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Direct immunodetection of surface adsorbed 
proteins 

P. H. W A R K E N T I N ,  I. L U N D S T R ( g M ,  P. T E N G V A L L  
Department of Physics and Measurement Technology, Laboratory of Applied Physics, 
Link6ping University S-581 83 LinkOping, Sweden 

A modification of standard immunoblotting techniques gives rise to a novel method of 
imaging surface associated proteins without removing them from their original arrangement on 
the surface. The original proteins and subsequent antibody probe reactions are performed 
directly on the surface. The substrate is adsorbed into the nitrocellulose support which, in 
semi-dry contact, reacts only in the regions in which the target protein is antigenically present. 
The sensitivity of the method is comparable to other immunological techniques and diffusion 
of the resulting images is negligible resulting in reproducible reblots from the same surface 
with high lateral resolution. The method can be applied to a wide variety of reasonably flat 
surfaces. It demonstrates two dimensional protein patterns as a function of varying surface 
characteristics as well as differing protein detectabilities in their purified form as opposed to 
the same molecule as a plasma protein component adsorbed onto a surface. The method 
promises to be a useful tool in circumstances where surface bound proteins are not completely 
removable from surfaces or are lost in commonly used extraction or analytical techniques. 

1. I n t r o d u c t i o n  
The understanding of protein behaviour, particularly 
in complex plasma protein mixtures, interfacing with 
foreign surfaces is essential to the study of biocompa- 
tibility and foreign surface-tissue interactions. The 
surface arrangement as well as the composition of the 
extracellular matrix are important aspects, but up 
until now highly sensitive site-specific techniques such 
as autoradiography and immunofluorescence have 
been limited to more specialized laboratories. Analyt- 
ical methods such as ELISA and SDS-PAGE are 
indirect, focusing on contents derived from the pre- 
existing surface situation. The ELISA application of 
Merritt et al. [1] improves surface related protein 
studies with respect to quantitative analysis but pro- 
vides no information regarding the arrangement on 
the surface. Standard immunoblotting analytical 
methods presently require that target proteins be 
transferred away from the surface and can only be 
applied to permeable gels. These must also be sub- 
jected to electroblotting in order for transfer to be 
regarded as reasonably complete and may not be 
suitable for materials that are labile or fail to bind 
nitrocellulose. SDS-PAGE and staining requires ex- 
traction and collection from the surface and results 
and interpretation may be biased if the surface adher- 
ent components are not extracted and isolated in toto. 

In our laboratory, a number of studies have been 
undertaken to study plasma protein adsorption on 
surfaces by the use of ellipsometry [24] .  While this 
method has provided valuable information on protein 
thickness and immunospecific indications with respect 
to the types of protein species, it is a less sensitive 

technique. It is also an optical technique and, sub- 
sequently, its application is restricted to reflective 
surfaces. 

This paper outlines a simple, effective method for 
specific imaging of surface adherent protein patterns 
directly and demonstrates circumstances in which its 
application can provide unique benefits in extending 
the understanding of single protein situations as op- 
posed to the same proteins as plasma components. It 
addresses the same approach utilized by Adams et al. 

[5] in 1973, where single known proteins were ana- 
lysed directly on reflective surfaces based upon inter- 
ference colour, stainability, and wettability. The im- 
munospecific imaging method, presented here, gener- 
ates more precise and sensitive information without 
regard to any of those requirements. We have applied 
this technique to a number of representative proteins 
involved in the haemostatic mechanism although the 
technique has a much greater range of overall appli- 
cability. Since the detection is performed directly on 
the surface, the .composition and arrangement are 
minimally disrupted giving qualitative information 
that is more precisely representative of the surface 
status. Optically flat silicon surfaces were chosen in 
this initial test in order to obtain results comparable to 
previous ellipsometric work in this laboratory [3]. 

2. M a t e r i a l s  and  m e t h o d s  
2.1. Proteins 
Bovine serum albumin (BSA), a product of the Sigma 
Chemical Company, USA, was of a quality sufficient 
for use in ELISA with a fatty acid composition of 
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0.009%. Gelatin was Type A from porcine skin, also 
obtained from Sigma. 

Human fibrinogen obtained from KabiVitrum AB, 
Sweden had a stated purity of 90% coagulable protein 
and a composition of 41.7% protein by weight. Calcu- 
lations based on this indicated 37.5% reactive fibrin- 
ogen. A more purified form of fibrinogen was obtained 
from Calbiochem with a coagulability of > 95% of 
the protein. 

The human IgG used was a commercial gamma- 
globulin fraction from KabiVitrum AB, Sweden of 
a quality suitable for human injection. Human al- 
bumin was obtained commercially as a lyophilized 
powder from AB Kabi. The source of purified high 
molecular weight kininogen (HMWK) was Calbio- 
chem USA. 

