) @ Ives Iwamoto first author 1981-1989 Newby Herron Dryden Reichert Lin Hlady Reinecke Winterton Stoker Suci Dryden King Van Wagenen Mo
ck View Arrange By Action Share Edit Tags

me

||

&

Ives 1987 TIRF Sensors in Chester bk Reichert Lin Hlady Reinecke Suci Van Wagenen Newby Herron Dryden.pdf
lves 1988 Waveguides SPIE.pdf

lves 1989 Fiber Optic IA Review.pdf

Iwamoto 1981 RFGD Dwight book king.pdf

Iwamoto 1982 Insulin Tyrosine TIRF van wagenen.pdf

Iwamoto 1985 Fibronectin Ads winterton stoker van wagenen mosher.pdf

A

Date Modified

10/11/06
10/11/06
10/11/06
7/14/06
7/14/06
7/14/06

Size
1.1 MB
920 KB
1.7 MB
2.1 MB
1.1 MB
1.5 MB

Kind

PDF |
PDF |
PDF |
PDF |
PDF |
PDF |



190
3) The optical fibers are parmanently fixed In place, such that the detactor sub-assembly
becomes adt and rugfed unil.

This approach appeai offer the benefits of further reduciion In scale, by simply reducing ihe

size of tha template wirg’{and perhaps the cplical fibers). Sub-nanoliter deteclor volumes thus
appear laasible. appears 1hat other contigurations of the libers could be consiructed for olher
Iypeas of optical re.

TF.J. Yand, J. High, Rresol. €hromatogr. 4 (1981) 83.
2) W. Jargenson and K.D. Lukacs, Anal. Chem. 53 (1981) 1298.

3F M. Everaeris, J.L. Beckers, and Th.P.E.M. Verheggen, [satachapharasls, (Elsevier,
Amsterdam, 1976), p. 164. 3

m

Total Internal Reflection Fluorescence Surface Sensors.

JT. Ives, W.M. Reichert, J.N. Lin, V. Hlady1, D. Reinecke, P.A. Suci, R.A.
vanWagenen, K. Newby, J. Herron, P. Dryden and J.D. Andrade

University of Utah Department of Bioengineering, Salt Lake City, Utah
4112 USA
1|nstitute "Ruder Boskavic", Zagreb, Yugoslavia

1. Introduclion.

Total Internal reflection fluorescence (TIAF) technique shows potential as
the basis of a remote fluoroimmunoassay design (1,2). Evanescent excitation of
fluorescently labelied antigens {Ag) complexed with surface immobilized
anfibodies (Ab), or vice versa, significantly simplifies the rinsing required in
standard immunoassay 1echniques, and allows smaller sample volumes to be
measured. The development of integrated waveguide optics as an evanescent
spectroscopic technique has opened the possibility of optically detecting
interfacially bound blological molecules in remote environments. This paper will
raview the research at the University of Utah on a remote fiber optic
immunosensor and a polymer thin film evanascent sensor. We will also discuss
the basic TIRF system as applied 1o the study of proteins at interfaces because it
represents evanascently excited speciroscopy In its simplesl form.

2. Filxed Angle TIRF.

Saveral groups have used fotal intemal reflaction in the fluorescence mode
to study protein adsorption-desomption reactions {3). The total intarnal reflection
fluorescance of interfacially bound proteins may be monilored Intrinsically in the
ulraviolet by exciting the tryptophan moieties or extrinsically in the visible using
fluorescent labaling techniquas. In either case, the fluorescence of the adsorbed
prolein is excited by an exponentially decaying optical field created immediately
adjacent to a solid-liquid interface oriented at such an angle to totally reflect an
incident light beam. This exponentially decaying field, commonly called the
*avanescent wave”, produces a fluorascence excitation volume axiending from the
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Fig. 1. BCHEMATIC OF FIXED ANGLE TIRF SYSTEM USED TO STUDY
OTHENS ADSOABED TO THE SOLID-LIOARD INTERFACE,
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surlace ol the total reflection element (lypically a 70 degree quariz dovetail prism)
into the adjacent liquid medium to an effective depth of 1/3 of the exciting
wavelength, The liquid phase is generally contained within a flow cell for the
conlrollad introduction of biological molecules to the totally reflecting interface.
The basic TIRF design is displayed in Figure 1 and described in detail in (3,4).
TIRF has been used extensively in our laboratory for several years lo study
the fluorescence of interfacially bound proteins(3,4). Recently, we have used TIRF
as an Immunosensor 1o follow Interlacial antigen (Ag)-antibody (Ab) reactions (5).

3. Variable Angle TIRF

Variable angle TIRF (VA-TIRF) is a method lo oblain tha concentration and
thickness ol an adsorbed fluorescent layer. The advantage of VA-TIRF over fixed
angle TIRF is that one is not required to assume a thickness or refractive index of
the adsorbed film when attempting 1o obtain quantitalive data. The concenlration-
distance profile of fluors at the interface resulls direcily from the numerical inverse
Laplace transform of the fluorescence angular spectrum representation where one
of the two angles (observation or Incident) is varied while the other angla is held
fixed (6). In our experimental design a fluorescence curve is obtained by holding
the angle of Incidence constant and collecting the angular distribution of the
Interfacial lluorescence by varying the angle of observation {Fig. 2). The VA-TIRF
technique in the variable observation angle mode was damonstraled by the
collection and numerical analysis of data from an immunoglobulin (IgG) protein
film adsorbed 1o a quartz hemi-cylinder (7). Currently we are testing the accuracy
and reliability of the optics and Inversion software by collacting spectra of dye
impregnated Langmuir-Blodgett monolayers of known thickness and dye
concentration (8). In addition to determining the concentration-distance profiles o
adsorbed protein layers we are also planning to use VA-TIRF to detect the step
increase in thickness when an Ag from solution is complexed with a preadsorbed
Ab monolayer producing a bilayer at the prism surface.

A

VARIABLE
ORIERVATION
ANOLES,

EVANESCENTLY

PG 1 VARIABLE ORSEAVATION ANOLE TIAF {VA-TIRF) BYSTEM FOR
DETE THE CONC ATION PROFILES OF ADSORBED
PROTIEN MOLECLALES ADSORBED TO THE SOLID-LIOUD INTERFACL

4. Wavegulde TIRF.

Waveguide TIRF shows promisa as a remote surface sensor 10 manitor
protein adsorption-desorption reactions and Ag-Ab complax formation. The
waveguides used In our laboratories to dale have been cylindrical glass optical

Lk}

jibers and 1-3 um transpareni polymer films spun-cast onto pyrex or glass
subsirates. Both of these systems utilize an integrated optics modilication of the
avanesceni excitation principle of the convaniional total intemal reflection

omelry.
” Tryhe evanascent field at the surface of approximately 2 um thick spun-casl
poly(styrene) films have been used by our group lo excite the fluorescence of
Langmuir-Blodgett deposited cyanine dye-falty acid derivalive monolayers (9) and
surface adsorbed films of dye labeled 1gG (10). Figura 3 is an illustration of the
prism technique used to couple guided waves of light into thin polymer film. The '
fluorescence from the surface deposited fluorescent manolayers is collected at 90
to the polymer film suriace.

TOLLECTION LENS
wooUPLEG CUTCOUPLED
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FiLM = |
WAVE- " qunen Mook
GUDE SUBSTRATF
110, 3. PRISM TECHNIOUE FOR OLRDED MODES OF LIGHT

INT0 SPUH-CAST POLYME N THIN FILM WAVEGUNDES, THE EVANESCENT
FIELD AT THE POLYMER SURFACE 18 USED T0 EXCITE THE FLUORE
OF SURFACE DEPOSITED LAYERS,

Cylindrical glass waveguides have also been used In our labs as an
gvanescent surface sensor. A sensor tip is formed by siripping the cladding from
one end of a mutti mods fiber (600 um) and capping the tarminal and with an
opaque apoxy to prevent light leakage out ol the fiber tip Into the sample solution
{Fig. 4). In this design only the evanescent field of the stripped fiber lip is expfosod
1o the surrounding liquid sample solution. The remote operalion ol the fiber tip
sansor has been demonstrated with fluorescent dye solutions (11). ‘The
application of this system to the remote detection of protein adsorption was
demonstrated with dye labeled IgG (12).

FIG. 4 FIBEA BENSOR TIA PROCUCED BY STRIPPIMG THE CLADING FROM THE
DISTAL END OF AN OPTICAL FIBER, THE EXPOSED RIELD AT THE STRIPPED
FIBER CORE BURFACE i USED TO ENTLY EICTTE AL 1
MOLECULES ADBORBED TO THE SENSOR TIP.

5. Integrated Optics Based Immunoassay. {
Immunoassay systems are widely employed due to thelr high sensitivity
and, with monoclonal antibody techniques, high selectivity (13). In brief, the
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immunoassay concept Is based on the pre-immobilization of either Ab or Ag to a
totally reflecting surface which is exposed to a solution containing the
complemantiary immunospecific species. The observed fluorescence is
_proportional 1o the surface concentration of the formed Ag-Ab complexas which is
in turn proportional to the concentration of the unbound species in solution. Figure
5. shows a typical fluorescence signal response to pre-immobilized Ab binding
with free Ag. When the immobilized Ag is in turn exposed lo free Ab the
fluorescence signal intensity increases further.

E ANTIGEN
LAYER
COMPLEXED WITH
ANTIBOOY MOHDLAYER
MONOLAYEN
BASELNE

RN e SR

m;&w WMUNCASSAY CONCEPT FOR FLUORESCENT ANTIBOOY AND

BY A SECOND STEP INCAEASE AFTER THE COMPLEXATION OF THE AHTIOEN
FAOM SOLUMON WITH THE PRE-MMOBILIIED ANTIBODY LAYER.

Fibar Sensors.

~ The atiractiveness of fiber optic sensors ara thelr small size and abillty to
daliver and collect light 1o and from remote locations. The concapt of a seml-
continuous fiber optic immunosensor utilizing a compstitive assay schems is
presented in mors detail elsewhera {2). Advancing the fiber optic sensor to an
immunosensor requires the stable pra-lmmobilization of the Ab to the surface of
the quariz fiber and a mechanism for regenserating the sensing surface n siu.

Surface Immobilized Ab molecules which are stable, aclive, and salective

have been obtalned using two different techniques. A technique which uses a 3-
aminopropyl-triethoxysilane prepared surface’ has been described by Westall, el
al. (13}, and covalent binding on a dimethyldichlorosilane prepared surlace has
been developed by Lin, et al (14). Work is being performed on these pre-
|mf'nob|l|:ad surfaces in the TIRF mode to test their potential as affinity surfaces
suitable for fluoro-immunoassay.

_The current immunoassay techniques are essentially single use
techniques. A remole fiber optic Immunosensor should include a machansim for
semiconfinuous monitoring. We are investigating two methods for long term use
based on remote surface regeneration, One method is a phatoinduced
conformational change In the Ab which causes the Ag to be released. Light ata
wavelangth other than the fiuorescence excitalion wavelength is propagated down
the oplical fiber to induce a change In a photosensitive segment of the Ab.
Preliminary work with azobenzens rings on poly-L-glutamic acid has shown 8
photoinduced conlormational change. The second method involves a parmanent
modification of the Ab binding sile to reduce the binding constant. A reduced
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pinding constant would yield a faster respanse time of the sensor to fluctuations In
the solution Ag concentration.

