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(57) ABSTRACT 
The present invention is a method for selectively removing 
objects from a surface utilizing a probe. The probe is 
scanned over the surface utilizing a greater and greater 
relative amount of force so that a certain number of the 
objects are removed from the surface. The force required to 
remove the objects from the surface can be calculated 
utilizing Hook’s laW and the spring constant of the probe. 
After removal of the objects that have a relatively Weaker 
binding affinity With the surface; the remaining objects can 
be harvested, characterized; and subjected to further study. 
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Fig. 21) 

Fig. 2a 
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Fig. 3b 

Fig. 3a 
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Fig. 4b 

Fig. 4a 
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Fig. ‘5b 

Fig. 5a 
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EVALUATING BINDING AFFINITIES BY FORCE 
STRATIFICATION AND FORCE PANNING 

PRIORITY 

[0001] This application claims priority from US. provi 
sional patent application number 60/238,556 that Was ?led 
on Oct. 10, 2000. The entire disclosure of provisional 
application 60/238,556 is herein incorporated by reference. 

TECHNICAL FIELD 

[0002] The present invention is a method for the analysis 
of objects bound to a surface, or materials on a surface, as 
a function of the interactive molecular forces betWeen them. 
More speci?cally, the present invention is a method for the 
differentiation and evaluation of objects by their binding 
af?nity. 

BACKGROUND 

[0003] Measuring the binding af?nity betWeen materials, 
molecules, and cells is key to a broad spectrum of industries, 
including but not limited to, material development, semi 
conductor production, bioanalytical assays, biomedical 
diagnostics, and drug discovery. With the emergence of solid 
state array-based bioanalytical and genetic diagnostic instru 
ments and related equipment, neW methods for cost effective 
screening of a large number of reactions in a miniaturiZed 
solid state form have become increasingly desirable. 

[0004] The favored approach to date is to monitor changes 
in optical properties, usually ?uorescence, When a knoWn, 
?uorescently labeled molecule interacts With a knoWn 
molecular species at a speci?c address in a molecular array. 
These apparatuses and methods, hoWever, often impose 
stereochemical constraints by the addition of reporter sys 
tems to the molecules used to interrogate the molecular 
array. Furthermore, these methods do not directly report the 
actual binding af?nity. Thus, label free, direct interrogation 
of molecular binding af?nities using a micromechanical 
reporter is of obvious utility. More sophisticated and robust 
methods of this interrogation are required to better analyZe 
a range of different objects bound, adsorped, or otherWise 
attached to a variety of surfaces. 

[0005] One method for the direct detection of Whether a 
molecule or other object is bound to a surface, or an object 
on the surface, is the scanning probe microscope. One type 
of scanning probe microscope is the atomic force micro 
scope (“AFM”). In the AFM, a sharp probe is situated at the 
end of a ?exible cantilever and scanned over a sample 
surface. While scanning, the probe and cantilever are 
de?ected by the net sum of the attractive and repulsive 
forces betWeen a tip of the probe and the surface and/or 
objects deposited on the surface. The de?ection of the 
cantilever is usually measured by the re?ection of a focused 
laser beam from the back of the cantilever onto a split 
photodiode, constituting an “optical lever” or “beam de?ec 
tion” mechanism. The change in de?ection indicates the 
presence of an object on the surface. These previous meth 
ods utiliZed materials bound to the probe to indicate the 
resultant force interactions betWeen the probe and the mate 
rial bound on the surface. Other methods for the detection of 
cantilever de?ection include interferometry and pieZoelec 
tric strain gauges. 
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[0006] The ?rst AF Ms recorded only the vertical displace 
ments of the cantilever. More recent methods also involve 
recording the torsional force, resonating the tip and alloWing 
only transient contact, or in some cases no contact at all, 
betWeen the probe and the sample. Plots of the tip displace 
ment of the probe, or resonance changes as it traverses a 
sample surface, are used to generate topographic images. 
Such images have revealed the three dimensional structure 
of a Wide variety of sample types including material, chemi 
cal, and biological specimens. Some examples of the latter 
include DNA, proteins, chromatin, chromosomes, ion chan 
nels, and even living cells. These prior methods, hoWever, 
are limited to those complexes that can be bound to the 
probe and then dragged across the various materials on a 
surface. A neW method is needed that is not limited in this 
manner. 

[0007] In addition to its imaging capabilities, the AF M can 
make extremely ?ne force measurements. The AFM can 
directly sense and measure forces in the microNeWton 
(10-6) to picoNeWton (10-12) range. Thus, the AFM can 
apply forces to, and measure forces betWeen, molecular 
pairs, and even single molecules. Moreover, the AFM can 
measure and apply a Wide variety of other forces and 
phenomena, such as magnetic ?elds, thermal gradients and 
viscoelasticity. This ability can be exploited to map force 
?elds on a sample surface, and reveal With high resolution 
the location and magnitude of these ?elds, as in, for 
example, localiZing complexes of interest located on a 
speci?c surface. Furthermore, to make additional molecular 
force measurements, the AFM probe may be functionaliZed 
With a molecule of interest. 