Citrated human plasma and human serum were 
obtained from apparently healthy donors and diluted 
1/10 in phosphate buffered saline (PBS). H M W K  
deficient plasma was obtained from Sigma as lyophil- 
ized powder which was reconstituted immediately 
before use with deionized water. 

2.2. Antisera  
Rabbit anti-human IgG, rabbit anti-human albumin, 
rabbit anti-human fibrinogen, and alkaline phospha- 
tase conjugated swine anti-rabbit IgG were all poly- 
clonal antibody fractions from Dakopatts, Denmark. 

Rabbit anti-human H M W K  was a polyclonal anti- 
body fraction from Calbiochem while goat anti- 
human H M W K  was an antisera from Nordic, The 
Netherlands. Alkaline phosphatase conjugated rabbit 
anti-goat IgG antibodies came from Sigma. 

2.3. R e a g e n t s  and  buffers 
Nitro blue tetrazolium (NBT) (2,2'-di-p-nitrophenyl- 
5,5'-diphenyl-3-3'-(3,3'-dimethoxy-4,4'-diphenylene)- 
ditetrazolium chloride), 5-bromo-4-chloro-3-indolyl 
phosphate substrate (BCIP) and p-nitrophenyl phos- 
phate were obtained from Sigma. Nitrocellulose filter 
paper, (NC), with a 0.2 gm pore size was obtained as 
sheets from Pharmacia. NaC1, K H z P O  4, 
N a z H P O 4 . 1 2 H 2 0 ,  KC1, NaHCO3, MgC12, and 
Na OH were all of reagent grade. 

Tris buffered saline (TBS) was prepared as 20 mM 
Tris(hydroxymethyl)-aminomethane, 0.5 M NaC1, ad- 
justed to pH 7.5 with HC1. Phosphate buffered saline, 
(PBS) was prepared as 8.0 g NaCI, 0.2 g K H z P O  4, 
2.9 g Na2HPO 4 • 12H20, 0.2 g KC1, and 0.2 g NaN 3. 
This was brought to 1 1, pH 7.4 without adjusting. 

2.4. ELISAs 
ELISAs were performed on 96 well Nunc Maxisorp 
plates. The standard ELISA assay buffer and ELISA 
wash buffers were used in some assays while other 
assays involving surface adsorbed proteins, as op- 
posed to surface coated proteins, employed the same 
buffer in the absence of Tween 20. ELISA Assay buffer 
consisted of PBS, pH 7.4, with 0.05% Tween 20 and 
0.5% BSA (0.5 g). ELISA wash buffer was PBS, pH 

7.4, with 0.5% Tween 20 (0.5 ml). Diethanolamine 
buffer was prepared as 10% diethanolamine contain- 
ing 0.2 g NaN 3 and 100 mg MgC12:6H20, pH to 9.8 
with HC1, brought to a volume of 1 1 and used to 
prepare 1 m g m l - t  of p-nitrophenylphosphate sub- 
strate solutions. 

2.5. Solid surfaces 
Silicon wafers were used in hydrophilic and hydro- 
phobic flat surface experiments. Commercially pro- 
duced P-type (100) boron doped wafers with a 
diameter of 76.2 + 0.5 mm were obtained from Okme- 
tic and cut to required sizes. Silicon gradient surfaces, 
10 mm x 37 mm, were also cut from the same silicon 
wafers. These were treated as described below to 
obtain the desired surface characteristics. 

2.6. S i l icon su r f ace  t r e a t m e n t s  
Silicon surfaces were cleaned and made hydrophilic 
by heating to 80°C in a 1:1:5 (volume) solution of 
N H 3 : H 2 O z : H 2 0  (deionized). They were washed 
three times in deionized water heated to 80°C in a 
1 : 1 : 6 solution (volume) of H C I : H 2 0  2 : HaO (deion- 
ized) and finally washed three times in deionized water 
and stored until use in acidified H20.  

The above surfaces were rendered hydrophobic by 
first washing and drying in an oven or under nitrogen. 
They were then incubated for 20-30 min in a xylene 
solution containing 1% dichlorodimethylsilane (DDS) 
by volume. These surfaces were then washed sequen- 
tially in ethanol, xylene, and ethanol and stored in 
ethanol until use. 