A number of optical improvemenis also need to be considered befare a
sultable immunosensor is developed. Currantly, the system is standardized with
fluorascent dyes in the test chamber, but future referencing should probably utilize
two wavelengih or broad band comparisons. Tha coupling and detection sysiems
are large and expensive (lasers, microscopes, spectrometers, photon counting),
and much simpler components (diode lasers operaling in the visible wavelengths,
fiber optic spectrometers) are naeded. Fiuorescence is currently used because of
its large emission signal offsels (Stokes shift) and quantum sfficiency. Improved
sansitivity and a tunable source/detector would allow chromophora absorption 10
be studied with perhaps wider applications than liuorescence. Another important
parameter in fluorescence spectroscopy is polarization anisoiropy which
compares light absorption and emissian in two orthogonal palarizations. Only with
polarization maintaining fibers can such studias evan be considered, but the
probabilily of success is low due the small amount of bound energy in these single
mode fibers.

Polymer Thin Flim Waveguldes.

An altarnative 1o fiber optics are slab waveguides made from spun-casl
polymer films. Polymer waveguides potentially have several advantages over
optical fibers: 1) the large surface area of polymer waveguides is easily adapted to
different surface chemistries {i.e., polar vs. nonpolar, hydrophilic vs. hydrophobic,
mobile vs. rigid) through the use of diiferant polymer films or surface
derivatizaition, 2) the mode and polarization can be salacted for different elfects at
the polymar film surface, and 3) the inear shape ol the waveguide streak is
efficiently imaged onto the spectrometer slit (3). The disadvantages of a thin film
sansar are the scatter loss along the polymer tilm and the bulky prism system used
to couple light into the waveguide.

Fluorescenca excitation caused by the scattered field represents a large
nolse factor In the detected signal. Waveguide features ol evanescent surface
selectivity and mode selection of different excitation volumes becomae difficult o
distinguish above the background scatler. This problem is being approached with
calculated energy profiles of four layer waveguide systems {subsirale-waveguide-
film-superstrate), theoretical absorption and scatier losses and experimental work
measuring the decay of light along the waveguide. Scatter caused by the
Langmuir-Blodgett surface films and the ability 1o vary their absorplion will be an
important part of this study.

The first generation polymer film sensor involves a flow cell dasigned for the
waveguide surface. This design allows prolein adsorption and desorplion and Ag-
Ab reactions 1o be studied at the polymer surface. The second genaration sensor
will Incorporate the remote sensing advantages of the fiber optics while relaining
lhe surface chemistry and optics advantages of polymer waveguides to produce
the optimum immersible sensor. In this design, fiber to waveguide coupling (15)
will be used to create an evanescent streak along tha polymer waveguida sensing
surface (Fig. 6) . k

8. Summary.

Evanescent wave speciroscopy in the TIRF mode has sevaral advantages
for biomedical surface studies (1-3). Whan coupled with optical fibers and
polymer waveguidas, remote surface sensitive sensors can be developed for
immunoassay measurements and protein adsorption studies. With the techniques
reviewed in this paper, Information has been obtained
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about protein adsorption and desorptlon kinetics, conformational changes of
adsorbed proteins, surface immobilized fluorescent immunoassays, and surface
monolayer {luorescencs.

EVANESCENT STREAK

=

POLYMER FiLM J

PFUL &, SCHEMATIC OF FIBER TO POLYMER FILM WAVEGUIDE COUPLING
WHICH WOULD INCREASE THE SUITABILITY OF THIN FILM WAVEGUIDES
FOR REMOTE SENSOM APPLICATIONS.
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Polymer thin film waveguide sensors: characierizalion of scatterad light inlensity at the waveguide surlace
LT, Ives, W.M. Reichert and J.D. Andrade

Universily of Utah
Depariment of Bioengineering and Center for Sensor Technology
Salt Lake City, Utah 84112

ABSTRACT
The evanescent and scattered light from poly(styrene} thin fiim waveguides are being Investigated 1o evaluate the
potential use of intec d oplic waveguides s sensors. A liber optic system is described for measuring the light intensity

1 INTRODUCTION

Due to boundary conditions al the waveguide/subsirate intar! , light propagating as a bound mode within an
Integrated oplics {IO) slab waveguide creates an evanescent streak along the waveguide surlace. This evanescenl streak
decays exponentially In the substrate and superstrate media with 2 penetralion depth (1/e amplitude decay) ol
epproximalely 1000A. Tho evanescent streak of 10 waveguides has been used to excla Raman scattering from thin
polymer films?, fluorescence and Raman emission from L gmuir-Blodg layers23, fi ently labelled molecular
layers! and CARS spectroscopy of adsorbed moleculsr fayersS. In addition to the evanescent field, several other features
make IO waveguides allractive as interlacial optical sensors: high imensily, large signal area, polarization control, mode
selection and potential integration inlo hybrid optical/electrical systems.

The intertacial field of single reflection prisms® and thin film slab waveguides’ has besn shown to consis ol
scattered light in addition to evanescent light. Figure 1 from Reichert et al.? shows 1he relalive contribudions ol the
evanascent and scatlered light lo excile fluorescence within a 0.51mm thick flow cell on a poly(styrene) waveguide. This
plot is calculated Irom expressions fit fo experi data. The dala was oblained by Injecting increasing concentrations
of fluorescein dye into the llow cell and collecting the fluorescence emission. The cross heiched region is emphasized to
Hilustrale that wilh exparimentally reasonable concenlrations (ec < 1), the scatter excited comipenent is much larger than the
almos! insigniticant evanescently exciled fluorescence. From these results, the use of IO polymer waveguides as surace
sensors, parliculary in the presenca of flucrescing bulk media or solutions, will require methods to separate the scatier and
evanescent components, or will require 10 waveguide sensors to be considered primarily as scatler sensors, A common
method to determine waveguide losses due to scatier is to monilor the intensity decay of a propagaling waveguide mode.
In this repor, we describe a fiber oplic sy used 1o 1he longitudinal decay and 1ra profile of dilferent
waveguide modes. Preliminary results obtained wilh 1he fiber optic syslem will be presented. The relevance of these
waveqguide measurements to characterizing the oplical field at the waveguide surface will be discussed.

2. METHODS

Waveguides wera spun casl from 10% (weighl/vol } soluti of poly{sty ) (secondary slandard, M, = B4600,
Aldrich) dissolved In spactral grade chlorobenzens {Aldrich). Prior to dissolving In chlerobenzene, residual styrene
monomer was separated from the poly{styrene) by a repealed (3x) tol /meth sob /precipi The
remaining 1oluene and methanol solvents were removed by aven drying at B0°C for 12 hours. The purified poly(styrene)-
chlorobenzene solution was spun cast onto acid cleaned quartz slides (1"x3", ESCO Products) with a Headway photoresist
spinner. The polymer fiims were dried for 4 hours al 110°C and stored in sealed, acid cleaned jars,

TE polarized 488nm light from an argon ion laser {Lexel Model 85) was coupled into the waveguide with LaSFs right
angle prisms {Ohara Oplical Glass). The mode coupling angles were precisaly selected by adjusting the position and
angle of the x,y,2 stage-goniometer mount (Rigaku X-Ray) supporting the prism-waveguide assembly. Lighl collecied Irom
the llow cell or waveguide was then coupled inlo a scanning monochromator (Instruments SA, Inc. HR-640) with 1mm
entrance and exit slits. The flow cell and specific colleciion equipmenl for the fluorescein dye solulions and protein
expeniments is described in Reichent et al.? and tves el al.4, and the colleciion equipment lor the dacay characterizalion of

waveguide modes will be described below. The monochromator oulput was del d with a | R585
photomultiplier tube and Eg&G Orlec pholon counting insirumentation. A 488nm blocking fitter {Pomiret) placed belore 1he
monochromator entrance allowed Rayleigh scaltared light 10 ba measured without ph Itiplier fube saluration.

Froc SfF 22 (/?88)
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The relractive index and thickness of each waveguide was determined using the coupling angle technigue developed
by Swalen et al.2 modified by the colleclion of Rayleigh or Raman scattered lighl from the waveguide,

21 W ida cf ization (Fi 2)

Two dilferen! speciroscopic signals, Rayleigh scatter at 488nm and poly{styrene) Raman emission around 513nm, were
used 10 monilor the longitudinal decay and ransverse profile of the propagating wavequide modes. The emission sianals
were collecled with a 200um diameter quartz oplical fiber (Quanz Products) held by a fiber optic posilioner (FP-2, Newpor)
on an x,z slaga wiih micromeler drives (Mewport). The end of the optical fiber was pasilioned next 1o the quanz slide
approximately 2mm from the poly(slyrene) waveguide. To ensure that the optical fiber moved paraliel 1o the waveguide
surlace, the optical fiber and iis reflacted image were viewed in a dissecling scops using 1he scatiered waveguide light for
Humination. The spacing between the fiber and the reflected image was adjusted to be conslant (maximum deviation from
parallel < 1°) across the measurement region using the tilt adjusiments on the fiber oplic posiliener. The fiber oplic output
was coupled inlo the Insir SA, Inc. monochromalor with a collection and collimating lens (F/3.8) and a focussing
lens (F/6.5). Individual data points on Figures 3 - 6 are oblained by averaging filty 1 second counts from the photon
counling sysiem,

4 BESULTS

A profile of the light Intensity across a waveguida (thickness = 1.78um, relractive index = 1.58), transverse lo the
direction of propagation, Is shown in Figure 3 for both Rayleigh scatiered light at 488nm and poly(slyrene) Aaman emission
around 513nm. The imegular Raylelgh scattered signal ocours because the Rayleigh signal is a direct result of sealtering
sites which are not necessarily unitformly distributed. Raman emission from the poly(styrene) directly indicales the lighl
Intensily within the waveguide and is relatively insensilive to individual scatlering shes. For similar reasons, Miller et al 9
8lso use Raman emission for waveguide characterization. The relalively low Raman scallering signal can be parially
overcome with large slit widths as was dona In these experimants (1mm slit width, approximately 1,5nm resolution). This is
particularly successiul with poly(styrene) around 513nm because there are several Raman peaks in this area which sum to
enhance the Raman signal, The tning guide charac figures in this report will display the poly(styrene)
Raman signal only,

Figure 4 displays transverse profiles of puide Raman sc ing ad at four p along a decaying v

2.07um, relractive index = 1.58). These measuremenis were obiained with tha zeroth order (m = 0) mode coupled, bul very :

2 and 3 modes. This pr y data indi that the guide energy {8 confined 1o a ! width wavegqLide

background light intensity off the main sireak axis. Therelore, measuring the peak light imtensily along the length of the
indicator of guide | Ity decay.

The decay measuremenis for each mode in the waveguide used In Figure 4 are plotied on a linear scale in Figure 5
with the curves for each mode normalized and ofisel for visual clarity. The data were oblained by oplimizing the coupling
angle for a spacific mode and then moving the 200im fiber across the waveguide streak 1o determine the peak Raman
signal &t several positions along the Jength of the waveguide. The m = 1 mode Imenshy peak around 16 mm s presumably
due to the targe slit widihs and poor h rejection of tha Rayleigh scatiered light.

Di ;

Protein adsorption expariments on poly(styrane) thin film * are qualitative demo ions ol sensing by 10
lides. However, pis to quantify the resulls and determine the surface concentration of the adsorbed protein
lecules wilhout ¢ g for 1he scatter excitation component are exiremely inaccurale®. Hiady el al.% have developed
a_quantitation method for a single internal reflection technique, 1otal intemnal reflection fluorescence (TIRF). Their
quantitation mett phasi the imp ce ol sep 19 the fiuorescence emission excited by scartered light trom
thal exciled by evanescent light. To improve our undh ing of the 10 waveguide evanescent and scatier componenis,
we have bagun characterizing the longiludinal decay and transvarse profile of light propagating within poly(siyrene)
waveguides.