[0008] Previous methods of evaluating the mechanical 
force necessary to remove bound objects to a surface 
included combinatorial chemistry techniques like repeti 
tively binding one or more objects to a surface folloWed by 
Washing the objects aWay. In this manner a characteriZation 
of hoW Well the objects bound or adsorped to the surface 
could be determined based on population averages. A need 
exists for a cost effective and practical improvement to this 
methodology that results in a characteriZation of the force 
required to move objects residing on a surface. 

[0009] A need exists for a simple and ef?cient method of 
quickly assessing the af?nity of a bound molecule, cell, or 
other object to a surface. This method should overcome the 
prior art limitations of having to drag the material across a 
surface While attached to a probe, or having to sequentially 
Wash microtiter plates to determine the af?nity based on 
overall population samples. This method should also alloW 
for the determination of binding af?nities betWeen the object 
and other materials that are bound to the surface. Finally, a 
need exists for a method for eliminating the poorly bound 
objects on the surface of interest so that the more tightly 
bound objects can be harvested for further study. 

BRIEF DESCRIPTION OF DRAWINGS 

[0010] FIG. 1a is an elevational side vieW of a probe 
contacting an object on a surface and exerting vertical force 
on the object. 

[0011] FIG. 1b is a elevational vieW of the probe of FIG. 
1a riding over the top of the object on the surface. 

[0012] FIG. 1c is an elevational vieW of a vertical probe 
force dislodging the object of FIG. 1a. 
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[0013] FIG. 2a illustrates an elevational vieW of a probe 
approaching an object on a surface. 

[0014] FIG. 2b is an elevational vieW of the probe exert 
ing torsional force and riding past the object on the surface. 

[0015] FIG. 3a is a front perspective vieW of a surface that 
includes a number of phage particles adhered to the surface 
before the probe scans the surface. 

[0016] FIG. 3b is a front perspective vieW of the surface 
of FIG. 3a after the Weakly bound phage particles have been 
removed by scanning the surface With the probe. 

[0017] FIG. 4a is a front perspective vieW of a distribution 
of bound cells on a surface. 

[0018] FIG. 4b is a front perspective vieW of the cells of 
FIG. 4a after scanning With a probe Wherein a number of the 
cells are removed. 

[0019] FIG. 5a is a front perspective vieW of a distribution 
of bound cells on a surface. 

[0020] FIG. 5b is a front perspective vieW of the cells of 
FIG. 5a after scanning With a probe Wherein feW cells are 
removed. 

SUMMARY 

[0021] The present invention is a method by Which a force 
transduction device is used to differentially separate and/or 
remove objects that are bound to on a surface by regulating 
an applied force. By incrementally increasing the applied 
force, one can determine the strength of binding betWeen the 
surface and the objects on the surface. The objects may 
include, but are not limited to, molecules, viruses, cells, 
phage, and other organic or inorganic molecules. The pro 
cess can be carried out on patterned surfaces for rapid and 
inexpensive screening of large numbers of binding interac 
tions in order to categoriZe those With a higher binding 
af?nity to the surface. The present invention can also be 
utiliZed to characteriZe the binding affinity betWeen an 
object and some material placed on the surface. 

[0022] As an AFM, and the probe attached thereto, is 
scanned over a surface, a tip of the probe pushes against 
objects it encounters generating torsion and de?ection of the 
probe. The force exerted on a given object by the tip is 
related to both the torsional and vertical spring constants of 
the probe. Measurement of either the torsional and/or ver 
tical probe displacement can be used to qualitatively and 
quantitatively assess the binding af?nity betWeen the object 
and the surface. For vertical forces, the spring constant is 
used to calculate the force applied. For torsion based mea 
surements, the degree of tWisting of the probe may be 
measured and multiplied by a knoWn torsional spring con 
stant for the probe to generate a value corresponding to the 
force necessary for the degree of tWisting motion observed. 
Furthermore, each group of objects that are removed from 
the surface can be collected for further studying. 

[0023] The present invention may be particularly useful in 
developing and studying materials With speci?c binding 
properties, drugs and drug inhibitors, diagnostic assays 
delineating biomolecular binding strengths, protein-protein 
interaction screens, virus-antibody binding screens, as Well 
as many others. 
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[0024] The present invention also includes a method for 
determining the binding af?nity betWeen an object and a 
surface comprising af?Xing at least one object to a surface, 
scanning the surface With a scanning probe microscope for 
locating at least one object af?Xed to the surface, applying a 
force to at least one object on the surface to remove at least 
one object that has a relatively loW binding af?nity to the 
surface, monitoring the force applied to at least one object, 
and calculating the binding af?nity betWeen at least one 
object and the surface from the force applied to remove at 
least one object. 

[0025] Another embodiment of the present invention 
includes a method for determining a binding affinity 
betWeen an object and one or more materials, comprising 
obtaining a surface, the surface further comprising one or 
more materials deposited thereon, af?Xing at least one object 
to be studied to the one or more materials deposited on the 
surface, scanning the surface With a scanning probe micro 
scope to locate at least one object, and applying a force to 
at least one object to remove at least one object. 