Gradient surfaces were produced using silicon 
wafers using the method of Elwing et  al. [4]. Silicon 
wafers were cut into sizes of 10 mm x 37 mm and 
made hydrophilic as indicated above. These were 
placed vertically in a container filled with xylene and a 
0.05% solution of DDS in trichloroethylene which 
was carefully layered below the xylene phase and 
permitted the DDS to diffuse into the upper phase for 
90 min. The contents were then drained from the 
bottom and the surfaces washed sequentially with 
ethanol, trichloroethylene, and ethanol and finally 
dried under nitrogen stream prior to use. 

2.7. Determination of immunospecificity 
Initial experiments were performed on the purified 
human proteins; albumin, IgG, fibrinogen, and 
H M W K  as well as human plasma. All proteins were 
brought to 1/10 physiological concentrations in PBS 
as reported in the review of Andrade and Hlady [6] or 
as indicated by Miiller-Esterl [7] with respect to 
human HMWK.  Specifically, albumin was used at 
4.0 m g m l - t ,  IgG at 1.25 mg ml-1, and fibrinogen at 
0.25 mg ml-1. H M W K  was diluted to final working 
concentration of 0.0074 mg ml-  1. Plasma was diluted 
1:9 in PBS for comparisons with the single protein 
solutions. 

Hydrophilic and hydrophobic surfaces 1.0cm 
x 1.0 cm were incubated four per protein or plasma 

319 



solution with a volume of 1 mlcm -2 for 1 h. These 
were then washed three times in TBS and blocked in a 
1% solution of BSA in TBS (except for albumin 
treated surfaces and samples of each of the hydrophilic 
and hydrophobic plasma treated surfaces which were 
blocked with 0.1% gelatin) for 1 h. After washing once 
more, one surface of each was placed in the following 
antisera diluted in TBS and 0.1% of the appropriate 
blocking agent overnight at room temperature: rabbit 
anti-human albumin, 1 : 1000; rabbit anti-human IgG, 
1:1000; rabbit anti-human fibrinogen, 1:2500; and 
rabbit anti-human HMWK, 1:100. Surfaces were 
washed three times in TBS and incubated for 2 h at 
37 °C in swine anti-rabbit IgG in TBS containing 1% 
BSA in all assays except those for albumin, in which 
case, 0.1% gelatin was used. 

After the second antibody treatment, surfaces were 
washed three times in TBS and rinsed in deionized 
water. Surface thickness was read after every incuba- 
tion step by ellipsometry and surfaces were then sub- 
jected to the NBT/BCIP direct imaging technique. 

2.8. Comparison of TBS versus PBS 
in detect ion of HMWK 

In order to determine if the choice of buffer was 
affecting the detection using the imaging technique an 
experiment to compare images obtained from discrete 
hydrophobic and hydrophilic surfaces with respect to 
the two buffers was performed. Triplicate 1 c m x  1 cm 
surfaces were prepared. These were incubated with 
1 ml solutions of the 1/10 normal plasma or purified 
HMWK in PBS for 1 h at room temperature. These 
were then washed in either PBS or TBS and then 
incubated for 1 h in the same buffers supplemented 
with 1% BSA. Surfaces which were not protein treated 
were also blocked with BSA as a negative control. 
Surfaces were washed once more with the appropriate 
buffer and incubated overnight at room temperature 
with 1 : 100 rabbit anti-HMWK in either PBS or TBS 
with 0.1% BSA. They were again washed with the 
appropriate buffer and incubated with alkaline phos- 
phatase conjugated-swine anti-rabbit IgG in either 
PBS or TBS containing 1% BSA for 2h at room 
temperature. After washing with deionized water and 
drying under nitrogen, the surfaces were read by 
ellipsometry to establish surface protein thicknesses 
and then imaged using the NBT/BCIP direct imaging 
method. 

2.9. A n t i - H M W K  versus f ibr inogen 
Experiments were performed in order to establish if 
the anti-HMWK was reacting with some component 
of fibrinogen. ELISA plates were coated with 
0.01 mgml-1 of either purified fibrinogen or purified 
HMWK in coating buffer overnight and then washed 
3 x 300 gl/well with PBS containing 0.5% Tween 20 
and blocked with 1% BSA in PBS containing 0.5% 
Tween 20 for 1 h. 1 : 1 titrations of goat anti-human 
HMWK were performed in triplicate beginning with 
a 1:100 dilution of the antisera in 0.1% BSA, 0.5% 
Tween 20 in PBS, 100 gl/well. Plates were incubated 
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overnight at room temperature and washed 3 
x 300 gl/well. Wells were then incubated for 2 h at 
37 °C, 100 gl/well of 1:2500 rabbit anti-goat IgG con- 
jugated to alkaline phosphatase in 1% BSA, 0.5% 
Tween 20 in PBS, 100 I.tl/well. The wells were once 
again washed in the wash buffer followed by a wash in 
PBS only and incubated in 100 gl/well of a 1 mg ml- a 
o-nitrophenyl phosphate in carbonate buffer, pH 9.6, 
substrate solution for 45 rain, stopped with 50 gl of 
3 M NaOH and read at 405 nm. 