The measured intensily within a unitormly scatlering waveguide would decay as an exponential with the decay rate
depending upon the surface roughness, refraciive index variations, scattering siles and waveguide mode. Therelore, a
usetul way 1o plot decay data Is 1o plot the decibel {dB) values, i.e.. 10"log(signal}, vs the distance’®, A unitarmly scattering
waveguide would plot as a straight line with the slope indicating the decay raie, often quoted in dBicm. In Figure 6, the dala
ol Figure 5 is reploted as dB vs longHudinal position. The data Is clearly not & straight lina over the entire measuring
dislance. To develop a preliminary explanalion of these results, we have divided Figure 6 inlo three regions.

In the region closest to the Incoupling prism, the light within the wavegulde is composed of propagating bound modes
confinad within the waveguide by iotal internal reflaction and radialive modes traveling at angles less than the crilical angle
but with high refiactivily at the g t Interiace. The first three data poinis of the m = 0. 2 and 3 mode curves
of Figures 5 and 6 indicale a slightly grealer decay rate which may be due fo radiative mode losses. Measurements closer
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Figure 5. Decay measurements for four waveguide modas, Figure 7. Decay rates as & function of mode number. The
The peak intensity of the poly{styrene) Reman signal was decay rales ars the slope of the least squares fi line 10
measured In apf alely 2mm ir along 1he wavegulde. each mode in Figure 6. The "Thin Waveguide® region of Figura
The symbol in the upper right indicates the direction of optical 6 Is indicated by the black squares, and the "Bound Mode”
liber movement. Tha indlvidual mode curves have been reglon by the white squares,

normalized by the signal at 8.5mm, and shilted for clarity,
Mode 0 = while squares; Mode 1 = black diamonds: Mode 2 =
black squares; Mode 3 = while diamonds.
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Figure 6. Decibel (dB) plol of waveguide decay data in Figure 5. Three reglons of waveguide

decay are identified; Aadiative Modes, Bound Modes and Thin Waveguide.

Least squares fit lines to the data peints in the Bound Mode and Thin Waveguide regions

are used |o determine the slope and therefore decay rate as a function of waveguide

mode. The curves lor each mode are normalized by the B.5mm value and shified for clarily.

Mode 0 = while squares; Mode 1 = black diamonds: Mode 2 = black squares; Mode 3 = while diamonds,
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to Ihe incoupling prism may Indicate Ihis loss more cleerly. The m = 1 mode data does not follow the pattern of the other
modes, but the inlensily peak around 16mm may have afiected the decay measurements in this region.

The mode decay curves In the midsection of this waveguide, from approximalely 17mm to 29mm. have been fit (least
squares analysis} with a siraighl line as shown in Figure 6. The waveguide streak in this region appeared visually as a
bright narrow line wilh little inlensity decrease. The sireak appearance is consisient with the relalively low slope ol tha
mode curves, approximately 1 dB/icm. However, the decay rates do nol Increase with moda number as we expecied
(Figure 7). Based on Ihe readily observed Newlon diffraction rings in the waveguides, surlace roughness was assumed 1o
ba a major cause of waveguide scatiering losses. The lowest order m = 0 mode Is most conlined 10 the waveguide medium
and has the lowest percenlage of iis energy in the evanescent fisld, This mods Is presumably the leas! allected by surlace
roughness. Therelore, il was expected thal the m = 0 mode would have the Nattest slope wilh an increasing progression to
the highes! decay rale for 1he highest order mode.

The waveguide streak In 1he third region of Figure 6 appeared to signilicanlly decay in intensity, and this visual
appearance was consistent with the steep decay rates in Figures & and 7. The rapid decay was most obvious for the m = 3
mode, where decay measurements were nol conlinued beyond 36.5mm due to the low intensity of the waveguide Raman
signal. In lhis region, the relative decay rates suppor the opinion that scater losses increase with mode number (Figure 7).

The change in decay rates between the midseclion and end regions of the waveguide may be due to uneven
waveguide lhickness. The waveguides were fabricated by spin casting on rectanguiar 3"x1" slides. The circular spin
casting results in an uneven disiribution ol polymer on the slide, creating a thinner, perhaps more lossy, waveguide on the
ends. Allernative methods ol fabricaling polymer waveguldes, such as dip casting, may creale more unitorm waveguides?,

£, CONCLUSION

The measured decay rales of these spun casl polymer waveguides appear lo support the Idea that n large percentage
of the excitation light in a polymer waveguide-llow cell experimanl is scattered light. In a relalively low loss polymer
waveguide of 1dB/cm, approximately 20% of the incident light is d out of the gulde in & 1cm distance, The
evanescent field, on the other hand, is approximately 2% or less of the total waveguide energy &l any single location. Our
current alforts include integrating these two pieces of information into an Indicator of the evanescent/scatier ratie. From
such inlormalion, we can evaluate the use of spun cast polymer waveguides, or the potential use ol low loss sputiered
glass waveguides, as 10 quide surlace sensors, or accept the existence of a scatter sensor.
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Fiber-optic fluorescence immunosensors

BY J.T. IVES, J.N. LIN, AND J.D. ANDRADE

l MMUNOASSAYS ARE analytical techniques based

on an immunological reaction. With the introduction
of competitive radioimmunoassay (RIA) by Yalow and
Berson in the 1950s, detection of very low concentra-
tions of antigens (Ags) or antibodies (Abs) became
practical.' Although both high sensitivity and specificity
are obtained, there are several disadvantages with RIA.
Health hazards, disposal difficulties, and short shelf

life are the most troublesome problems of using

radioisotopes. Therefore, nonisotopic labels have been
sought to substitute for radioisotopes. Enzymes and
fluorescent molecules are the most popular alternative
labels. Both heterogeneous (separation steps required)
and homogeneous (no separation) types of enzymeim-
munoassay (EIA) and fluoroimmunoassay (FIA) have
beendeveloped and are being used more frequently in
the clinical laboratory.

Furthermore, because of recent progress in immunol-
ogy and biotechnology, especially with the advent of
monocional Ab (MAb) techniques, it is possible to
produce a wide range of pure Abs against an almost
unlimited number of Ags. During the late 1970s, an
explosive growth occurred in the application of im-
munoassay to other biomedical fields as well as to
nonbiomedical areas, such as agriculture and environ-
mental monitoring.

Although conventional immunoassays are powerful
analytical techniques, they are subject to several
limitations. They are slow and require trained techni-
cians to conduct the tests in a centralized laboratory.
The delay in obtaining resuits could cause inconveni-
ence or even a serious problem to the patient’s safety.
Therefore, it is desirable for physicians to be able to
directly, quickly, and continuously monitor the change
in analyte concentration.

Since the early 1980s, considerable research efforts
have been devoted to the development of optical
fluoroimmunosensors because 1 ) the sensitive FIA can
be easily used in sensor mode; 2) the apparatus can be
designed such that the assay can be performed by
nontrained people without a dedicated laboratory; 3)
the reagents required for the assay can be prepacked in
the sensing element to provide fast and continuous
measurements; 4) the optical element transmits light

—m—
The authors are with the Department of Bioengineering, College of
Engineering, University of Utah, Salt Lake C, ity, Utah. The authors'
work on fluoroimmunosensors is being supported by the US Army
Research Office (Contract ARO 25539-1§ ) and by National Institutes
of Health (Grant HL 37046).
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efficiently, thus it has the ability for remote sensing;
5) the assay has the potential for in vivo monitoring
due to the ease of miniaturization; and 6) the optical
waveguide can be designed for multichannel sensing.
Current results indicate that optical immunosensors
may well be a substitution which will provide better
service than conventional immunoassays in many
situations.

This article discusses the principles of immunoassays
and optics forimmunosensing. Different strategies for
designing the sensors will be briefly reviewed with
specific examples from the literature.

Background

The binding of an Ag to an Ab takes place by
formation of multiple noncovalent bonds between the
antigenic determinant and the Ab active site. The
attractive forces include hydrogen bonding, electro-
static, Van der Waals, and hydrophobic interactions
and are critically dependent on the distance between
the interacting groups. This means that the shape of the
Ab active site must fit the antigenic determinant to give
significant attractive forces between the two. Thus
Ab-Ag binding shows a high degree of specificity.
Also, since the noncovalent bonds are dissociable,
Ab-Ag reactions are reversible and the Law of Mass -
Action can be applied. If [Ag] and [Ab] denote the
concentration of free Ag and Ab, respectively; and
[Ab*Ag], the Ab-Ag complex concentration; then the
equilibrium binding expression is given by:

K,
[Ab] + [Ag] & [Ab*Ag]

where K, is the affinity for binding a monovalent Ag
to an Ab. The magnitude of K, indicates the strength
of individual Ab-Ag binding.

Competitive FIA is widely used in the detection of
Ab-Ag reactions and has been applied to the develop-
ment of optical immunosensors. It can be performed in
two different ways. In the first case, the Ab is im-
mobilized on a solid surface followed by exposure to
an Ag solution (Figure 1a). Labeled Ag (fixed concen-
tration) and unlabeled Ag (standard or unknown) in the
solution compete with each other for a constant and
limited number of Ab active sites. With increasing
amounts of unlabeled Ag, the amount of labeled Ag
bound to Ab will decrease. Aftera separation to remove
the free Ag signal, the bound and labeled Ag functions
as a tracer for determining the total Ag concentration.

In the second case, the immobilized Abs are pre-

“A00
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Figure 2 Total internal reflection (TIR) and optical fibers.

incubating the Ag with a solution containing labeled
Abs and unlabeled Abs of an unknown concentration.

Competitive EIA is also a widely used technique in
conventional assays. However, it is less popular than
FIA in the development of optical immunosensors
because it requires the addition of chromogenic sub-
strates after Ab-Ag binding. Therefore, it is more
difficult to develop a homogeneous immunoassay using
EIA.

Optics

An optical fiber generally consists of a cylindrical,
transparent core made of glass, quartz, or polymer and
a surrounding cladding layer of alower refractive index
(Figure2). Optical fibers work on the principle of total
internal reflection (TTR) where an incident light beam
strikes an interface separating a high refractive index
dielectric medium 1 (the fiber core) from a lower
refractive index dielectric medium 2 (the cladding,
Figure 2).2 The angle of refraction in medium 2 can be
determined from Snell’s Law, as follows:

n,sin@, = nysind,

where the subscripts indicate the medium, n is the
refractive index, and 0 is the angle of propagation ©°
is normal to the interface). Whenn, is greater thanny,
aspecific 8, called the critical angle, canbe determined
where the light refracted into medium 2 travels directly
along the interface (the angle in medium 2 is equal to
90°). The critical angle, 8, is defined as,

9, = arcsin(ny/n;)

For example, the critical angle for light incident from
a quartz medium (n = 1.46) and reflecting from a water
interface (n=1.33) is equal to 65.6°. For incident
angles greater than the critical angle, propagating light
does not refract into medium 2 and all the light is
reflected back into medium 1. Since all the light is
reflected, the phenomenon is called total internal
reflection. In optical fibers, light travels along angles

ter than the critical angle and remains bound within

the fiber core by multiple total internal reflections.

Total internal reflection allows optical fibers t0
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deliver and receive light from distant locations with
very low losses. Light which propagates out the terminal
end of the cylindrical fiber radiates in a defined cone
of emission determined by the critical angle of the fiber
and refraction into the terminal medium (Figure 2).
Light that is launched into the optical fiber follows the
same cone of light. This cone is commonly referred to

as the numerical aperture (NA) which is defined in the
following equation,

NA = ngsin o

where the subscript 0 indicates the terminal medium
and o is the half angle of the emission cone (Figure
2). Fluors located at angles wider than defined by the
NA are not excited by light leaving the fiber end, nor
is their emission collected by the optical fiber. -

Optical fibers utilize TIR to achieve long propagation
lengths with very low losses, but another feature of TIR
can be used in optical sensing for surface sensitivity.
When light is internally reflected from a dielectric
interface, the interfacial intensity is not equal to zero.
Physical requirements of continuity across an interface
result in an exponentially decaying field which pene-
trates into medium 2 (Figure 3). This field is called the
evanescent field. The decay rate of the evanescent field
depends upon the incident wavelength, relative refrac-
tive indices of medium 1 and 2, and angle of incidence,
but for a typical fluoroimmunosensor (quartz optical
fiber, visible light), the power decays to one-third of
the interfacial value in 500-1000A. By removing the
cladding to expose the fiber core, the surface localized
excitation field can be used to excite fluors close to the
surface, rather than in the bulk (Figure 3).