[0026] Yet another embodiment of the present invention 
includes a method for assessing the interaction force 
betWeen an object and a surface comprising depositing at 
least one material on a surface, affixing at least one object to 
the material deposited on the surface, scanning the surface 
With an atomic force microscope to locate at least one object 
af?Xed to the surface, applying a force to at least one object 
With the atomic force microscope, the force being deter 
mined by the user and some of the objects being removed 
from the surface by this force, scanning the surface to locate 
the at least one object that is still af?Xed to the surface, 
applying a second greater force to the at least one object on 
the surface using the atomic force microscope, and collect 
ing at least one object still affixed to the surface. 

[0027] Another embodiment of the present invention 
includes a method of determining the binding af?nity 
betWeen an object and a surface comprising (a) depositing 
one or more objects on a surface; (b) scanning the surface 
With an atomic force microscope to locate the objects on the 
surface; (c) applying a ?rst force to at least one object on the 
surface With the atomic force microscope to remove at least 
one object from the surface that has a relatively loW binding 
af?nity;(d) collecting at least one object that has been 
removed from the surface by the ?rst force;(e) applying a 
second, greater force to at least one object using the atomic 
force microscope to remove at least one object from the 
surface that has a relatively loW binding af?nity;(f) collect 
ing at least one object that has been removed from the 
surface by the second force; and (g) repeating steps (b) 
through 
[0028] Yet another embodiment includes a method of 
determining the binding af?nity betWeen an object and a 
material deposited on a surface comprising (a)depositing at 
least one material on a surface; (b) binding at least one 
object to at least one material; (c) applying a ?rst force to at 
least one object on the surface With an atomic force micro 
scope; (d) collecting at least one object that has been 
removed from the surface by the ?rst force; (e) applying a 
second force to at least one object on the surface using the 
atomic force microscope to remove at least one object from 
the surface; collecting at least one object that has been 
removed from the surface by the second force; (g) repeating 
steps (b) through 
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DESCRIPTION OF THE EMBODIMENTS 

[0029] In the present invention description, the term 
“object” is utilized to include any material that can be bound 
to a surface and detected and/or removed using a probe, such 
as an AFM probe. The objects may be inorganic molecules, 
organic molecules, biomolecules, proteins, phage particles, 
cells etc., Which are of interest to study. The objects are 
bound or adsorped to the surface, and thereafter scanned and 
removed depending on the binding af?nity of the object to 
the surface. Objects may also be bound to another material 
deposited on the surface. Furthermore, the term “bound” is 
not limited to covalent bonding, but may include other types 
of molecular bonding, including adsorption, ionic bonding, 
as Well as speci?c and non-speci?c molecular interactions. 

[0030] The term “relatively” Will be utiliZed to describe 
the amount of force exerted by the probe upon the object to 
be studied. The term relatively Will only describe the forces 
in terms of Whether the force is high enough to remove the 
object or so loW that the object is not removed. A “relatively 
loW” force is herein used to describe a force that is less than 
that amount required to displace the object from the surface. 
A relatively loW binding affinity is therefore any binding 
af?nity that results in the object being removed from the 
surface When the force is applied thereto. A relatively high 
binding affinity is a binding af?nity that is strong enough to 
Withstand the force that is being applied. The “set point” is 
the amount of force the user Wishes to have the probe exert 
on the object. 

[0031] The present invention utiliZes a standard AFM 
probe to apply the force to the objects on the surface. The 
standard AFM probe includes a probe and a tip. The probe 
connects to the AFM. The de?ection of the probe is used to 
determine the force applied and is further explained herein. 
The tip contacts the surface and the object bound thereto as 
it scans across the surface. As may be appreciated, a custom 
probe or other piece of hardWare may be attached and moved 
by the AFM, or other instrumentation, across the surface. It 
is merely required that the instrument, probe, and tip be 
precise enough to apply the desired force to the objects 
bound either to the surface or the material deposited on the 
surface. 

[0032] Finally, the present description utiliZes the term 
“binding af?nity” to generally refer to the attraction betWeen 
the object and the surface, or the material on the surface, to 
Which it is bound. The materials bound to the surface may 
be bound randomly or may be placed in speci?c deposition 
domains to form an array on the surface. Deposition mate 
rials, and arrays of the same, are further described in 
co-pending US. application Ser. No. 09/574,519, Which is 
herein incorporated by reference for all it teaches. 

[0033] With reference for FIGS. 1a-c and 2a-b, a synopsis 
of the present method invention Will be herein described. 
AfterWards, a more detailed description of the various 
components of the apparatus Will be undertaken folloWed by 
a recitation of some speci?c examples. 

[0034] The Method 

[0035] FIG. 1a illustrates a surface 10 on Which one or 
more objects 12 are bound. Objects12 are bound on the 
surface 10 utiliZing any manner of binding interaction 
knoWn to those skilled in the art. Various Ways in Which 
materials may be bound to the surface include covalent, 
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noncovalent, spontaneous, electrostatic, or other methods 
knoWn in the art. The objects 12 may be an inorganic or 
organic molecule, such as a protein or a cell, or a particle, 
such as a phage particle. The surface 10 and objects 12 Will 
be further described herein. 