2.10. Direct imaging method 
An overview of the method used is given in Fig. 1. 
Nitrocellulose (NC) sheets were obtained from Phar- 
macia and were cut to appropriate sizes to serve as 
support for the Nitro blue tetrazolium/5-bromo-4- 
chloro-3-indolyl phosphate (NBT/BCIP) substrate. 
For 1 cm 2 flat surfaces, 1.5 c m x  1.5 cm papers were 
used to overlay the entire surface. Silicon gradient 
surfaces required NC papers of 1.5 cm x 4.5 cm. In 
the case of small well ELISA plates (inside diameter 
6.2 ram), paper punch disks of NC (6.0 mm diameter) 
were produced. 

Alkaline phosphatase detection was a modification 
of basic methods used in immunoblotting procedures 
[8]. In this instance however, since all protein and 
antibody reactions occurred on the surface to be 
analysed, the nitrocellulose filter papers were incu- 
bated in solutions of NBT and BCIP prior to coming 
into contact with the analytical surface as follows: 

Nitro blue tetrazolium (Sigma N 6876) was dis- 
solved in 140 lal dimethylformamide (DMF) and 60 gl 
deionized HzO in a glass test tube. In a separate 
solution 3 mg of 5-bromo-4-chloro-3-indolyl phos- 
phate (BCIP) was dissolved in 200 gl DMF (Sigma 
B-85039) in a glass test tube. Both solutions were 
mixed with 20 ml of Carbonate buffer, pH 9.8 (0.1 M 
NaHCO 3, 1.0 mM MgC12 adjusted with NaOH) and 
nitrocellulose papers were added in a ratio of 1.25 ml 
of substrate solution per cm 2 of nitrocellulose and 
allowed to sit for 10 rain prior to application. 

Application is 'semi-dry' such that papers are 
glossy, but not dripping. Papers are placed in direct 
firm contact with the surface being analysed for 
20 rain and covered to avoid drying. The nitrocellu- 
lose sheets are then removed and rinsed thoroughly 
with deionized water to stop the reaction. 

Surface treatment 
Surface 

Wash buffen 
as U e r  as u er  

Secondary ant,body 
Protein SOlUtlOn Blocking Pr imary antibody -alkal ine phosphatase 

Direct imaging 
6 mg n i t ro  blue tetrazol lum 

140 M dimethyl formamlde 
60 ~1 ~elonlzed wa~ec 

20 ml cacbonate 3 mg BCIP 
buffer, pH 9.8 200~1 dimelhylfom~amifle 

I NitmcelI~lose 

So~ 15 rain ./ f'~J 
Wash delonlzed 

Apply and iacuba~e water, dry 
20 mln 

Figure 1 Schematic outline of the direct imaging technique. 



2.1 1. Adsorption of NBT by nitrocellulose 
In order to establish the degree of adsorption of the 
substrate an experiment was undertaken in which an 
initial concentration of 30 mg ml 1 NBT, 15 mg ml-  1 
BCIP was prepared in carbonate buffer, pH 9.8. This 
was then serially diluted out 1:1 in the same buffer. 
Since the NBT component is chromogenic, adsorption 
was determined as OD 405 before and after incuba- 
tion of 2.5 cm x 0.5 cm nitrocellulose strips in the 
NBT/BCIP solution for 15 min. 

2.1 2. Sens i t iv i ty  of the  m e t h o d  
A non-competitive inhibition ELISA was used to 
determine the amount of protein adsorbed to poly- 
styrene surfaces and this was compared to proteins 
bound to surfaces prepared by standard ELISA coat- 
ing techniques surfaces with respect to fibrinogen. In 
the case of fibrinogen coated surfaces an 0.1 ggml-1 
solution of purified fibrinogen obtained from Calbio- 
chem dissolved in coating buffer, pH 9.6; 1.59 g 
Na2CO 3, 2.93 g NaHCO 3, 0.2 g NaN 3, and brought 
to a final volume of 1 1 with deionized HaO. This was 
incubated overnight, at 4°C. The plates were then 
washed with 3 x 300 gl/well of PBS containing 0.5% 
Tween 20, pH 7.4, dried and blocked with 300 gl/well 
with 1% BSA and 0.5% Tween 20 in PBS, pH 7.4, for 
1 h or more. These were washed once more in wash 
buffer just prior to use. In fibrinogen adsorbed plates, 
the same basic procedure was employed except that 
fibrinogen was prepared in PBS, pH 7.4, only to a 
concentration of 1.0 mg ml - 1 for 1 h and all wash and 
blocking procedures were performed in the absence of 
Tween 20. 