Evanescent fields can also be used to couple a
surface-localized fluorescent signal back into the
optical fiber where it is guided to a remote detector.
This process has been referred to as evanescent cou-
pling, back coupling, reciprocity, and optical tunnel-
ing.” A propagating fluorescent ray from the surround-
ing low index medium cannot refract at the core
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interface and be directed along angles greater than the
critical angle. Therefore, bulk fluorescent signals which
originate far from the optical sensor cannot be bound
within the fiber. However, the evanescent (or near field)
emission from fluors close to the interface can couple
into guided light much like guided excitation light can
create an evanescent excitation field. Thus, evanescent

coupling allows remote detection through a surface
sensitive filter.

Current fiuoroimmunosensor
designs

Development of a fiber optic fluoroimmunosensor
requires choosing between homogeneous and hetero-
geneous assay methods, and it also requires a choice
between terminal end (transmission) aspects of an
optical fiber and surface or evanescent excitation and
collection. The following paragraphs illustrate the
different combinations of immunoassay chemistry and

fiber optics by presenting a brief description of current
fluoroimmunosensors.

Transmission mode

Optical immunosensors based on transmission mode
to excite labeled molecules and collect fluorescence
have been constructed in several ways. One approach

ABL

is to immobilize Abs or Ags at the distal face of the
optical fiber tip (Figure 4). The sensor is then exposed
to labeled and unlabeled Ag or Ab. After washing, the
remaining fluorescence intensity is inversely propor-
tional to the unlabeled Ag concentration in solution.
This design has been demonstrated by Trombergetal.*
Rabbit immunoglobulin was immobilized (IgG) as an
Ag on the fiber tip, and then fluorescein labeled Ab
was detected. The advantages are that the sensing
surface is easy to prepare and the efficiency of fluores-
cence collection is high. However, since washing is
required, the transmission mode cannot be used forin
situ or continuous monitoring.

The second approach is to build a sensing chamber
at the sensor tip using a dialysis membrane. The
fluorescently labeled Ags are coupled to large molecules
and therefore are confined inside the chamber because
of the small pore size of the membrane. Antibody in
the chamber can complex with the labeled Ag. Un-
labeled Ag in the surrounding solution diffuses into the
chamber and displaces some of the labeled Ags from
the Abs. The free and labeled Ag can be separated
optically from the bound and labeled Ag.

This type of sensor has the ability for on-line and
continuous monitoring because the labeled Ag inside
the sensing compartment always equilibrates with the
surrounding unlabeled Ag. The limitation is that the
sensor can only be used for the detection of small Ag

15
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Figure 4 Schematic of an optical fiber
Immunosensor using distal face of the
fiber tip as the sensing element.
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molecules, as a result of the small holes on the mem-
brane.

Anderson et al. have developed a sensor based on
energy transfer immunoassay using a dialysis membrane
at the fiber tip (Figure 5).° Inside the reaction chamber,
the Ag, phenytoin, labeled with B-phycoerythrin
(fluorescence donor) is bound by the Ab labeled with

and acceptor are in close proximity, acceptor fluores-
cence is high and donor emission is low. In the presence
of sample, the labeled Ag is exchanged by the unlabeled
Ag. As a result, fluorescence from the donor will
increase, accompanied by a decrease in fluorescence
intensity of the acceptor. The ratio of the donor and
acceptor fluorescent signals indicates Ag concentration.
A similar sensor has been demonstrated by Mansouri
et al. based on receptor-ligand binding for measuring
the level of glucose (Figure 6)° Although a carbohydrate
receptor was used in this sensor instead of an Ab, the
principle is still applicable to Ab-Ag binding.” The
carbohydrate receptor, Conconavalin A (Con A), is
immobilized on the inner surface of a dialysis membrane
attached to the end of an optical fiber. The sensing
element is designed in such a way that the Con A is
out of the optical pathway or numerical aperture. The
membrane is permeable to glucose but not to high

molecular weight fluorescein-labeled dextran that is

Ab labeled with flourescence acceptor

Ag labeled with floursscence donor

uniabeled Ag

confined within the sensing chamber. Glucose in the
external solution diffuses through the membrane into
the sensing element to compete with the dextran for the
binding to Con A. Fluorescence from the unbound
dextran diffuses into the excitation/collection cone of
the optical fiber, and the fluorescence signal indicates
glucose concentration.

Evanescent mode

By using the evanescent surface sensitivity of optical
fibers, several researchers are working on homogeneous
immunoassay systems. These systems would potentially
allow remote detection and continuous monitoring. The
basic sensor design (Figure 7) consists of a light source
(laser, mercury lamp, or other source consistent with
the chosen fluorescent dye), optics for directing the
excitation light and collecting the fluorescence (lenses
and dichroic, notch and hi-pass wavelength filters), an
optical fiber with an exposed core, and a flow cell or
other system for sample infusion. Antibodies are
covalently bound to the surface of the core, and fluores-
cently labeled antigens (Ag*) are introduced into the
flow cell surrounding the optical fiber. The formation
of Ag* Abcomplexes leads to an evanescently coupled
fluorescent signal and remote detection.

Hirschfeld et al.® have developed an evanescent
immunosensor with a relatively large 1-mm diam

16 MARCH 1989
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Figure 8 Schematic of an optical fiber immunosensor based on receptor-ligand exchange process.
optical rod positioned in the center of a slightly larger
capillary tube. Antibodies are covalently immobilized
to the sensing surface and preloaded with fluorescently
labeled Ag. The liquid sample is introduced by capillary
action, and a competitive assay results between the o
preloaded Ag* and sample Ag. Slovacek et al.® per-
formed a competitive assay with a 500-pm diam optical
fiber, and detected digoxin and human ferritin antj ens Y Y
in solution concentrations of about 10~°and 10~ 'Tpf, preiotce - s
respectively. detectar optical fiber —-axciation
Sutherland et al.'® performed assays based on = B

fluorescence, scatter, and absorption using the exposed
midsection of a 600-p.m diam quartz optical fiber. They
observed the highest sensitivity with fluoroimmunoas-
say at a detection limit of about 10~ 8.

Andrade and co-workers have investigated two
evanescent sensor desiFns: a dipstick sensor using the
distal end of the fiber,”" and a midsection sensor. !2
Both designs used a 600-p.m diam optical fiber. Exper-
iments with these systems and similar optical designs
have investigated the effect of scattered excitation light,
surface-bound Ags vs bound Abs, and background
fluorescence from blood serum. Considerable effort has
also beendevoted to regenerating the immunologically
active surface for continuous monitoring.

Smith et al.'* used two flat plates with antibodies
bound to one plate and fluorescently labeled, partially
dry antigens on the other plate. The plates were placed
parallel and close to each other, and the sample solution
was drawn by capillary action into the gap. A light
source excited the fluors directly through the plates (in
transmission mode), and the fluorescent light which
evanescently coupled into the Ab-bound flat plate was
collected. The evanescent coupling ensured surface
sensitivity without evanescent excitation.

Conclusions

The merging of immunoassays and optical sensing
can potentially be a significant benefit to clinical
medicine. Research efforts have demonstrated several
different designs by combining homogeneous and
heterogeneous assay methods with the light transmitting
and evanescent features of optical fibers. Sensitivitics
reported for fiber optic fluoroimmunosensors are in the
107% to 10~ "'M range, which is adequate for most
clinical applications. In addition, factors which have
not been addressed in this article such as stability,
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Figure 7 Schematic illustration of & fiber optic fluoroim-
munosensor. This figure is a general guide, and aciual
Systems may vary in detector placement, filter arrangement,
light source, and assay method.

intrinsic fluorescent backgrounds, and biocompatibility ,
must be considered. These factors are being investi-
gated, and the overall future of optical fluoroim-
munosensors looks promising.
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Oxidation of Polystyrene and Pyrolytic Carbon
Surfaces by Radiofrequency Glow Discharge

G. K. IWAMOTO, R. N. KING, and J. D. ANDRADE

Surface Analysis Laboratory, College of Engineering, University of Utah,
Salt Lake City, UT 84112

Plasma treatment is widely used commercially for polymer
surface modification. Plasma discharge treatments are used to
improve adhesiveness and pPrinting Properties, to improve cell
adhesion to tissue culture substrates (1) and to etch or clean the
surfaces of materials (removal of photoresist materials on semi-
conductors, for example ()5 The surface characterization of
Plasma-modified surfaces is important in order to provide greater
insight into how the properties are changed.

Plasma treatment involves the production of chemically
active species and ultra-violet radiation. Conventional methods
of surface modification are often limited by the temperature
needed for surface treatment, the leaching or toxicity of chemi-
cal agents used, and the spectral and geometric limitation of UV
treatments. Plasma treatment also provides a means of selective-
ly modifying the surface while the bulk properties remain
generally unaffected (1),

In this study pol§%tyrene and pyrolytic carbon (3) were used
to investigate the nature of plasma surface modification. Poly-
styrene is widely used as a material for bacteriological cell
culture and, in a surface-treated, oxidized form, is widely used
as a solid substrate for in vitro cell culture, It is generally
assumed that commercial Polystyrene cell culture substrates are
surfidce-treated by a corona or radio frequency glow discharge
(RFGD) process. Although these materials are extensively used,
10 general -surface characterization is available,

Radio frequency glow discharge (RFGD) pPlasmas were used in
this study. Glow discharge plasmas are characterized by ave§age
:I?Etroq_fnergies of 1 to 10 eV and electron densities of 10° to
L0 cm T, Glow discharges, also called cold plasmas, are
‘haracterized by a lack of thermal equilibrium between electron
-emperature (Te) and gas temparature (Tg). Typical ratios are on
‘he order of Te/Tg = 10 to 10°, Thus, the Tg of a glow discharge
‘emains near ambient temperatures while the‘electrons are suffi-

0097-6156/81/0162-0405$05.00/0
© 1981 American Chemical Society
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ciently energetic to rupture bonds. This makes this type of
plasma quite useful in applications involving thermally sensitive
materials (4).

Surface modification by a plasma usually results in changes
in surface wettability, molecular weight, and other chemical
changes. Molecular weight changes occur from chain scission and
crosslinking. Chemical changes occur from the addition or ab-
straction of groups on the surface, which in turn influence the
wettability of the surface. Almost all changes produced by plasma
modification are confined to the top | to 10 um of the surface
(1).

The reactions which occur are controlled by the pressure of
gas, electric field strength, reaction chamber dimensions and the
gas flow rate. The electric field strength determines the amount
of energy imparted to the electrons. The gas pressure and tube
dimensions affect the degree of ionization, atomic lifetimes,
mean free path and gas temperatures. The gas flow will affect the
rate that new reaction material can reach the solid surface (5}.