[0036] As illustrated in FIG. 1a, the present invention 
further comprises a probe 14. The probe 14 utiliZed herein 
is a standard silicon nitride atomic force microscopy probe 
such as is available from Digital Instruments, Santa Barbara, 
Calif. (not shoWn). The probe is attached to an AFM 
instrument that is also available from Digital Instruments. 
As illustrated in FIG. 1a, the probe 14 may further comprise 
a tip 16. The tip 16 is that portion of the probe that actually 
makes contact With the surface 10 and is explained more 
herein. 

[0037] The surface 10 (With the objects 12) is then placed 
into an AFM ?oW cell and into the liquid medium in Which 
the AFM scans are run. The liquid medium may be selected 
by one skilled in the art depending on the surface 10 and the 
objects 12 under study. 
[0038] In the present embodiment, the AFM is utiliZed to 
scan the surface and to detect the location of the objects 12. 
As illustrated in FIG. 1b, the tip 16 Will contact the objects 
on the surface 10 and, depending on the type of AFM 
scanning being utiliZed, Will ride over the top of the object 
12. During the time that the probe 14 is in contact With the 
object 12, the probe 14 is de?ected due to the interaction of 
the probe 14 With the object 12. The de?ection of the probe 
14 is tracked by the AF M instrumentation and so the location 
and siZe of the object 12 can be determined and recorded. 
The utiliZation of an AFM to run such a scan is Well knoWn 
to those skilled in the art and enables the user of the present 
invention method to determine the initial location of the 
objects 12 bound to the surface 10. The present invention 
utiliZes such a step to determine When the objects are 
removed from the surface during the present invention 
method. In alternative embodiments, the step of locating the 
objects 12 may be omitted Without changing the nature and 
scope of the present invention. In still further embodiments 
the location of the objects 12 may already be knoWn because 
they Were placed on the surface 10 in speci?c arrays. 

[0039] Once the location of the objects 12 has been 
determined, the set point of the AFM is then increased. The 
increase in the set point may be experimentally determined. 
LikeWise, the set point may be increased in very minute 
amounts to alloW greater strati?cation of the different bind 
ing af?nities of the objects 12. Increasing the set point 
increases the amount of force applied to the objects 12 on the 
surface 10. 

[0040] During the second scan, the set point force is 
exerted upon the objects 12 that are on the surface 10. When 
the tip 16 of the probe 14 contacts the objects 12, if the force 
is less than that required to move or displace the object 12, 
the tip 16 and the probe 14 Will ride up over the object 12 
as is illustrated in FIG. 1b. In this case, the relatively high 
binding af?nity of the object 12 With the surface 10 is not 
broken by the relatively loW force exerted on the object 12. 
If the force exerted by the tip 16 and the probe 14 is 
relatively higher than the binding affinity betWeen the object 
12 and the surface 10, hoWever, the force may remove the 
object 12 from the surface. See FIG. 1c. 

[0041] As may be further appreciated by those skilled in 
the art, the probe 14 may be de?ected by the force it is 
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exerting on the object 12 up to the point Where the force 
exerted overcomes the binding af?nity betWeen the object 12 
and the surface 10. This de?ection of the probe 14 is 
monitored by the AFM instrumentation. The entire surface 
10 may be scanned in this manner, With the AFM instrument 
collecting data on What objects 12 are removed and also 
collecting data on the degree of de?ection of the probe for 
each removed object 12. In one embodiment, the degree of 
de?ection can later be utiliZed to determine the binding 
af?nity of the objects 12 removed at each set point force. In 
alternative embodiments, the binding af?nity can be deter 
mined as related to the set point force applied. 

[0042] In the next step of the present invention method, 
the removed objects 12 may be collected for characteriZation 
and further study. The removed objects 12 in the present 
invention method are suspended in the liquid medium of the 
?oW cell. Collection of molecules and other materials from 
?oW cells are Well knoWn to those in the art and may be 
accomplished by standard methods. The objects 12 collected 
may be harvested in this manner for characteriZation and 
further study. In alternative embodiments, the objects 12 still 
bound to the surface 10 may also be harvested for charac 
teriZation and study. In one alternative embodiment, Where 
deposition domains contain knoWn material at knoWn loca 
tions, scanning the surface 10 again to locate Where the 
objects 12 have been removed can tell the user What mate 
rials have a relatively high and relatively loW binding af?nity 
Without having to collect the objects 12 for characteriZation. 

[0043] In the next step of the present embodiment, the 
AFM is again utiliZed to locate those objects that remain on 
the surface. As may be appreciated, if the set point Was set 
relatively high compared to the binding af?nity of the 
selected objects 12 to the surface 10, the applied force may 
have removed all of the objects. Likewise, if the set point 
Was set relatively loW, then the applied force may have 
removed only a feW, or none, of the objects 12 on the surface 
10. Once the location of the remaining objects 12 is deter 
mined, the set point is increased by some predetermined 
amount so that the probe 14 and the tip 16 Will exert a greater 
force on the objects 12 during the next scan. 

