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Leo Vroman has successfully developed a number of extremely simplie, "kitchen-
sink” techniques that can be used to accurately study protein adsorption at an
interface, Three of his main techniques, interference colors, vapor patterns and
metal oxide patterns, are discussed.

A. Interference Colors

interference is said to occur where two or more trzins of waves cross one
another. The brilliant colors often seen when Tight {s reflected from a soap
bubble or from a thin layer of ofl floating on water are produced by interfer-
ence effects between the two trains of Tight waves reflected at opposite surfaces
of the thin film of soap solution or oil. (See Figure 1). In Figure 1, the Tine
AB 1s one ray in a beam of 1ight incident on the upper surface of a thin film.
A part of the incident 1ight s reflected at the first surface as 1nd1cat€8\5{\\—””’__‘\
ray BC, and a part, represented by BD, is transmitied. At the second surface
the Tight s again reflected and emerges as ray EF. If the beam has appreciable
width the wave fronts will overlap and the reflected wave trains can produce
interference effects. To understand how Vroman uses this effect, a look at the
work of Irving Langmuir and co-workers is necessary.

Even #51m  whose thickness 1s of atomic dimensions have a marked effect on the
1ight reflected from the surface. Obviousiy, 1f the thickness of the film i3 of the
order of half a wavelength of the 1ight, interference phenomena will occur between
the 11ght reflected from the air-film and from the film-substrate interfaces. The
only requirement is that the refractive index of the substrate (usually glass or
metal) be sufficiently different from the refractive index of the fiim so that Tight
{s plentifully reflected from the optical boundary between the f1im and the substrate,
In that case, then 1ight changes in film thickness are visible as changes in inter-
ference color. For example, Katharine B. Blodgett found that nine layers of barium
stearate on glass show a faint yellow-brown color, due to the dimenished intensity
of blue 1ight, As the number of layers is increased the color of the ¥ilm changes,
corresponding to the change of the absent color to the successive longer wave-lengths

green, yellow, ved. As still more Tayers are added the spectrum is repeated(]).
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On this basis, Flodgett and Langmuir developed two methods for estimatin? the
thickness of monolayers, both based on the use of built-up muitilayer 1'ﬂms(2 ‘
For substances whicn can themselves be deposited as multilayers, Blodgett(l) showed
that the interfersince of monochromatic Tight between the top and bottom of the multi-
layer permits a weasurement of the thickness. The refractive index of the multilayer,
n, s estimated by measuring the Brewster angle, 0; 1.e., the angle of incidence for
which reflected Yight s completely plane-polarized, given by Brewster's law, found
axperimentally by Sir David Brewster in 1812,
]

tah 8 = %—
where n' 1s the refractive index of the substrate. Under monochromatic 1ight, the
£11m shows alternatine intensity maximums and minimums with incraasing thickness,
rzther than cnowing a number of successive colors from yellow to blue {(as the
absent color ranges frun blue ¢o red) as in white 1ight (Figure 2). Then the thick-
ness can be calculated vrom the equation

¢ « (20 +n'l.)_; ()

wher: t is the tiickness of the layer giving maximum interference (or minimum inten-
sity) at perpendicular incidence, A s the wavelength and n is an integer with
values of 0, 1, 2 . . . and 15 odd or even depending on the relative refractive
indices of the £1im and substrate. Equation (1) applies only to cases where n is
less than n', In a subsequent paper 2), i1t was pointed out that this simple
equation requires modification, when the f1Im is birefringent. For the measurement
of the thickness of a single liyer, how:ver, such discrepancies are small,

The second method of estimating a monolayer thickness consists in depositing
on a chromfium-plated sl1ide enough layers of a reference fiim, 35 monolayers of
barium stearate, for eaamp]e(3 . The added thickness oroduces an optical path
s1gghtly less than A/2 of the 1ight used, which is reflected at an anglie of incid-
ence between 60° and 81°. Additicnal layers are then deposited stepwise, so that
the difference in thickness between Lwo adjacent steps is equal to one double layer
of barium stearate. Measuremenis consist of determining the angle of incidence
at wnich two adjacent steps appear equaily dark in monochromatic Tight. When this
occurs, 1t means that, exactly midway between the two equally dark steps, there
is half a wavelength of phase differcnce between the 1ight refiected from the
slide and that from the film(4). If the equally dark steps are those consisting
of 47 and 49 monolayers of barium stearate, then the maximum interference occurs
for a thickniss corresponding to 48 monolayers.
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A slide coated in such a way is called an optical qage. It shows a great difference
in intensity between the individual steps in the neighborhood of total interference.