X-ray photoelectron spectroscopy (XPS), scanning electron
microscopy (SEM), and air/octane underwater contact angles were
used to characterize the surfaces. KPS can provide both the
atomic composition and chemical bonding information from approxi-
mately the top 708 or less of the sample surfaces (6). Additional
information may be gained from the XPS spectrum by observing the
presence of satellite lines. The ejection of a core level
electron from an atom changes the shielding of the nuclear charge
and is felt by the outer shell electrons. This perturbation in
the potential of the wvalence electrons is of sufficient energy
that an electron can be excited to a higher energy level (shake-
up) or be ejected (shake-off). For the C-1s line, satellite
structure is seen up to ~12 eV above the major peaks; any other
features would be lost in the inelastic tail which occurs ~15-20
eV above the major photoionization peak. Clark's studies on
polymer systems have shown that polymers must have an unsaturated
backbone or unsaturated pendant groups to have observable satel-
lite 6.6 eV above the C-ls line (7). The satellite is attributed
to m - % transitions. Studies of alkane-styrene copolymers show
that the intensity of the satellite peak is related to the number
of styrene groups in the chain (8), and to the substituents on
the pendant phenyl group (8).

Contact angle measurements provide information on the wet-
tability of the sample, the surface energetics of the solid, and
the interfacial properties of the solid-liquid interface, The
samples were immersed in water and captive air and octane bubbles
were determined by measuring the bubble dimensions. By measure-
ment of both air and octane contact angles the sucface free energy
() of the solid-vapor (Y V) inter face may be calculated by use of
Young's equation and the Snarmonic mean hypothesis for separation
of the dispersive and polar components of the work of adliesion.
This method for determination of surface and interfacial proper—
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ties has been discussed in detail (9, 10). Because the measure-
ment is made underwater, it is basically a receding angle measure-
ment in the case of the air/water/solid measurement, thus TS
values obtained are larger than those commonly reported, whir:H
are generally advancing angle measurements (see (10) for a com-
plete discussion).

Scanning electron microscopy was used to detect changes in
surface topography due to the plasma treatment. Preferential
etching of the material will change the surface topography. The
formation of wvolatile, low molecular weight species under the
surface of the material can produce bubbles (l1}.

Measurement of substrate surface charge was not performed in
this study. A change in surface charge might be expected due to
the plasma treatment either by ion implantation or by formation of
ionizable functionalities on the substrate surface.

Change in contact angles as a function of storage time was
also not studied. Studies on polystyrene indicate that the
contact angle does change with time after plasma treatment (11).

Exper imental

Samples of polystyrene were cut from Petri dishes (Falcon
1008, Falcon Plastics, Oxnard, California). Unalloyed low tem-
perature isotropic (LTI) carbon samples were obtained from the
General Atomic Company (Pyrolite - registered trademark of
General Atomic Company, now Carbo-Medics, Inc.).

The polystyrene samples were used as received., Examination
by XPS showed only carbon on the surface (XP5 does not detect
hydrogen). The pyrolytic carbon samples were prepared by a
"steady state" fluidized bed process (12). The carbon samples
were polished by the manufacturer using Y-alumina. Before use in
this study the pyrolytic carbon samples were ultrasonically
cleaned in reagent grade methanol for five minutes. Examination
by XPS of both the as received and ultrasonic methanol cleaned
samples showed removal of small amounts of chlorine, magnesium,
silicon, and sulfur by the cleaning procedure.

The samples were oxidized using a commercial plasma dis-
charge unit (Plasmod registered trademark of Tegal Corpor-
ation, Richmond,California), which operates at 13.56 MHz and has a
variable power output from 0 to 100 watts. A variable leak valve
{Granville-Phillips Company, Boulder, Colorado)}, a three-way
valve and other modifications were added to provide a better
vacuum, to control the gas flow rate and to control the gas
pressure.

The samples were inserted into the RFGD unit in air and
placed on the bottom-center region of the reaction chamber. In
all experiments the top surface was r._t_f analysis surface. The
reaction chamber was evacuated to 10 torr pressure and then
backfilled with the reaction gas to above 2000mmHg pressure and
then re-evacuated. This process was repeated three times. The
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gases used in this study were helium and oxygen. The helium was
liquid nitrogen cold trapped during backfill to remove condens=
able impurities. After the third backfill and pumpdown to 10~
torr pressure, the gas flow rate was ad justed to correspond to 0.4
torr pressure, which was maintained during discharge. 0.4 torr
pressure was determined to give minimal deposition of silicon on
the sample surface. The silicon sputtering originated from the
Pyrex walls of the reaction chamber during plasma treatment.
Lower pressures gave appreciable amounts of silicon deposition on
the sample as determined by XPS examination. The samples were
exposed to the helium gas for various amounts of time at 50 watts
of power output. The samples were then exposed to a helium gasg
purge for various amounts of time at above 4 torr pressure and
then exposed to oxygen at above 4 torr pressure for five minutes.
The samples were stored in Petri dishes in air until surface
characterizations were performed. It was found if the samples
were exposed to air instead of oxygen after the inert pas purge
that both oxygen and nitrogen functionalities were observed by
XP5 examination.

Oxygen plasmas were used on the pyrolytic carbon. The
procedure was the same, except that the samples were exposed to an
oxygen purge for 5 minutes after the discharge. XPsS spectra were
obtained with a Hewlett-Packard 5950 B instrument utilizing mono-
chromatic Al Kaq radiation at 1487 eV. The samples were mounted
in air, inserted intg the spectrometer, and analyzed at ambient
temperatures in a 10 ° torr vacuum. Power at the X-ray source was
800 watts. Instrument resolution was nominally 0.8 eV or less as
measured by the full width at half maximum of the C-1s line from
spectroscopic grade graphite. An electron flood gun operating at
0.3 mA and 5.0 ev supplied a flux of low energy electrons to
minimize charging artifacts in the resulting spectra,

Wide scans (0 to 1000 eV) were performed for surface ele-
mental analyses. The wide scans were carefully inspected for
trace element contamination. Detailed 20 eV scans of the Cc-ls
(275 to 295 eV), 0-1s (520 =540 eV) and Al-2s (105 to 125 ev)
regions for the Pyrolytic carbon and of the g-1s and 0-1s for the
polystyrene were run to determine both elemental stoichiometry
and chemical shifts. Standards were available to give accurate
chemical shift data for various carbon-oxygen functional EToups,
These included poly(ethylene terephthalate), poly(ethylene oxide)
and anthraquinone (17). The latter was run at -50'C in order to
minimize volatility under our high vacuum conditions. Table T
summarizes these results, All spectra were charge - referenced to
a C-1s line for an alkyl-like carben at 284.0 ev. The Scofield
theoretical XPS photoelectric cross sections (13) were used for
elemental quantitation. i

Scanning electron micrographs were obtained on a Cambride
Mark 11 Stereoscan SEM. The samples were mounted on the specimen
mounts with double-sided tape. Silver paint along the edge of the
sample provided electrical contact between the specimen mount and

S i =
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Table I

the C-1s line for poly (ethylene tereph-

Chemical shifts in iy

thalate), polyethylene oxide, and anthraquinone.
ference 17).

Observed Binding

Material Energy (eV}#* ABE** Functional Group
284.0 0.0 alkyl and/or
aromatic
Polyethylene 285.6 +1.6 ether
terephthalate
288.0 +4.0 ester
Polyethylene 285.8 +1.8 ether
oxide
i e 1kyl or
Anthraquinone 284.0 a aiomgtj_c
286.5 +2.5 quinone

* Charge-referenced to C-1s at 284.0 eV
** Binding Energy -284.0 eV = ABE

the sample. The samples were coated with carhug_dan: rgr-::uld to
reduce charging. The analyzing vacuum was abou_t 1 . o .1e o
Contact angles were determined by immersing t Z_sam[;_er i
doubly-distilled water and measuring the height andb bl.l;lin:s e
both air and octane bubbles in \:!eter (9). The ubt e
introduced on the sample surface using a microlir:cr sy;u:‘gse.mic'h
height and diameter were measured by use of m1c_rcme8<ser e
manipulated a stage holding t:e sam?le(;;:?:;sii[;: : 20).( o
bubbles were observed through a micr 1 : Pl
i istance objective and a 15X eye-piece equipped wit
:g::;:gi:“::tizle. _!l‘he bubble was rpanipulatzd acmss_the c;:i:-
hair and the dimensions were r‘ead c:il.r:ctlyv;rrgzbfle:elrétcl:crr:surce.
sample box was back illuminate y a %
%: burgle volume was approximately C].l to 0.2 ul and ]::het?ubl:;;eg
were applied to the surface by fm;‘mlné;‘ a ::h:;fg:tt:eebubgle o
icro syringe and then snapping the tip
ntj;(c)at uz th the water—samplde binterface.ffe‘l'?:htes bub;:: ::i::lu: :::
inimized in order to avoil uoyancy e .
\;;n;g; pure n-octane (Aldrich Chemicals -Gold l.ablelsc::ri;l:;i;
Temperature of the immersion bath was 26 C. F1gu;e S
ally illustrates the geometry of the ‘ccmtact angtg “
The contact angles were calculated using the equatio

e — L
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CASE 1:B=9c’ CASE U:B_-‘_;B.U'
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Figure 1. Schematic of both cases for contact angle calculation
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=1 T -
4 = 180 - 2tan (-?—) for rp:».‘?ﬂo and ¢ = cos 1(%!! -1) for d1§900.

This technique measures the fully hydrated solid-water
interface. In -essence the air/water/solid angle is similar to a
receding water contact angle in the conventional contact angle
geometry. By probing the fully hydrated solid/water inter face,
the polar components of the solid surface are more optimally
evaluated. As it is the solid/water interface which is of primary
interest for biological interactions, we feel this method is more
appropriate for surface characterization for our purposes. The
use of air and octane angles also allows one Lo deduce the fully
hydrated solid surface free energy and the solid/water inter-
facial free energy. Assumptions also allow the fully hydrated
solid surface free energy to be decomposed into its apolar and
polar components (10).

Results and Discussion

Polystrene. Table 2 presents the carbon:oxygen ratios as
determined by XPS. The as received and methanol-cleaned mate-
rials were essentially unoxidized, with carbon:oxygen ratios of
the order of 100 to 1 or greater. The material which was helium
plasma treated was extensively oxidized with a C:0 ratio of
approximately 3.5:1. The air and octane angles at the solid/water
interface are also presented for those two cases. The air angle,
which can be interpreted as a conventional water receding contact
angle, is approximately 85° and deereases to approximately l4~ on
plasma treatment, indicating a substantial increase in surface
wettability. The XPS spectra of the as received polystyrene show
the presence of the C-ls aromatic satellite at 290.70 eV, 6.7 eV
from the main carbon ls line with approximately the correct

Table IL

Carbon: Oxygen (C/0) Ratios, as determined by X-ray photo-
electron spectroscopy and contact angle data for polystyrene.

Contact Angle (10}

Sample C¢/0 Ratios Aic Octane
As received 100/1 83:4° 13515°
Methanol & &
Cleaned 98/1 824 1355
(Ultrasonic)
Helium 4 b
Plasma 3.5/1 144 1444

1
|
|
I
t
!
)
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intensity ratio (8). The satellite peak is reduced to background
level for the helium plasma treated, oxidized material, suggest-
ing a considerable decrease in aromaticity of the polystyrene in
the surface volume examined by XPS (see Figure 2)}. Results from
helium plasma treated polystyrene are essentially identical to
those found with "tissue culture' polystyrene produced by Falcon
Plastics.

Scanning electron mecirographs of the sample showed no gross
etching of the surface. Polystyrene has no oxygen in the polymer
which can form atomic oxygen in the plasma, therefore etch rates

due to oxidative degradation are expected to be low. Plasma
exposure times were not long enough to create low molecular weight
volatile species under the surface. These can diffuse to the

gurface and form bubbles, as is often seen in polyethylene (i).

Hansen (l4) reports a decrease in molecular weight in a
helium plasma and Westerdahl (15) reports a change in contact
angle to higher wettability for both helium and oxygen plasmas.