[0044] As Will be recogniZed by those skilled in the art, the 
cycle of locating the objects 12, applying a force on the 
objects 12, and then harvesting the objects 12 displaced into 
the solution, may be repeated a number of times. Depending 
on the variety of objects 12 placed on the surface 10, the 
range of different forces required to remove them from the 
surface 10 may be small or large. 

[0045] If the incremental increase in force is particularly 
small, then the binding af?nity betWeen the object 12 and the 
surface 10 of those objects 12 removed during each run can 
be approximated from the knoWn set point force. In one 
alternative embodiment, the degree of de?ection of the 
probe can be utiliZed (as described beloW) to separately 
calculate the binding af?nity. Where the incremental force is 
increased a larger amount, utiliZing the degree of de?ection 
of the probe may be the most accurate method of determin 
ing the relative and absolute binding af?nity betWeen the 
object 12 and the surface 10. When smaller incremental set 
point forces are applied to the objects 12, the binding af?nity 
may be correlated to the set point force applied to determine 
a hierarchy of the different binding af?nities. 

[0046] As may be appreciated, the present invention 
method is particularly useful for studying the binding af?n 
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ity betWeen a ?rst object 12 and a second object. The ?rst 
object 12 may be bound to the surface and the second object 
12 may be bound thereto. Separating the second object 12 
from the ?rst object 12 may enable the user to characteriZe 
the binding affinity betWeen the tWo objects 12. Such 
interactions may include, but are not limited to: comple 
mentary and partially complementary nucleic acids, drug 
candidate molecules and their molecular targets, proteins 
constituting the partial or complete proteome of an organism 
or organisms, viruses, bacteriophage, plant and animal cells, 
as Well as materials and systems of all varieties. 

[0047] The present invention method is particularly 
advantageous because it does not require the repetitive 
bench chemistry reactions and the utiliZation of a sequential 
series of microtiter plate runs. Furthermore, the present 
invention is advantageous because various different types of 
objects 12 can be bound to the same surface, or the same 
material deposited on the surface, for simultaneous com 
parison of the various binding affinities. 

[0048] The Apparatus 

[0049] A description of the elements of the present inven 
tion Will noW be undertaken in order to more fully explain 
the present invention. 

[0050] The object 12 may be placed, deposited, connected, 
or adsorped on or to the surface in any manner knoWn to 
those skilled in the art, including, but not limited to, 
mechanical deposition, in situ chemical synthesis, “ink jet” 
printing, or other deposition methods, such as adsorption 
from solution, biomolecular recognition, and non-covalent 
or covalent chemical attachment. The object 12 may be a 
molecule, a biomolecule such as a protein or a cell, an 
inorganic molecule, or some other particle, such as a phage 
particle, that is of interest for study. In addition, further 
objects 12 for study may be placed on the surface 10 Without 
changing the nature and scope of the present invention. 

[0051] Alternative embodiment binding affinities may 
include: 

[0052] Spontaneous Adsorption 
[0053] In this method a material may be adsorbed from 
solution directly to a surface. The process of attachment is 
not necessarily Well de?ned, but it is uniform for all like 
objects being adsorbed. The attachment mechanism may 
include electrostatic, hydrophobic or other components. 

[0054] De?ned Electrostatic Interactions 

[0055] In this method a surface With a de?ned electrostatic 
nature is created. For example, poly-L-lysine can be 
adsorbed to a surface, generating a surface With a relatively 
uniform distribution of positive charges. Then, a material is 
adsorbed to the poly-L-lysine coated surface via interactions 
betWeen negatively charged moieties on the material and the 
positively charged surface. Variations in the surrounding 
solution, Which may contain electrolytes and buffers of 
various pH, can effect the tenacity of binding of materials to 
the surface. 

[0056] De?ned Hydrophobic Interactions 

[0057] In this method a de?ned hydrophobic surface is 
created and bound to materials. In one example, the hydro 
phobic surface is prepared by coating a substrate With gold, 
folloWed by treatment With an alkanethiolate With a terminal 
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(distal) methyl group. This surface is then used as the 
deposition substrate for materials. Those materials With 
strong hydrophobic domains Will bind more tightly to the 
distal methyl groups than Will those With less hydrophobic 
domains. 

[0058] Covalent 

[0059] In some cases it may be desirable to distinguish 
betWeen materials that are covalently bound and those that 
are non-covalently bound to a surface. In that case, a de?ned 
chemical coupling chemistry may be employed. 

[0060] Electrodeposition 

[0061] In this method a material is draWn to a surface by 
forces generated through an electric ?eld. Either an asym 
metric AC or a DC ?eld may be used, creating a dielectro 
phoretic or electrophoretic environment, respectively. The 
materials may be attached to the surface by a spontaneous 
mechanism, as described above, or the attachment may 
involve a more de?ned coupling method. In one case, a 
reduction-oxidation (redoX) reaction may occur betWeen the 
material being deposited and the surface, resulting is a 
covalent coupling betWeen the surfaces. For this method, the 
surface is usually conductive and coupled to an electrode. A 
second electrode is also present in the system to complete 
the circuit and generate the electric ?eld. 