Once plates were prepared in this manner inhibition 
curves were performed: An ideal antibody concentra- 
tion was determined by serially diluting stock anti- 
body 1:1 to extinction. Triplicates of these were added 
100 gl/well to the plates, incubated for 2 h at 37 °C, 
and washed 3 x 300 gl in PBS/Tween 20 and shaken 
dry. Wells were incubated in 100 IA/well volume of an 
excess (1:2500) of SwaRblgG-alkaline phosphate for 
2 h  at 37°C, washed 3 x 300 gl in PBS/Tween 20 
and shaken dry. Wells were incubated with 100 gl/well 
of 1 mg ml-~ p-nitrophenyl phosphate in diethanol- 
amine buffer, pH 9.8 for 20 rain. The reaction was 
stopped by the addition of 50 gl/well of 3 M NaOH. 
An antibody titration was chosen as 80% maximal 
binding to surface bound antigen. This represented a 
high signal that was on the linearly decreasing portion 
of the curve where inhibition would be proportional 
to decrease in OD. The inhibition of this binding was 
done by preincubating concentrations of antibody in 
free fibrinogen at increasing dilutions beginning with a 
concentration of 2 mg ml-~ final for 1 h at 37 °C prior 
to adding to the protein treated ELISA plates. The 
protein bound to the surface was determined as the 
point at which the binding was 50% of maximum at 
which point the amount  of inhibitor protein is equal 
to the amount of surface bound protein assuming 
that the antigenicity of the two molecules is not 
affected. 

2.1 3. Determination of resolution of the direct 
imaging method 

In order to more precisely determine if images diffuse 
from the proteins as they are adsorbed to the surface, 
a silicon wafer was made hydrophobic as previously 
described. A 1.25 mg ml-  1 solution of IgG in PBS was 
applied to filter paper to saturation. A clean rubber 
stamp was applied to the filter paper for 15 s and then 
to the silicon flat surface for 15 s. The wafer was rinsed 
immediately in PBS and then blocked for 1 h in TBS 
containing 1% BSA. It was washed 3 x 5 min in 20 ml 
TBS and then incubated in 1 : 1000 rabbit anti-human 
IgG containing 0.1% BSA at 37 °C for 2 h. The silicon 
wafer was washed for 3 x 5 min in TBS and then 
incubated for 2 h at 37 °C in 1:2500 alkaline phospha- 
tase conjugated swine anti-rabbit IgG containing 1% 
BSA. The surface was again washed 3x5 min in TBS 
and rinsed once with deionized water and subjected to 
imaging. 

3 .  R e s u l t s  
The initial screening of various purified proteins and 
citrated plasma, all at 10% normal physiological con- 
centrations, against specific antibodies indicated that, 
overall, the method was effective in establishing posit- 
ives for purified proteins (Figs 2 and 3). The plasma 
treated surfaces indicated the presence of all proteins 
being surveyed for. All purified proteins were positive 
with the exception of H M W K  on hydrophilic silicon. 
While some chromogenic background was observed, 
it was minimal and could easily be distinguished from 
the positives. There were some differences in detection 
between hydrophilic and hydrophobic silicon surfaces 
in which the hydrophobic surfaces displayed much 
higher image intensity. 

One significant observation concerned anti-human 
IgG and anti-human H M W K  positive reactions on 
purified fibrinogen. In the case of anti-human 
HMWK,  the fibrinogen positives were as strong or 
stronger than images obtained from surfaces treated 
with purified HMWK. Moreover, the hydrophilic 
silicon yielded no impression for purified H M W K  
treated surfaces while fibrinogen and plasma treated 
surfaces showed strong positives. 

Another significant aspect is the effect of buffer on 
detectability. In further testing the lack of H M W K  
positive on hydrophilic silicon, an experiment was run 
that statistically compared ellipsometric thickness ver- 
sus image intensity with respect to antibody and wash 
treatments in which the buffer was alternatively PBS 
or TBS. In Fig. 4 it is seen that in using TBS as the 
buffer system hydrophilic silicon shows some imaging 
in the BSA treated control. The plasma treated surface 
shows a definite positive but the purified H M W K  is 
negative, as previously observed. When PBS replaces 
TBS as the buffer, there is virtually no image on the 
BSA control and both plasma and purified H M W K  
display equivalent image intensities. The hydrophobic 
surfaces, however, display minimal differences with 
respect to the different buffers, perhaps giving slightly 
stronger image intensities for plasma treated surfaces. 
Ellipsometric data on these surfaces indicate that 

321 



1/10 IgG Fibrinogen Albumin HMWK 
Citrated 1.25 0.25 4.0 0.0075 
plasma mg m1-1 mg m1-1 mg ml -~ mg ml -~ 

Rb anti-IgG 
1:1000 

Rb anti-fibrinogen 
1:2500 

Rb anti-albumin 
1:1000 

Rb anti-HMWK 
1:100 

Figure 2 Detection of albumin, IgG, fibrinogen, high molecular weight kininogen as 1/10th purified antigens and 1/10th plasma components 
on hydrophobic silicon. 