Pyrolytic Carbon. Polished LTI carbon is composed of a
crystalline graphitic-like microstructure, combined with amor-
phous material (16). The polished samples have been shown to be
oxidized with a C:0 ratio of about 10:1, containing three major
types of carbon-oxygen functionalities: quinone-like, ether-
like, and ester-like (17).

Electrochemical studies of carbon samples have shown that
both quinome-like and ester-like groups are present (18).

In this study various discharge times in oxygen and helium
gas plasmas were used. The carbon/oxygen ratio varied from 7 to 1
in the as received material to 1.2 to 1 for the treated samples
(see Table 3).

A rise in the amount of aluminum, as can be seen in Table 3,
is also noticed after plasma treatment. The increase in aluminum
at the surface may be due to preferential etching of surface
carbon, uncovering AIZD , which is thought to be embedded in the
polishing process. MJ Millard has seen this same type of
phenomena when plasma etching cells, i.e., the organic portion of
the cells is etched away concentrating inorganic trace elements
on the surface of the sample (19). The aluminum peak was
strongest after oxygen plasma treatment, probably due to higher
etching rates.

The increase in the aluminum peak is accompanied by the
growth of lower binding energy oxygen and carbon peaks (see Figure
3). All three peaks were observed to move up in binding enerpgy
when the flood gun was turned off. Shifts in binding energy due
to the flood gun occur when the sample iz non-conducting. The
flood gun is used to provide a source of low energy electrons to
the sample to counter positive charging of a gsample due to the
electrons being ejected. The excess supply of electrons provided
by the flood gun charges the sample negatively and lowers the
apparent binding energies of the elements. For conducting
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Figure 2. XPS spectra of the C-Is re-
gion of PS.

Flood gun conditions, 0.3 ma. 5 V. The
C-Is alkyl line was approximately 279.0 £V
the spectra above are charge-referenced 1o
284.0 ¢V for the alkyl carbon line. Spec-
trim A @5 the ar-received material; note the
presence of the aromatic satellite at 6.7 eV
from the main carbon line at 284.0. Note
alse the ahtence of any carhon—oxygen func-
tionalivies as evidenced by the lack of struc-
fure hetween 284 and 290: (a) as-received
marerial; (h) methanol-cleancd; {c) oxygen
plasema-treated material. Note the decrease
in the satellite line a0 297 eV it has disap-
prared 1o nearly  background level. Also
note the presence now af twa carbon-oxygen
functionalities as evidenced by apparent
peaks at ahont 288.6 and 286.4 eV, charac-
teristic of ester or carboxylic acid, and ether
or hydroxyl carbon, respectively.
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Figure 3. XPS spectra of the (a) C-Is region; (b) O-Is region, and (c) Al-2s re-
gions of the oxygen plasma—treated pyrolviic carbon.

The upper spectra are with the electron flood gun on for charge compensation, the
hottom spectra are with the eleciron flood pun oft. Note in the wpper spectrum that the
main carbon peak appears at 284.0 oV, as expected for a conducting material sueh as
pyrolytic carhon. Note also the presence of the weak apparent doublet in the vicinity of
280.5 ¢V, The Al-2s top far right appears at abowt 115.2 eV or charge shifted down
stream from {ts apparent normal posiiion, Comparing these npper specira with the [t
gun off spectra and looking at the relative peak positions, one can dedice (sce texr) thar
there is an insulating component in the surface region of the material that charge shifis
fo higher binding energies in the absence of the flood gun and is pushed 1o tawer binding
encrgies in the presence of the flood gun. Note ofso that there are a number of major
lines that are not affected by the flood gun conditions. These. of course, are those infrin-
sic fo the conductive pyrolytic carbon structure, The insielating material which is influ-
enced significanily by the flood gun conditions is attributed to AL, particles embedded
in the carbon during the polishing process.
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Table III

Carbon: Oxygen (C/0) ratio and atomic percentages as determined
by X-ray photoelectron spectroscopy for pyrolytic carbonm.

Atomic Percent
Treatment c/o
Type Ratios C o] Al Trace¥®

A8 8 85.5 10.4 1.4 c1, Mg,

Received

Methanol
Cleaned 6 a5 13.4 1.6 i
(ultrasonic)

Helium
Plasma 2-4 60-70 34-27 5-3 =
Treatment

Oxygen
Plasma 1.2-1.4 56 36.5 7.5 -
Treatment

* Trace less than 1 atomic percent,

samples the flood gun will not affect the binding energy since the
sample is in electrical contact with the grounded sample probe.
Grunthaner has reported the effect of a flood gun on non-conduct-
ing samples and has used it to investigate the chemical composi-
tion of non-conducting oxides formed on metal catalyst systems
(20).

" In the pyrolytic carbon, aluminum, oxygen, and carbon peaks
were observed to move in binding enerpgy as a function of the flood
gun conditions. Also a carbon peak and an oxygen peak remained
unaffected by the flood gun (see Figure 3). The majority of the
carbon and oxygen are unaffected by the flood gun and all the
aluminum moves with the flood gun. From these results it is
concluded that the major portion of the sample is conductive
pyrolytic -arbon; islands of non-conducting Al_0., with some
carbon an! oxygen associated with it, are being “esposed on the
surface duz to plasma etching.

SEM f the samples shows a change in the surface roughness
after gluw discharge treatment. The change is due to etching of
the surface by the plasma treatment and supports the noticed
increase in amount of aluminum detected by XPS. Energy dispersive
analysis of X-rays of the sample could not distinguish between
aluminum on the surface and aluminum embedded below the surface

e T
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due to higher analysis depths. The surface appeared rougher after
etching. The change in topography is probably due to preferential
etching of the amorphous portion of the pyrolytic carbon.
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Insulin Adsorption: Intrinsic Tyrosine Interfacial Fluorescence

Insulin adsorption at a solid-liquid interface was
studied using a new technique, total internal reflection
fluorescence (TIRF). TIRF has been used both to
study the adsorption of proteins labeled with an
extrinsic fluor, such as fluorescein isothiocyanate
(1-3), and unlabeled proteins containing trypto-
phan (4).

The adsorption and macroaggregation of insulin is a
serious problem in many insulin preparations, particu-
larly in delivery devices which require small volumes
and therefore high insulin concentrations (5). A study
of insulin adsorption is of interest in improving such
devices and in optimizing the stability of insulin
solutions for the treatment of diabetes (6).

Interfacial fluorescence allows one to perform real
time, in situ measurements of protein adsorption.
An evanescent wave is produced when light of wave-
length, A, traveling through a dense medium of re-
fractive index, n,, encounters a second medium with a
lower refractive index, n,. Total internal reflection
occurs if the angle of incidence, #, is greater than a
critical angle, 6. The critical angle is defined by the
equation: f, = sin~' (n2/n,). Under such total reflection
conditions, the evanescent wave penetrates into the
second medium. The amplitude falls off exponentially
with distance into the rarer medium as a function of
the wavelength of the incident light, the angle of
incidence, and the refractive index ratio, n./n; (7).
The depth of penetration for a quartz—water (n,
= 1.33)/(ns = 1.47) interface using UV light (A = 2800
A) is approximately 1000 A, thus only those pro-
teins within about 1000 A of the interface are ex-
cited. Therefore, TIRF has the sensitivity to moni-
tor protein adsorption. Because of the exponential de-
cay of the signal into the low refractive index phase,
the method detects adsorbed proteins with much
more sensitivity than proteins in the bulk solution (4).

Interfacial fluorescence has been used to study the
adsorption of fluorescently labeled proteins (1-3) and
proteins containing tryptophan (4). A study of the
fluorescence of tyrosine intrinsic to proteins offers a
variety of problems which must be considered. The
fluorescence yield of tyrosine is 10 times lower than
tryptophan (8). This is in part due to energy transfer
if both tryptophan and tyrosine are present in the
molecule. Tyrosine can transfer its energy to trypto-
phan in a nonradiative manner (9): consequently,
the tryptophan will exhibit the fluorescence. The
fluorescence of tyrosine, when incorporated into a
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protein, is also quenched by the peptide bond.
Various species in the solution, such as phosphate,
amines, and carbonyls, can cause quenching of tyro-
sine. The fluorescence yield of tyrosine is dependent
on temperature; the yield increasing as temperature
is decreased. The fluorescence of tyrosine is de-
pendent on the ionization state of the phenolic
hydroxyl group, therefore, the fluorescence is de-
pendent on the pH and on the type of bonding in
which the tyrosine residue is involved in the protein.
Eight classifications have been used to describe tyro-
sine fluorescence in proteins (10).

The structure of insulin has been extensively studied.
Crystal structure and amino acid sequence have been
well defined. Insulin is a small protein (molecular
weight 5750) and is believed to have a similar solu-
tion and crystalline state structure as determined via
X-ray diffraction studies. However, very recent work
(11) suggests that native monomeric insulin is struc-
turally different than the dimer and hexamer forms
which have been extensively studied in the literature.
The importance of zinc in the crystal is well known;
aggregation may depend on the amount of Zn
present as well as on other variables (6).

Insulin exists in solution in monomer, dimer,
hexamer, and larger aggregates. The two zinc dimer
and hexamer forms have been well characterized
(12—14). The concentrations of the various insulin
forms have been shown to be dependent on the total
concentration of insulin in solution. Insulin aggregates
have been studied by ultracentrifugation at pH 2 (15)
and pH 7 (16).

The monomer form of insulin has two hydrophobic
strips on its surface. The hydrophobic strips are
important in dimer formation and possibly in the
insulin—insulin receptor interaction. This has been
studied by substituting various hydrophobic strip
amino acid residues and measuring the resultant
insulin activity (10, 17-19). A second hydrophobic
strip on the monomer surface is exposed on both
sides of the dimer, allowing three dimers to hydro-
phobically interact to form the hexamer with the zine
in the middle (12).

Insulin contains four tyrosine residues. The two
at positions Al4 and A19 are buried in the hydro-
phobic core and are H-bonded to carbonyls and conse-
quently produce no fluorescence. The tyrosines may
also be quenched due to the proximity of disulfide
bonds. The reported bulk fluorescence for insulin is

0021-9797/82/040581-05%02.00/0
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Fic. 1. Principle of total internal reflection fluores-
cence. Incident light (276 nm) enters a quartz dove-
tail prism and excites interfacial fluorescence during
total reflection. The emission monochromator passed
fluorescence at 305 nm. A photomultiplier tube quanti-
tated the fluorescence photons.

0.18 that of free tyrosine. The loss of fluorescence
is due to the above mentioned problems and also to
fluorescence quenching from the peptide bond (10).
Other factors such as temperature, ions in solution,
ionization state, and conformation may cause fluores-
cence quenching.

As insulin has a fluorescence temperature coefficient
of —1.0%/degree K, all experiments were run at 25°C
to maximize fluorescence yield. Phosphate ions,
amines, or high concentration of COO~ can cause
quenching of tyrosine. Consequently, these studies
were conducted in 0.1 N NaCl, pH 7.0-7.5. Molecular
oxygen does not quench tyrosine as it does tryptophan
so the solutions were not deaerated before each
run (9). Insulin in strongly basic (pH = 9) solutions
loses fluorescence due to ionization of the phenolic
groups. All experiments reported here were run
at pH 7-7.5.

Porcine insulin solutions were obtained from Novo
(Wilton, CT 06897) as Actrapid U-80 and U-200,
Lot #521%9, Batch 680 with glycerin and methyl
paraben additives. Tyrosine was obtained from Sigma,
Poly(dimethyl siloxane) (PDMS) was a gift from Avco
Medical Products and prepared as a 1% by volume
solution in chloroform.

Insulin was isolated from the source by separating
the preservatives on a G-25 Sephadex column. The
separation was necessary since both preservatives
used, phenol and parahydroxy benzoate, had UV
absorption and fuorescence which compromised
the TIRF signal.