[0062] Chemical Crosslinking 

[0063] In this method a surface is prepared by standard 
methods Which has a de?ned chemical character. For 
eXample, a glass surface may be coated With a silane 
derivative that has a free distal amino group. After lateral 
crosslinking of the silane surface to stabiliZe it, a material 
may be added to the surface and coupled through a number 
of chemical reactions involving primary amines, Which are 
Well knoW in the art. 

[0064] Any of the above binding interactions may be 
characteriZed utiliZing the present invention Without chang 
ing the nature and scope of the present invention. 

[0065] As previously mentioned, the surface 10 of the 
present embodiment is made of glass over Which a sputtered 
gold layer has been deposited. Such a surface is particularly 
useful because a glass cover that is covered With a sputtered 
gold layer are Well knoWn in the art and easily obtained (or 
made). Glass slides With a sputtered gold layer are particu 
larly useful because of their smooth and consistent surface 
10 properties. Sputtering gold may produce an extremely 
smooth surface upon Which a variety of chemistry and 
molecular binding may be performed. A gold surface may be 
advantageous because of the above reasons, though other 
coverings or surfaces Without coverings may be utiliZed 
Without changing the nature and scope of the present inven 
tion. 

[0066] In other embodiments, the gold may be sputtered 
onto smooth silicon, quartZ or a similar ?at surface, such as 
mica, modi?ed Si, (poly) tetra?uoroethylene, functionaliZed 
silanes, polystyrene, polycarbonate, polypropylene, or com 
binations thereof. The smoothness required of the underly 
ing substrate is a function of the sensitivity requirement of 
a particular test. Those binding af?nity assays that utiliZe 
smaller objects may require a more uniform surface to 
achieve satisfactory results. A surface 10 Which can accept 
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and bind tenaciously to the object 12 may also be desired 
depending on the object 12 and the binding af?nity under 
study. 
[0067] The object 12 residing on the surface 10 may be 
limited to one object 12 bound to the surface 10. In further 
embodiments, the surface 10 may comprise one, a feW, or a 
hundred or more objects bound to the surface. Each object 
may be bound in a knoWn area or an in an unknown area 

Which is then determined by utiliZing a standard AFM scan. 
Furthermore, the objects 12 may be one particular type of 
molecule or particle, or may be a variety of molecules, 
biomolecules, or particles that are being studied simulta 
neously to determine their relative binding af?nity. 

[0068] As may be appreciated by those skilled in the art 
the probe 14 and the tip 16 may comprise one unit. The AF M 
controls the movement of the probe 14 and the tip 16 and 
therefore eXerts the force on the objects 12. An unmodi?ed 
AFM probe has a sharp point With a radius of curvature that 
may be betWeen 5 and 40 nm. The method herein uses a 
microfabricated probe With an apical radius on the order of 
10-50 nm. In the present invention method, the AFM is 
utiliZed to move the probe because it is a standard available 
instrument that has the micro?ne control necessary to 
achieve the desired results. One such instrument particularly 
suited for use in the present method is a Dimension 3100 
available from Digital Instruments, Inc., Santa Barbara, 
Calif. In further embodiments other control devices, includ 
ing other types of scanning probe microscopes, may be used 
to control the probe and the tip. 

[0069] When the probe 14 contacts an object 12 directly, 
a vertical force Will eXist betWeen the object and the probe 
14 such that the force is trying to push the object in one 
direction. As may be appreciated, and as illustrated in FIGS. 
2a and 2b, the tip 16 may make an off center contact in such 
a manner that causes tWisting of the probe 14. In such 
situations, the probe 14 is subject to both a vertical and 
torsional force interaction With the object 12. The object 12 
is then also subject to a vertical force and a torsional force. 
This may result in a vertical displacement of the tip 16 and 
probe 14, as shoWn in FIG. 1a, but also a torsional tWisting 
of the probe 16 as illustrated in FIG. 2b. The AFM instru 
mentation, hoWever, is able to simultaneously read both the 
torsional and vertical forces present as indicated by the 
bending and the tWisting of the probe 14. Both the vertical 
and torsional force may then be utiliZed to determine the 
amount of force being eXerted on the surface 10 or the object 
12. 

[0070] Since the spring constant of the probe 14 is knoWn, 
the force eXerted on the object 12, up to and including the 
point at Which the object 12 is removed from the surface 10, 
can be readily calculated by using Hook’s laW: F=kX, Where 
F is the force, k is the spring constant, and X is the 
displacement distance. 
[0071] The degree of loading required to displace the 
object 12 from the surface 10, or some deposition material 
bound to the surface 10, can be directly correlated With the 
binding strength the object 12 has With the surface 10. 
Torsion of the probe 14 and frictional interactions betWeen 
the tip and the surface 10 can make quantitative measure 
ments complex, but relative force measurements are easily 
obtained. 

[0072] In the present embodiment, the applied vertical 
force is measured by monitoring the de?ection of the AFM 
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probe up to and including the point at Which the object 12 
is removed. As may be appreciated, the lag time betWeen the 
increasing force being applied to the object 12, and the 
measurement taken by the probe, may result in some amount 
of force being exerted in an object that is not directly 
measured. This gap, hoWever, may be calculated With the 
AFM instrumentation or With a computer. 