When a film of unknown thickness is transferred onto such a gaq., the anzle of
incidence must be changed in order to re-establish equal darkening of wo adjacent staps
which are not necessarily those matched before the unknown film was deposited. The
thickness of the unknown film deposited on top of the optical gage 1s caiculated from
this shift of angle incidence. If the index of refraction of the film is about the same
as that of barium stearate (1.495) the following equation can be used for the calcu-

lation:

cos !‘ |

where t is the thickness 1nAngatrons of the unknown film,.! is the number of barium
stearate monolayers for which there is a minimum intensity .n the reflected 1ight at

an angle of refraction Py before the deposition of the unknown film (generally NS

48) and N and r are the corressonding values after the deposition of the unknown film.
The corresponding Vs values for suadry angles of incidence are given in Table 1.

The constant 24.3 1s the thicknes, inAnge*vars of one monolayer of barium stearate.

If the unknown film is 48 A thizk, the angie of Incidence remains the same, but matchinq
occurs for the pair of steps directly below the ore maiched before the transfer of

the film (for example, 45 - 47 instead of 47 - 49).

Best results are gbtainet with monochromatic sodium arc or mercury arc light
filtered for A = 5461 A, 1ineirly polarized with the electric vector vibrating perpen-
dicular to the plane of incidence. Under these conditions, this method should permit
measurements to less than 1 3(4). This method was used extensively by Langmuir’s
group, especially .0 examine protein f1lms(6). A more recent deve.opment based on a
similar principie is the measurenent of white-1ight interference fringe displacement
by monolayers depo<ited on steppec multilayer plates(7’8). The greatest drawback
of the method 7s the necessity of building up some 50-0dd layers of barlum stearate
for each ~<termination,

* simpler variation of this techwique is created by using an optical step jaqe
ruch as obtained from the General Electric Company or Mi11is Research. The estimajion
of thickness of an unknown film is made by matching the color of the siide coated with
the film with the color of a step of the gage, 1f white 11ght 1s used, With mono-
chromatic Tight the intensities of the reflected light are matched instead of the
colors, The 1ight does not have to be polarized(g) and no measurement of angle of
incidence is necessary. Measuremenis are accurate to less than about 3 K. Both
methods pioneered by Langmuir have been expanded by Rothen(]o'l"jz).
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In adapting these methods for his studies, Leo Vroman first made use of the
barium stearate step gage as reported in his extremely readable BZaod(la). However,
he moved to tantalum-coated glass slides, covered with anodic oxide films, which
exhibit beautiful interference colors(]4s. The hue of the colors depends on the
thickness of the oxide which 1s determined by the potential abpifed durina the
electrolysis(ls). Rothen(16) mentions tantalum-coated slides, but says that,‘én the
whole, rhodium-coated glass slides are the best.

Vroman's tantalum-coated slides were prepared at Bell Teiephone by athoruugh
cleaning of the glass to vemove all intro-compounds, followed by a tantaium sputtering
and a heat-oxidation by temperatures of 300 - 500°C. The oxidation with Ta205 follows
by suspension of the tantalum sputtered slides in 0.01% nitric acid, while connected
to a DC power supply. The oxide layer forms a uniform color depending upon the voltage
applied. At 21 volts, the layer appeared orange; at 23 volts, wine red; at 25 volts,
purple; at 26 volts, a reddish tans at 27 volts, bluish violet. The orange and violet
surfaces appeared best for observations in air and in buffer resnectively(la). Such
slides withstand water rinses and flaming from a Bunsen flame.

Vroman uses these slides for ellipsometry and does not usually measure thickness
with the interference color technique. However, such a method is very useful to
check for uniformity of a film and as a simple way to follow thickness changes.

For example, he reports(]7) that albumin adsorbed out of water onto tantalum-sputtered
slides (oxidized at 26 voits) showed a deep purple color against the reddish-tan slide.
Then upon exposure to plasma, this adsorbed layer decreased in thickness as shown

by a color shift to the ved. Upon subsequent exposure to rabbit anti-human atbumin
serum caused a thickness increase, demonstrated by a 1ight blue color. Thus the
interference color technique is a very useful method that can obtazin results as good
as some sophisticated instruments can. :

The second main technique of Vroman 1s the water vapor pattern method. Once
again, at least some of the original inspiration for this technique must qo to
Irving Langmuir. In 1937; Langmuir with Schaefer(g) reported that "a sensitive indi-
cation of the uniformity of an initial layer (of barium stearate) may be obtained
by cooling the back of a plate with running water and breathing on the front side so
as to form a fog-like deposit of minute water drons. Lack of uniformity is made
apparent by this 'breath figure'."” Rothen used this technique in studying proteoiytic
action of enzymes on adsorbed protein layers(la).