Electrophoresis was run on 20% crosslinked poly-
acrylamide gels in 25 mM Tris buffer for approxi-
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mately 4 hr using an Ortec pulsed power system.
Transmission fluorescence spectra were obtained
on an Aminco-Bowman spectrophotofluorometer
(American Instruments Corp., Model 4-8202) scanning
emission spectra from 200 to 800 nm with an excitation
wavelength of 276 nm. UV absorption was measured
on a Cary-15 spectrophotometer from 200 to 350 nm
using a l-cm cell. Such spectra were used to check
for impurities as well as to determine the absorption
maximum in order to select the best excitation fre-
quency for both transmission fluorescence and TIRF,
Absorbance was also used to determine the concen-
tration of tyrosine and insulin using 1.4 x 107 (8, 20)
and 0.553 x 10° mole! dm™, respectively, for the
molar extinction coefficient. A Jasco model 4-40 was
used to perform circular dichroism measurements.

Circular dichroism showed bands at 276 and 235 nm.
Scans did not go below 230 nm due to H,O absorp-
tion for the conditions used. Transmission fluores-
cence gave a strong emission band at the expected
wavelength for tyrosine. This was confirmed in the
TIRF spectra. UV absorption spectra were obtained
for every separation performed as a check on the
separation procedure and to determine maximum ab-
sorption for determination of insulin concentration.

Adsorption was measured at a hydrophilic, fused
quartz prism surface and a coated quartz surface
prepared by evaporating 1% (v/v) poly(dimethyl
siloxane) (PDMS) in chloroform on the guartz prism.
This is a room temperature vulcanizing (RTV)
formulation which crosslinks the rubber at room
temperature, The PDMS coating thickness was less
than 500 A and well within the evanescent wave pene-
tration depth. The quartz prism was mounted in a
holder with a flow cell made up of the prism, a silicone
rubber gasket, and a black anodized aluminum block
which had channels to provide for flow. The priming
volume was approximately 5 ml. A high pressure
Hg/Xe lamp was used as a source of UV light.
The excitation wavelength was selected by use of a
monochromator (Jobin Yvon H-10). The mono-
chromatic light (A = 276 nm) was then focused onto a
mirror which in turn reflected the light into a quartz
dovetail prism with 70° faces. Total internal reflection
occurred at the quartz—aqueous buffer interface
(see Fig. 1). The evanescent wave, described above,
excited proteins near the surface.

Fluorescence produced by the UV-excited pro-
teins was measured normal to the interface (see
Fig. 1). The fluorescence passed through the quartz
prism and cell holder which secured the quartz
prism and flow cell. The holder was attached to an
emission monochromator which selected the wave-
length of emitted light which was then measured by a
photomultiplier tube. Photomultiplier signal output
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FiG. 2. Fluorescence signal intensity as a function of
tyrosine bulk concentration (mg ml™') in 0.1 N NaCL
Excitation wavelength was 276 nm; fluorescence was
collected at 305 nm. The count rate increases linearly
with tyrosine concentration to 0.4 mg ml™.

was fed to a preamp (Ortec 9301) and then to an
amplifier discriminator (Ortec 9302). The signal was
then counted by a photon counting system (Ortec
9315) and displayed digitally (Ortec 9320). The digital
output was also converted to an analog signal by a D
to A converter (Ortec 9325) and recorded using a strip
chart recorder (Pharmacia 481) (see Ref. (4) for more
details).

The flow cell and prism were cleaned before each
run by first washing in detergent (Microclean) and then,
after a thorough rinse in distilled water, passed through
a series of four filtered, distilled water and two filtered
ethanol baths with a final vapor degreasing in a Freon
TES-ethanol azeotrope vapor to remove particulates
which would scatter light. All cleaning steps were per-
formed in a laminar flow-filtered air bench in a clean
room. In addition, the quartz prism was further
cleaned after the detergent step in chromic acid
cleaning solution. Following Freon treatment, the
prism was radiofrequency glow discharged in an
oxygen gas plasma at 200 um Hg and 30 W for 2 min
(Plasmod, Tegal Corporation).

The flow cell and prism were mounted and aligned
with the optics. A water bath recirculator was used
to maintain constant temperature (Lauda-Brinkman).
An excitation wavelength of 276 nm with 2-mm slits
was chosen with the monochromator. The emission
wavelength was at 305 nm with a 2-mm slith. Emission
spectra were also obtained in the range 300-400 nm.
Experiments were run by first flushing the flow cell with
0.1 N NaCl and then establishing a baseline for
approximately 1 hr. Counts were recorded. The insulin
was injected and allowed to adsorb for about 1 hr,
then flushed out with 60 ml of 0.1 N NaCl. Fluores-
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cence signal intensity was followed as a function of
time to determine the desorption characteristics.

Tyrosine solutions in 0.1 N NaCl, pH 7.0 were
first characterized by UV absorption and transmis-
sion fluorescence spectroscopy. A value of 1.4
% 10 mole~! dm~! was used for the molar extinction
coefficient; calculated bulk solution concentrations
agreed well with known concentrations of prepared
stock solutions. Emission spectra of buffer and tyrosine
solutions were run to check emission maximum re-
sulting in a value of 305 nm for the emission wave-
length used in the rest of the experiments. A con-
centration range of 0.01-0.4 mg ml™! was studied by
the TIRF technique with counts taken at each con-
centration and after the buffer flush following each
bulk concentration. Flush values remained constant,
independent of concentration, indicating very little,
if any, adsorption of tyrosine. The plot of fluorescence
signal count rate versus bulk tyrosine concentration
was linear throughout the concentration range (Fig. 2)
which was limited by the solubility of tyrosine in the
solution. The background count rate was due to excita-
tion light scattered by the buffer solution. Bulk
tyrosine TIRF experiments were also performed with
emission slits of 0.5 to 2 mm; all the results gave
a linear slope. A wider slit allows more fluorescence
to be measured with a loss in the resolution in
emission wavelength. The larger slits increased the
detectability for insulin.

A set of TIRF adsorption experiments were run
using Novo Actrapid U-200 insulin. The initial run
was on a hydrophobic surface and the insulin con-
centration was 0.016 mg ml~!. Some adsorption could
be detected by the TIRF method. Another set of
runs on both hydrophilic and hydrophobic surfaces
using a bulk insulin concentration of 0.33 mg ml™
with identical flow rates, temperature, etc., showed
no detectable adsorption onto the hydrophilic surface
but a significant level of adsorption (or interfacial
aggregation) at the hydrophobic surface (see Fig. 3).

Transformation of the fluorescence data into grams
adsorbed protein (unit area)”! requires several as-
sumptions and involves using the bulk protein com-
ponent of the TIRF signal as an internal calibration
(4). Unfortunately, the bulk signal is difficult to detect
for insulin unless one goes to high solution con-
centrations, due to the very low quantum yields for
tyrosine in insulin. A more intense UV source and
more optimum optics should permit detection of the
bulk signal and, thereby, quantitation of interfacial
insulin. Such experiments are now in progress.

The use of total internal reflection UV fluorescence
to measure adsorption of insulin via intrinsic tyrosine
fluorescence has been demonstrated. Tyrosine as a free
amino acid exhibited a linear dependence with con-
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FiG. 3. Adsorption of Actrapid U-200 insulin (0.7 ml of U-200 in 10 ml of 0.1 N NaCl) onto hydro-
phobic quartz (quartz coated with a thin film of PDMS). Excitation wavelength, 276 nm. Emission
wavelength, 305 nm. Temperature, 25°C. Background counts are due to scattered light not fully
rejected by the monochromator. Time 0 represents the injection of insulin solution. The signal
rapidly increases to a plateau of nearly 12,000 counts/sec within 40 sec. At 3120 sec insulin-free
buffer solution was injected, resulting in rapid desorption for 20 sec followed by a slower desorption
rate in another 30 or more sec. Note that some insulin is ‘‘irreversibly’” bound, as the count rate after
desorption (5000 counts/sec) is significantly higher than that prior to adsorption (4000 counts/sec).

centration; no detectable adsorption occurred. Insulin
adsorption occurs more on hydrophobic polydimethyl
siloxane surfaces than on hydrophilic quartz surfaces.
High adsorption on hydrophobic surfaces may be sig-
nificant with respect to insulin loss onto containers
and for insulinaggregation and loss in delivery devices.
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Fibronectin Adsorption Detected by Interfacial Fluorescence
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An interface optical technique. total internal reflection fluorescence (TIRF), permits the intrinsic
tryptophan fluorescence of adsorbed proteins to be monitored continuously, in sire. The protein
fluorescence emission spectrum provides information on the local tryptophan microenvironment.
which can be related to the onentation and conformation of the adsorbed macromolecule. This
technique has been applied to the adsorption of human plasma fibronectin on hydrophilic and
hydrophobic amorphous silica surfaces. Our experiments using the TIRF technique have shown
increased fibronectin binding and more rapid adsorption kinetics on hydrophobic silanized-silica in
contrast to hydrophilic silica. Adsorption was essentially irreversible on both the hvdrophilic and the
hvdrophobic surface. A 5-nm red shift in the fluorescence emission maximum occurred on the
hyvdrophobic surface suggesting a change in protein conformation and/or microenvironment. Such
behavior may correlate with changes in biological funciion noted by other workers. We have
demonstrated that the in situ TIRF technique, utilizing intrinsic tryptophan fluorescence, is useful for
probing microenvironmental effects and possibly onentation or conformational changes in adsorbed
proteins. This is the first report of intrinsic TIRF fluorescence spectral changes upon adsorption.

€ 1985 Academic Press. Inc.
INTRODUCTION

Fibronectins comprise a class of high-mo-
lecular-weight glycoproteins widely distrib-
uted in blood, connective tissues, and asso-
ciated with cells and basement membranes.
Fibronectins are involved in cell adhesion,
wound healing, opsonic activity, platelet ad-
herence, complement activation, and coagu-
lation system activation (1).

The amino acid composition of fibronectin
is not unusual: however, the tryptophan and
cystine content of both Type 1 and 2 ho-
mology regions (2) is quite high (5).

Circular dichroism (CD) studies of plasma
fibronectin show a pattern characteristic of
tryptophan residues in differing environments
as well as contnbutions from tyrosine and
phenylalanine (4). The CD spectra show very
little or no a-helical content (3-7) and 30-

* To whom correspondence should be addressed.
i

35% antiparallel 8 structure which is resistant
to both heat and intrachain disulfide bond
reduction (3, 6). Intrachain disulfide bonds
play a major stabilizing role in fibronectin’s
structural integrity (4).

The structure of fibronectin is adequatel
described elsewhere (3-11).

Fibronectin normally exists as a compact
molecule which may be disrupted by an
environmental change. adsorption. or via
binding of collagen or heparin leading to a
much more extended shape (4. 10. 11).

Because plasma fibronectin seems to play
a role in cellular adhesion and functions to
activate the coagulation system. many studies
have been directed towards the study of its
surface adsorption properties (12-19). A va-
riety of surfaces have been evaluated, and in
many instances the fibronectin was isotopi-
cally labeled. Grinnell has pointed out that
"*3]-fibronectin has altered biological activity
while the tritiated molecule prepared via
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reductive methﬂrlation retains its biological
activity (13). Fibronectin is apparently very
sensitive both to alterations induced by par-
tition at the air-water interface as well as
fluid shear stresses (16). It would be of great
benefit then to study native fibronectin ad-
sorption without altering it or inducing un-
wanted effects. Here we study the adsorption
of native fibronectin in just such an environ-
ment.