1/10 IgG Fibrinogen Albumin HMWK 
Citrated 1.25 0.25 ~ 4.0 0.0075 
plasma mg m1-1 mg ml- mg m1-1 mg m1-1 

Rb anti-IgG 
1:1000 

Rb anti-fibrinogen 
1:2500 

Rb anti-albumin 
1:1000 

Rb anti-HMWK 
1:100 

Figure 3 Detection of albumin, IgG, fibrinogen, high molecular Weight kininogen as 1/10th purified antigens and 1/10th plasma components 
on hydrophilic silicon. 
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Figure 4 HMWK detection on hydrophobic and hydrophilic silicon using rabbit anti-high molecular weight kininogen in PBS and TBS 
buffer systems. 

there was more protein overall on the hydrophobic 
surfaces than the hydrophilic surfaces but controls 
would seem to indicate that this is due more to BSA 
or other proteins than ellipsometrically detectable 
HMWK. 

The results obtained for H M W K  detection by rab- 
bit an t i -HMWK also indicate that images obtained, 
and therefore the antigenic detectability, is not neces- 
sarily reflected in the ellipsometric measurements of 
protein thickness. Regardless of the buffer used there is 
no statistical difference between control surfaces and 
the corresponding surfaces treated with pure H M W K  
at 1/10 physiological concentrations. In the PBS buf- 
fer system experiment the images are evident in the 
H M W K  treated surfaces. 

In order to determine the extent of the reaction 
of the an t i -HMWK antisera with fibrinogen, ELISA 
plates were coated with 0.01 mg ml-  1 of either fibrin- 
ogen or H M W K  and standard antibody titrations 
(not shown) were run for the goat ant i -HMWK on 
these two proteins. At the 1:100 antisera concentra- 
tion there is a distinctive high binding to fibrinogen 
coated plates which can be titrated to extinction much 
sooner than the more specific binding to HMWK. The 
50% binding to each surface was 1:60000 for 
H M W K  and 1 : 850 for fibrinogen for the cross-react- 
ive component but at 1 : 100 this component competes 
effectively for antibody binding. 

In comparing the antigenic detectability of purified 
proteins versus its presence in plasma, differefices are 
immediately apparent. In determinations of the pre- 
sence of IgG on silicon gradients in Fig. 5, the image 
appears to be more intense at the hydrophobic end 
but it maintains this intensity at all but the most 
extreme hydrophilic points, where it is reduced by half. 
In plasma, however, the cutoff point is much more 
abrupt indicating a much greater loss of antigenicity 
and possibly the removal of IgG on the hydrophilic 
side. 

Figure 5 IgG detection on silicon gradients as a purified protein 
and a plasma component. 

The adsorption studies of NBT by nitrocellulose 
failed to generate a value for saturation of the support 
by the substrate. Instead a relationship was deter- 
mined based upon the relative concentration and the 
total surface area. As indicated in Fig. 6, the relation- 
ship was linear at all concentrations tested and found 
to be 48.3 + 3.2pg of NBT adsorbed per cm 2 
per mg ml-  1 initial concentration. 

In determination of the limit resolution of images, 
we found that the images picked up off the surface 
were distinct to the eye (Fig. 7). Under the microscope 
the edge of the image could be determined as having a 
fimit of resolution of 10 micrometres. 

Non-competitive inhibition studies of fibrinogen 
coated and fibrinogen adsorbed polystyrene were per- 
formed. Fig. 8 establishes a 50% inhibition of 
antibody binding to fibrinogen adsorbed plates to be 
at a concentration of free inhibitory fibrinogen of 
50 ng per 100 pl. This implies that, barring antigenic 
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Figure 6 G r a p h  of NBT adsorpt ion  of nitrocellulose as a function of 
initial concentration. 

differences in the free and coated fibrinogen, the 
amount of fibrinogen on the surface is equal to the 
amount in solution. The surface area covered by 
100 gl is calculated to be 0.877 c m  2 which would give 
a surface coating of 57 ngcm -2. Imaging was taken 
from alternate row wells on the same plate and shows 
good impressions on these surfaces even though the 
surface area being tested represented 34.4% of the 
50 ng exposed to ELISA testing implying that impres- 
sions were generated from 17.2 ng. In addition, im- 
pressions can be interpreted even with 80% inhibition 
of antibody to surface adsorbed material making 
it as sensitive as the ELISA in antigenic detection. 
Fibrinogen coated plates in a parallel ELISA 
experiment (data not shown) also gave a value of 
57 ng/fibrinogen cm 2. 