EXAMPLE 1 

Molecular Force Panning 

[0073] In this example, the present invention is used to 
selectively remove an antibody from an antigen that is 
bound to the surface 10. The binding af?nity betWeen the 
antibody and the antigen is then determined. This example 
shoWs hoW the present invention may be utiliZed to measure 
the binding af?nity betWeen a deposited rabbit IgG and an 
anti rabbit IgG. 

[0074] The surface in this example consists of a glass slide 
covered by a sputtered gold layer. The rabbit IgG is bound 
to the gold surface by non-speci?c binding interactions. The 
surface is then inserted into an AFM ?oW cell containing an 
aqueous imaging environment; in this case a saline-phos 
phate buffered solution. The buffered solution is a pH 7.5 20 
millimolar PBS solution that is trapped betWeen the pieZo of 
the AFM and the surface on Which the rabbit IgG has been 
placed. In the present embodiment the rabbit IgG is placed 
randomly on the surface and the surface is scanned to 
determine the locations of the antigens on the surface. As 
may be appreciated, the antigens may be placed in knoWn 
locations on the surface utiliZing a number of methods and 
so may therefore reside in domains of knoWn location and 
siZe. In still further embodiments, the antibody/antigen 
complexes may be at random and unknoWn locations on the 
surface. Determination of the binding af?nities may still be 
easily accomplished utiliZing the present invention. Various 
deposition techniques, such as dipping the surface in a 
solution containing the antigen may also be utiliZed. 

[0075] Addition of the antibody is accomplished by 
micropipetting 1 microliter of 0.1 mg/mL PBS into the How 
cell. The surface is then scanned using a standard AFM scan 
and probe to determine the location of the antigen/antibody 
interactions. After increasing the set point level of the AF M, 
a subsequent scan is taken. Careful monitoring of the 
de?ection of the probe shoWs Where contact With the anti 
gen/antibody complexes occur. Incremental increases of the 
set point are then accomplished, resulting in the removal of 
the antibody from the antigen Within a fairly narroW range 
of applied force. The removal of the antibody Within a 
narroW range is expected because of the uniform identity of 
the complexes formed. Performing standard AFM scans 
betWeen each increase in the set point force helps to indicate 
When the antigen/antibody complexes are separated. The 
force value that correlates to the force required to break apart 
the antigen/antibody can then be utiliZed to determine their 
relative binding af?nity. The binding af?nity can also be 
calculated for the de?ection of the probe as monitored by the 
AFM instrumentation When the antigen and antibody com 
plex is removed. 

[0076] As may be appreciated, the above example can be 
repeated With a number of different antigens to determine 
their relative binding af?nity to a corresponding antibody. In 
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further embodiments, various antibodies or antigens can be 
run simultaneously to determine the relative binding affinity 
of each. Which antibodies are torn off at various force levels 
can be determined by collecting the aqueous imaging solu 
tion and running characteriZation tests to determine the 
antibody removed at that force set point. 

[0077] In further embodiments, the antigen/ antibody com 
plexes can be bonded to the surface to insure that the Whole 
complex is not removed during the increased set point scans. 

EXAMPLE 2 

Force Panning for Af?nity Based Selection of 
Phage and Virus Interactions 

[0078] As is illustrated in FIGS. 3a-c, force panning may 
alternatively be used to selectively remove Weakly bound 
virus or phage particles from a surface to alloW for the 
harvesting and identi?cation of those particles With a high 
binding af?nity to the surface. Phage display is a method 
knoWn in the art for displaying a large ensemble of poten 
tially desirable recombinant proteins on the surface of a 
phage particle. Phage are engineered so that they produce a 
speci?c protein on the surface. Very large combinatorial 
libraries of proteins can be displayed on the surface of a 
phage and selected by some screening mechanism. Once 
selected, the desired phage can be propagated and the 
molecule With the desired properties can be puri?ed and 
identi?ed. This is a poWerful method for analyZing large 
libraries of recombinant biomolecules. 

[0079] Once a phage population is constructed, it may be 
sorted to ?nd those feW phage that are displaying the 
molecule of interest. In the past, this Was accomplished by 
the repetitive binding and Washing of phage from microtiter 
dishes coated With a molecule to Which the displayed 
molecule binds. Force panning overcomes a number of 
limitations of this tedious process. 

[0080] In the present invention example, an intracellular 
matrix protein that binds to ?bronectin is utiliZed. The 
present example illustrates hoW various proteins that bind to 
?bronectin may be differentiated by binding af?nity. 

[0081] The phage are made and puri?ed by standard 
methods. The surface utiliZed in this example is again glass 
covered With sputtered gold. The ?bronectin are alloWed to 
bind to the surface by spontaneous and non-speci?c binding 
interactions and the phage are complexed thereto. As may be 
appreciated, the ?bronectin may, in alternative embodi 
ments, be covalently or otherWise ?xedly bonded to the 
surface or some deposition material deposited on the sur 
face. 

