieved a transverse resolution of 5-pm
FWHM and an axial resolution of 80 pm
I'WHM. The spot size is larger than the theo-
retical limit (2.5 pm) due to the mirvor’s cur-
vature (2-mm raclius of curvature).
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Fiber-optic microsensors to measure
backscattered light intensity in biofilms
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Biotilms arc a predominant microbial growth
mode in natural and enginecred systems. ! Bio-
film proacesses are implicated in bioremedia-
tion of toxic compounds,? oral hygicne,* sour-
ing of oil formations,* microbially influenced
corrosion,® and infection of prosthetic de-
vices.® To evaluate metabolic activity of bio-
film microorganisms it is imperative to mea-
sure  chemical gradients of nutrient
concentration across microbial deposits less
than a few hundred microns thick. Presently,
electrochemical microsensors are used with tip
diameters not exceeding a few 10’s of microns.

Micro-scale fiber-aptic scnsors? have sev-
cral potential advantages. They are immunc to
electromagnetic noise, need no reference clee-
trodes and are easier to fabricate, We have
developed a tiber-optic microsensor based on
commercially available optical telecommuni-
cations components that measures back-
scattered light from a tapered fiber tip.

The biofilm preparation and standard mea-
surement lechnigues are described else-
where» A 670-um or 1320-nm Fabry-1'crot
laser diode operated below threshold was

B Ry Bee

ClhL4 Fig. t.  SEM micrograph oftiber-optic
microsensor tip.
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CThL4 Fig.2. Thevaviation in the % of maxi-
mum back-scattered light intensity (670-nm and
1320-11m wavelengths) and local relative cffective
diflusivily by depth in a heterogencous biofilm at
the same location,

coupled through a 2 X 2, 50:50 single-mode
fiber coupler. One arm of the coupler was
monitored using a PIN diode. The other cou-
pler output was counected to a short section of
single-mode fiber with a tapered end. Any
backscattered light was collected by a second
PIN diode. Data was recorded as the ratio be-
tween the backscattered and relerence signals.

Tapered tips were formed by wet etching
the fiber end in hydrofluoric acid. The tips
usually had a sub-micron end diameter with a
smoothly tapered length of 500—1000 i, Lig-
urc 1 is an SEM image of a typical tapered tip.
The [iber tip was stepped ito the biofilm in
20-ptn steps, followed by an identical data set
using alocal eftective diffustvity electrochemi-
cal microelectrode.” Typical vesults are shown
in Liig, 2. T'he data at 670 nm was normalized to
the data at 1320 nin tor the probe located out-
side of the biofilm, but still submerged in the
solution. The microclectrode response is
shown for comparison. The back-scattered op-
tical signal at 1320 nm showed a laryge intensity
variation {(almost a factor of 5) as the tip
moved through the biofilm towards the boi-
tom. Moreover, the variations observed corre-
lated well with the local effective diffusivity
microclectrode, Further, the measurements at
670 nm showed a much smaller (<X5%) intern-
sity variation as the probe moved through the
biofilm.

These results were highly repeatable. The
correlation coelficient, R?, over many (rials
was always greater than 0.85. We also observed
different, but repeatable calibration equations
{with R* > 0.85) at different focalions in the
biofilm, presumably due to structural hetero-
geneity of the biofilm,

The dramatic wavelength dependence of
the back scattered signal variations was unex-

pected. Mie scattering, the Mie effect' and a
strong waler absorption band near 1.3 pm'tall
playa rolein explaining the obscrved behavior.
"I'he simplicity of the sensor and the large re-
sponsivity in nominally transparent biofilms
make it a promising candidate for routine lab-
oratory usc.
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Super-resolution fluorescence
microscopy by up-conversion-depletion
using two color lasers
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We propose a novel scanning fluorescence mi-
croscope capable of breaking the dillraction
resolution limit by up-conversion process with
two-color pump and crase lasers. Most of dye
molecules with an S, state generated by irvadi-
ating of a laser {i.c., pump laser,) decay to the
ground state through fluorescence process.'
Omn the other hand, the radiative relaxation of
the molecules with a higher excited S, state to
the ground state is almost inhibited. By ircadi-
ating of pump beam and another laser (ie.,
crasc laser,) for §,, <=8, photo-excitation at the
same time, the molecules with the S, state are
up-converted, and the fluorescence can be re-
duced. If the focused pumyp and erase beams
are partially overlapped on a sample stained by
dye molecules, the fluorescence from the re-
glon irradiated by both lasers is inhibited, as