METHODS AND MATERIALS

Fibronectin (Fn) was supplied frozen in 1-
ml aliquots in concentrations ranging from |
to 17 mg/ml. The material was purified and
characterized by the methods of Mosher (20).
The protein was “‘thawed” from storage at
—80°C in a water bath at 37°C. The protein
was then centrifuged and solution decanted
to remove aggregates, The protein was then
diluted using either Tris or PBS buffers at pH
7.2-7.4. Absolute concentrations were deter-
mined by UV absorption using an extinction

coeflicient of 0" = 1.28.
Total internal reflection fluorescence

(TIRF) is an optical technique for monitoring
protein adsorption based upon interfacial
fluorescence from extrinsic fluor probes
bound to the protein (23) or intrinsic fluo-
rescence of tryptophan or tyrosine moieties
integral to the protein itself (21, 22). Since
the tryptophan content of fibronectin is high
and situated in biologically significant do-
mains, TIRF studies of the intrinsic trypto-
phan fluorescence of fibronectin may reveal
conformational information of adsorbed fi-
bronectin. The experimental configuration
(21), application to protein adsorption (21-
23) and quantitation (22) have been described
elsewhere.

The intrinsic TIRF approach provides for
continuous monitoring of interfacial fluores-
cence as a function of time during protein
adsorption and desorption without having to
compromise the protein by attaching a flu-
orescent probe. The fluorescence signal re-
maining after desorption is attributed to
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bound protein (21-24). The signal intensity
can be related to the amount of protein
bound by the use of suitable standards and
several key assumptions (22, 24).

In the static adsorption experiments the
TIRF flow cell (21, 24) was initially primed
with Tris (pH 7.2) buffer. Five ml of protein
sample solution were injected into the flow
cell with care exercised to avoid bubbles. The
injection flow rate of 13 ml/min corresponded
to a shear rate of v = 210 s™!. Adsorption
was monitored for 40 min at A.ccitation Of 280
nm and A.pision ©f 330 nm. Desorption was
monitored following a rapid flush with Tris
buffer (60 ml at 60 ml/min, and v = 970
s ") to remove bulk Fn, This rapid flush was
repeated every 15 min for 45 min with
continuous monitoring. Interfacial fluores-
cence emission spectra were obtained before
adsorption, in the primed cell after adsorp-
tion, and after each 60-ml buffer flush. All
spectra were obtained using Aeggiwion Of 280
nm and A iion Was continuously monitored
from 270 to 400 nm. Fn solution concentra-
tions for the static adsorption experiments
were 0.02, 0.04, and 0.43 mg/ml.

Adsorption under flow conditions was
studied in PBS buffer (pH 7.4). The cell was
primed with buffer and sample solutions
were injected at 1 ml/min (y = 16 s7') for
30 min using a syringe pump. Desorption
was studied under two sets of conditions; (1)
buffer flush at v = 210 s™* for 2 min followed
by buffer flush at v = 16 s for 30-40
minutes; and (2) buffer flush at v = 16 57!
for 40-50 minutes. Fluorescence emission
spectra were taken after flow cell priming,
after adsorption, after rapid flush, and after
slow flush, using previously described con-
ditions. Fn concentrations were 0.3 and 1
mg/ml.

Raw fluorescence emission spectra are
continuous curves of fluorescence intensity
in counts per second (CPS) as a function of
wavelength at constant excitation wavelength.
The instrument response or throughput cor-
rection function was experimentally deter-
mined using a secondary standard, calibrated
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Fi1G. 1. Fibronectin adsorption onto hydrophilic silica
and hydrophobic NPS-silica under static nonflow con-
ditions.

light source (Optronics 245A). Emission
spectra were manually corrected in 5-nm
increments and in 2.5-nm increments near
and through the peak maximum following
background spectral subtraction.

All glass and silica slides were cleaned (21)
in a low particulate environment and then
radio frequency glow discharge treated. The
cleaning process produced a hydrophilic silica
surface, with water contact angles approach-
ing zero degrees, as determined by the Wil-
helmy plate technique (25). Hydrophobic
surfaces were derived from hydrophilic silica
by vapor-phase silanization (26) using #u-
pentyltriethoxysilane (NPS) (Petrarch Systems
Inc., Levittown, Penn,), yielding a hydropho-
bic surface with receding and advancing water
contact angles of 58 and 76°, respectively.
Surface chemical composition was monitored
by X-ray photoelectron spectroscopy (XPS).

RESULTS AND DISCUSSION

Figures 1 and 2 show rate curves that are
attributed to Fn adsorbing onto the hydro-
philic and hydrophobic silica surfaces, under
static and flow conditions. Using an internal
fluorescence signal model approach (22), the
fluorescent counts were transformed into
concentrations of adsorbed Fn. At binding
equilibrium (plateau), hydrophobic NPS-silica

adsorbed 0.19 pg/cm? of Fn while hydrophilic
silica adsorbed 0.14 pg/cm?® of Fn, assuming
a 20-nm thickness for the adsorbed protein
layer (22) at the shear stress of 16 s='. The
amount adsorbed is comparable to that re-
ported by others (13, 16, 17). An increased
amount of adsorbed Fn on hydrophobic sur-
faces has also been noted by Grinnell (13)
and Jonsson (16).

A comparison of the kinetics on hydro-
philic silica and hydrophobic NPS-silica in-
dicate very different rates of adsorption in
both sets of experiments. The differences are
particularly pronounced in the static adsorp-
tion case (Fig. 1). The rate differences between
the static and flow experiments may reflect
the effect of interfacial shear stress and mass
transport. As the bulk Fn concentration was
low in the static adsorption case, there is a
high likelihood that adsorption resulted in
significant bulk solution depletion and thus
the lagging kinetic curves. Since the flow cell
surface area and volume were 28 and 1.4
cm?, respectively, the amount of Fn depleted
from solution would be about 6 ug or about
9% of the total protein (67 ug) in the flow
cell. This may account for the fact that
equilibrium adsorption in the nonflow case
was quite different for hydrophilic versus
hydrophobic surfaces while in the flow case
the equilibrium adsorbed Fn levels were sim-
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FI1G. 2. Fibronectin adsorption onto hydrophilic silica
and hydrophobic NPS-silica at a shear rate of 16 s' and
protein solution concentration of 0.3 mg/ml.
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FIG. 3. Fibronectin desorption after static adsorption
onto hydrophilic silica and hydrophobic NPS-silica. Both
were preceded by a rapid buffer flush to remove bulk
protein. Desorption is a continuation of Fig. 1.

ilar. The overall maximum amount of protein
adsorbed in the flow case would result in a
solution depletion no greater than 1%.

The initial rates are rapid, particularly on
the hydrophobic NPS-silica, and seem to be
linear in ¢'/?, suggesting diffusion control up
to approximately 3 min, Apparently, the first
Fn molecules adsorb on contact with the
hydrophobic surface. The adsorption rate on
hydrophilic silica is lower and may reflect a
lower protein sticking coefficient; at equilib-
rium the amounts adsorbed are almost equal
for the continuous flow experiments of Fig.
2. The signal in Fig. 2 has several temporally
separable components: (1) bulk Fn enters the
flow cell (7 s'%) and fluoresces due to exci-
tation of the bulk solution by stray scattered
light (22) (7-9 s'/%); (2) Fn diffuses into the
interfacial region probed by the evanescent
wave and fluoresces (9-11 s?); (3) Fn begins
to adsorb on the surface until equilibrium is
attained after approximately 7.5 min on NPS-
silica and 30 min on hydrophilic silica. Now
the fluorescence is dominated by the adsorbed
species. The third time domain lasts about
5.5 and 28 min for hydrophobic NPS-silica
and hydrophilic silica, respectively. There are
at least two different adsorption rates observ-
able for both surfaces.
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Figures 3 and 4 illustrate the corresponding
desorption for the static and flow adsorption
conditions, respectively. The desorption rate
and total extent of desorption was low for
both the hydrophilic and hydrophobic sur-
faces. The data of Fig. 3 were obtained after
a thorough Tris buffer flush. Both surfaces
exhibited a single rate of desorption. Over a
35-min period the hydrophilic silica surface
lost about 6% of the adsorbed protein signal
while the hydrophobic NPS-silica surface lost
15% of the adsorbed protein signal.

The desorption curves of Fig. 4 show three
time domains for Fn desorption from hydro-
phobic NPS-silica. Domain f*—g* (1 min)
represents the bulk solution protein flushed
from the flow cell at 16 s ' Fluorescence
decreases as the bulk protein in the evanescent
volume is removed. Domain g*~A* (5 min)
represents Fn diffusion from the boundary
layer into the bulk fluid and out of the
evanescent volume. Domain A*-50 s'? (36
min) represents true Fn desorption and sub-
sequent diffusion out of the boundary layer.
This last time period corresponds to that
depicted in Fig. 3. As before there are single
desorption rates from both surfaces; however,
in the case of Fig. 4, hydrophobic NPS-silica
lost about 12% of the adsorbed protein signal
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FiG. 4. Fibronectin desorption from hydrophilic silica
and hydrophobic NPS-silica under flow shear conditions
of 16 57", The hydrophilic silica desorption was preceded
by a 60-ml rapid buffer flush to remove bulk protein.
Desorption is a continuation of Fig. 2. (* indicates
monitoring of fluorescence emission spectrum.)
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FiG. 5. Intrinsic TIRF emission spectra of fibronectin
adsorbed onto hydrophilic silica and hvdrophobic NPS-
silica.

which is close to that observed in Fig. 3.
Desorption of Fn from hydrophilic silica
shows a single linear rate. The flush corre-
sponding to f* through #* was not moni-
tored. The fluorescent signal loss indicates
that about 8% of the adsorbed protein is lost
over the same 36-min time period (19-50 s'/?).
This value is very close to the 6% decline for
the static adsorption experiment (Fig. 3).
The fluorescence emission spectra of ad-
sorbed Fn showed a maximum at 321 nm
for protein adsorbed on hydrophilic silica
and 326 nm for protein adsorbed on hydro-
phobic NPS-silica (Fig. 5). The bulk fluores-
cence spectra of fibronectin in PBS buffer
showed a fluorescein maximum of 321 nm,
The addition of 8 M urea, which unfolds the
protein, red-shifted the emission maximum
to 330 nm while the addition of 3 M guani-
dine chloride, which denatures the protein
entirely, red-shifted the emission maximum
to 350 nm, which is observed for free tryp-
tophan in aqueous buffer. Alexander er al.
(15) have shown Fn conformational changes
with addition of 6 M guanidine chloride using
fluorescence polarization and circular dichro-
ism analyses. The fluorescence maximum 3-
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nm red shift observed with Fn adsorption
onto hydrophobic NPS-silica surfaces suggests
that the tryptophans are in a more hydrophilic
environment as a result of adsorption, moving
toward the value of free tryptophan in
aqueous buffer. This could occur if the protein
experienced a change in conformation in the
adsorbed state, resulting in some tryptophans
being shifted into a more hydrophilic envi-
ronment in contrast to their microenviron-
ment in bulk solution or on hydrophilic
silica. A change in conformation has been
suggested by Grinnell (13) and Jonsson (16)
who have noted a difference in fibronectin
antibody binding to adsorbed fibronectin on
hydrophobic compared to hydrophilic sur-
faces. Grinnell has also noted a decrease in
cell interactions with fibronectin adsorbed
onto hydrophobic as compared to hydrophilic
tissue culture plates (13).

Although this work is preliminary and
definitive conclusions cannot be drawn, the
results suggest that: (1) human plasma fibro-
nectin is adsorbed differently onto the two
surfaces examined; (2) its adsorption and
desorption behavior is a function of local
solution hydrodynamics; and (3) that intrinsic
UV TIRF is a useful method to probe mi-
croenvironmental effects and possibly con-
formational changes upon adsorption.
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