Figure 7 Enlarged immunoblo t  image derived from IgG s tamped 
onto  hydrophilic silicon surface. 
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Figure 8 Imaging sensitivity from surfaces in which anti-fibrinogen 
is inhibited from binding surface adsorbed fibrinogen. 

3 2 4  

4 .  D i s c u s s i o n  

The technique presented in this paper is based on 
principles used for most enzyme immunoassays but is 
novel in that the enzymatic substrate reaction takes 
place on a support separate from the system under 
investigation. All protein adsorption and subsequent 
immunodetection steps take place directly on the 
surface. Any alterations to the initial protein adsorp- 
tion conditions are limited to activities of the compon- 
ents as they exist on the surface, the specific antisera 
(IgG) used to analyse the surface components, the 
blocking agents or the washes employed to remove 
non-adhering components. After treating surfaces 
with the proteins, surfaces are blocked with BSA or 
other appropriate agents. Between incubation steps 
surfaces are rinsed in TBS or PBS in order to flush 
away excess non-binding proteins. 

The second antibody is a specific alkaline phospha- 
tase conjugated molecule. The substrates are Nitro 
blue tetrazolium and 5-bromo-4-chloro-3-indolyl 
phosphate which, in combination, have been reported 
to give the most intense images [9]. These reagents 
imbed the support which is overlaid directly on the 
surface. The colorimetric breakdown product is im- 
mobilized in a position corresponding to that of the 
enzyme on the surface. After 20 rain the reaction is 
stopped by washing three times in deionized water 
and dried. Images do not appear to diffuse or fade. 
The adherent proteins, their relationship to the surface 
and one another, the antisera specific to the target 
proteins, and the alkaline phosphatase conjugated 
anti-antisera remain at the analysed surface. 

The initial assays employed the use of TBS buffer 
for washes as well as primary and secondary antibody 
reactions with target protein molecules. Subsequent 
experiments also looked at the effects of using PBS as 
a buffer throughout the procedure. The first rationale 
was to harmonize experimental conditions to those 
employed in previous ellipsometric studies. A more 
important reason was initial results indicating a re- 
duced detectability of H M W K  on hydrophilic silicon. 
The change from TBS, pH 7.5, to PBS, pH 7.4, led to 
an improvement in imaging intensity for H M W K  
(Fig. 4) but this appeared to be coupled with a reduc- 
tion in the detection of other molecules particularly 



fibrinogen, being studied. Pluzek and Ramlau [9] 
have indicated that buffers other than PBS do not 
inhibit the reaction in the actual enzymatic reaction 
step. In this work- we have used a carbonate buffer in 
the development step. What appears evident in this 
study, however, is that the choice of buffer prior to this 
step can also have an impact on the images observed. 
The exact explanation of this has not been determined 
as yet but other authors [10] have indicated that 
fibrinogen detectability may be due at least in part to 
preferential binding to surfaces in the presence of TBS. 
Giaever and Keese [11] also indicate and confirm 
findings by Trurnit [12] that phosphate and borate 
based buffers can, under certain conditions interfere 
with adsorption and may also cause some proteins to 
desorb. If this is the case, HMWK detection may 
benefit at the expense of fibrinogen and other proteins. 
In addition, antibodies are often pH and buffer de- 
pendent with respect to their binding abilities and 
results may reflect these differences. The overall con- 
sideration is that very significant differences in obser- 
vations can result from the selection of buffers and 
may in fact bias interpretation of the results. 

Furthermore, there are indications, to be presented 
separately elsewhere [13], that the BSA blocking steps 
normally used in immunodetection techniques may 
influence the detectability of certain proteins, which 
may or may not be buffer dependent. In addition to 
buffer considerations, preliminary tests indicate that 
the selection of support for the substrate may also 
affect the observed results. Although this aspect has 
not been thoroughly explored by the authors, initial 
experiments used nitrocellulose membranes, 0.20 gm, 
obtained from Pharmacia LKB, Sweden for the results 
presented in this paper. When an alternate, Nitro- 
Plus TM hybridization transfer membrane obtained 
from Micron Separations Inc., USA, was used images 
were extremely weak. Immobilon TM PVDF, a product 
of Millipore USA, after pretreatment with methanol, 
gave reasonable images for IgG on hydrophobic sili- 
con. Other factors which may contribute to differences 
in detection are competition or displacement of target 
molecules by other components of mixtures, possible 
proteolytic activities in plasma protein systems or loss 
of antigenicity due to other factors. 