Vroman adapted this two-dimensional Wilson cloud chamber-idea for his work in
1962“9)° He was able to see changes in water wettability since the rounder droplets
forming on less water wettable areas (greater contact angle aveas) will scatter light
more than will droplets with a lower contact angle and will thus appear 1ighter under
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proper illumination, He was able to assess the reiative hydrophobicity of thrombin
and fibrinogen adsorbed onto glass and Lucite by water vapor patterns. Each test
plate was refrigerated and then placed face-down over a 50°C water bath. The pattern
was recorded by holding the plate a short distance in front of a black velvet cloth
and photographing with an oblique flash. The technique has been only slightly changed
up to the present 14 s

One interesting use of the vapor pattern method is in connection with the antisera
test(zo). Solutions of proteins adsorbed on tantalum-sputtered slides were treated
with drops of several antisera; upon testing with the vapor test, the protein fiims
appeared darkest (hence presumably most wetted) where they had been exposed to their
matching antiserum. This then allows Vroman to identify changes at interfaces, for
example, at a plasma-soiid 1nterface(2]).

The delicacy of such a simple technique is demonstrable in that concentrations
of thrombin as Tow as 0.2 mg % could change the wettability of a glass s]ide(14).

However, recently Vroman writes that initially water vapor condensation does not
reflect wettability. The reaction site of a protein and its antiserum, although quite
wettable, may appear white on initial exposure to vapor, but will turn black in a
few minutes, after the contact angle of the water dronlets becomes the determining
factor in the scattering of 1ight 22). He s also studying the complex factors invoived
in the evaporation rate of the droplets by phase microscopy, causing condensation under
the objective from a wash bottle filled with warm water through which air is passed
with an aquarium pump, On glass siides first rubbed with ferric stearate and then
step-coated with barium stearate, water will condense rather evenly {(with high contact
angies on all areas) but will evaporate very rapidiy from ferric stearate and Jerv
slowly from the first double Tayer step of barium stearate.

Therefore, another clever Vroman trick produces interesting informaticn which can
be used to identify short-term changes on a molecular level, such as those found with
albumin exposed to glass for less than 5 seconds(17).

The third Vroman technique is the metal oxide pattern method. Adsorbed films
demonstrate their presence by simple exposure to a metal oxide. Vroman(]4) gives the
directions to obtain such a reaction: the treated surfaces are covered with a suspen-
sion of about 1.2 gram metal oxide in 10 m! of water, gently rocked for ten seconds
and rinsed, After drying, the patterns of adsorbed powder could be Tifted off the
surface with "Scotch” tape and stored.

He also found that the glass from which a powder pattern had been removed by tape
retained a residue to which fresh powder suspensions adhered even more rigidly. When
tape was stuck over part of an area on which protein was adsorbed but which was only
treated with powder after the tape was removed, the part of the pattern previously

exposed to tape showed a markedly greater contrast.



Metal oxides most sultable for patiern formation on qiass and plastic ave (in order
of 1n€§$§sing sensitivity): N03, Mn304, Tazos, Co oxides, Fe304 and Fe203, Cr203.
Later , it was found lhat sequential exposure to Mn and Cr oxide suspensions
stained the most avidly attracting surfaces brown, while less stainable fiims colored
green,

Nene of this should be surprising in view of the fact that organic films can be
stained with heavy atoms by deposition into chemically preferred locations in the
fiim(ZB). and that adsorbed 71Ims can specifically bind ifons such as those present
in ferric oxide(24). Some Films can also be made water-wettable by treatment with
solutions of certain polyvalent c&tions(g’.

The intensity of the stuining of adsorbed films generally corresponds with the
intensity of wattability change caused by the film being studied. Properly cleaned
substrate surfaces did not adsorb the powder. The lower Timit of this test is about
at 0,05 $ dilutions of normal plzsma {n contact with the surface for about one
second. Lower concentrations, however, leave a track which can be shown on a "second

printing". Tie possible uses of this method are well demonstrated(14).

MORAL: EXPENSIVE EQUIPMENT DOUS NOT / GENIUS MAKE.
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