Evidence that the immunoassay causes little, if any, 
desorption of the protein/antisera complex from the 
surface is given by the observation that detailed du- 
plicate images can be obtained from a single surface 
(data not shown). 

This method presents new information about local- 
ization since large relatively flat surfaces, which may 
vary in surface composition, can be mapped in one 
step for the protein under investigation. The overall 
specificity of the method is good, yielding only anti- 
IgG and anti-HMWK cross-reactivities with fibrin- 
ogen. Experiments presented here address two 
separate anti-HMWK sources and indicate that some 
component in purified fibrinogen reacts with these 
antibodies. In the case of the anti-IgG reactivity, the 
observation has been made that the fibrinogen used in 
initial experiments was later found to contain contam- 
inants. Other authors such as Boisson-Vidal et al. [14] 

have noted that IgG is one of several trace contam- 
inants of this material. Indications are that HMWK is 
also a contaminating component of both fibrinogen 
sources used in these assays (J. Brash, personal com- 
munication). As the contaminant detection would 
seem to indicate, the sensitivity of this technique is 
very high and small amounts of a specific protein can 
be identified on a surface dominated by a complex 
milieu of other proteins. 

The method may have certain limitations if surface 
adsorbed proteins are antigenically masked by con- 
formational changes or association with the surface or 
other components. These same factors, however, may 
equally contribute to their immunodetection. It is also 
possible that displacement by protein components or 
analytical techniques can affect observations. The 
limit of sensitivity for target molecules, however, com- 
pares very favourably with ELISA as shown in para- 
llel imaging experiments performed on polystyrene 
ELISA plates. In fact the ELISA of surface adsorbed 
(Fig. 8) and surface coated plates (not shown) were 
essentially equivalent and are of the same order of 
magnitude as other proteins bound to a variety of 
ELISA supports [15]. The authors indicate that coat- 
ing conditions, while having a pH optimum of 9.6, are 
predominantly a function of time and temperature. 
The major difference between adsorption and coating 
is dependent upon these parameters and the suscepti- 
bility to removal by detergents is altered perhaps by 
the residence time effects as suggested by Bohnert and 
Horbett [16]. 

Indications are that the level of sensitivity of direct 
imaging is much greater than ellipsometry since detec- 
tion is restricted to antigenicity. In ellipsometry, the 
detection of surface thickness is the parameter under 
consideration and background levels must be calcu- 
lated and assumed to be consistent throughout all 
experimental steps. One observation demonstrated 
here is that there may not be direct correlations 
between ellipsometric thickness and the antigenically 
detectability of target molecules (Fig. 4). If the target 
protein and detecting antibody thicknesses are small 
relative to the background, ellipsometry may indicate 
little or no thickness changes while the direct imaging 
method yields a strong positive. 

The images obtained thus far have only been re- 
solved laterally to 10micrometres (Fig. 7). This is 
quite reasonable on a macroscopic scale and is an 
improvement from the ellipsometric data presented to 
date. Diffusion of adherent protein from the surface 
from the initial point of application was minimal or 
absent. It is acknowledged, however, that the methods 
employed in this determination are still somewhat 
crude. This can probably be improved upon but there 
may remain practical limitations based on diffusion 
through the remaining substrate laden liquid interface 
between the protein bound onto the surface and the 
nitrocellulose support. The information can be re- 
garded as representative since molecules remain in 
their surface conformational state and can be analysed 
under physiological conditions. 

The immunoassay can be applied to a variety of 
surfaces which may have been subjected to differential 
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modifications and to any molecule able to elicit an 
immune response. In this paper the method has been 
applied to flat hydrophobic and hydrophilic silicon 
surfaces in order to compare results to those obtained 
with ellipsometry. In experiments presented elsewhere 
[17], the method has been applied to various poly- 
mers as well as to chemically modified gold surfaces 
explanted from cardiac muscle (not shown). Individual 
proteins, protein mixtures, and blood plasma have 
also been studied to determine their interactions 
on surfaces and the method promises to offer new 
information regarding surface displacement and 
protein-protein interactions. 

Most significantly, the method permits permanent 
two-dimensional visual representations of direct ad- 
herent protein surface composition, with good resolu- 
tion, that fills a niche in surface analysis not previously 
satisfied by other methods. Its purpose is to aid and 
broaden interpretations of surface-protein interac- 
tions studied by other surface analytical methods. 
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