[0082] Excess phage not bound to ?bronectin may be 
Washed from the gold surface. The surface With the ?bronec 
tin and phage complexes are then placed in the AFM 
instrument and imaged at a loW applied force to determine 
the location of the bound complexes. The set point is then 
incrementally increased to increase the force applied to the 
?bronectin/phage complex. The loosely bound phage par 
ticles are subsequently removed from the surface by each 
applied set point force and diffuse aWay in the overlying 
solution. The solution utiliZed is a binding buffer containing 
Tris buffer, pH 7.2, NaCl (100 mM). Other solutions that 
contain this and other buffers may be utiliZed as desired. The 
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solution in Which the process is carried out can be cycled or 
?oWed through the imaging chamber to increase the removal 
of phage particles that have been removed from the surface 
by the force panning process. The phage removed at each 
incrementally increased force may be collected and identi 
?ed for further study. The force may be increased until all of 
the phage are removed or may be stopped after a certain set 
point is reached. The phage remaining on the surface after 
the last applied force may also be collected for further study. 

[0083] Several methods may be used to collect the phage 
that remain bound to the surface folloWing force panning. 
One Way may be to Wash the surface With a high salt (eg 
500 mM NaCl) solution containing, if desired, a surfactant 
such as Tween-80 to facilitate removal of the remaining 
phage into solution. This can then be used as the source of 
the phage particles for propagation and analysis of those 
With the greatest binding af?nities. 

[0084] An alternative approach for collecting the phage is 
to use an AFM probe that has been coated With an adherent 
layer (e. g., ?bronectin protein in this case) Which can collect 
the phage particle(s) from the surface for subsequent recov 
ery. This approach requires ?ne tuning of the relative 
binding forces to optimiZe transfer of phage from the surface 
to the probe. 

EXAMPLE 3 

Force Panning for Af?nity Based Selection of 
Cell-Surface Interactions 

[0085] In another example, force panning may be used to 
assay the tenacity With Which cells bind to a variety of 
surfaces and materials deposited on the surface. The adhe 
sive force betWeen cells and surfaces is a critical parameter 
in various physiological functions. If, for eXample, blood 
cells bind too tightly to arterial Walls, blockage of blood How 
can occur, resulting in physiological dysfunction or even 
death. The present invention method may also be utiliZed to 
help characteriZe the amount of adhesive force betWeen 
different types of cells and various surfaces. Such a method 
alloWs for the characteriZation of surfaces With loW or high 
adhesive properties to the cell of interest. (In this case, cells 
may not be bound to the surface in a traditional molecular 
interaction sense, but may adhere to the surface through 
non-speci?c interactions). This technique may be useful to 
determine the likelihood of materials used in biological 
systems adhering cells and other biological materials 
thereto. 

[0086] In this eXample red blood cells are alloWed to bind 
to glass coated With a ?rst synthetic polymer (polymer 1) 
(FIG. 4a). After binding, the cells are subjected the present 
invention method to determine the binding af?nity. The 
scans are carried out in a physiological solution (e.g., PBS) 
and the force required to remove cells from the surface is 
noted. Then the same cell type is alloWed to bind to a surface 
coated With a second polymer (polymer 2) and the process 
repeated (FIG. 5a). By comparing the forces necessary to 
remove the cells from each surface, the polymers can be 
compared With respect to their ability to bind, or not to bind, 
red blood cells. The adhesive measurement can be based 
upon the torsion and vertical force applied by the probe. 
Quantitative measurements can be obtained by calculating 
the force used to displace the cells. 
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[0087] In an alternative embodiment, the various polymers 
can be “printed” onto a surface by contact or inkjet printing. 
This surface is then incubated With red blood cells and all of 
the polymers under scrutiny are tested simultaneously in a 
single force panning experiment. 

[0088] In FIG. 4b, the cells bind to the surface With a force 
loWer than that generated by the scanning process. Because 
of the loW cell binding force, the majority of the cells are 
displaced from the surface during scanning. In FIG. 5b, cells 
bind to the surface With a force greater than that generated 
by the scanning process. The cells are not displaced by the 
AFM scanning across the surface that applies the set point 
force. Variations of this process alloW the user to acquire 
quantitative information regarding the strength of cell/sur 
face binding. 

[0089] In one alternative embodiment, a specialiZed AFM 
probe is used to minimiZe cell damage. The specialiZed 
probe can be made “blunt” by bonding a microparticle to the 
end of an AFM probe. Binding of a microparticle to the end 
of the probe may be further described in copending US. 
application Ser. No. 09/574,519. The blunted probe has a 
reduced chance of slicing into the cells being analyZed, 
acting more like a ploW to push against the soft cells Without 
rupturing them. 

[0090] In another alternative embodiment, the cells may 
be isolated and reproduced in large numbers so that the 
proteins responsible for the cell-substrate interaction can be 
identi?ed. In the case of cells containing recombinant pro 
teins, this process can be considered analogous to the phage 
display process in that the cells can be used to amplify cell 
surface proteins With certain desirable characteristics. 

[0091] In yet another alternative embodiment the force 
applied to each object may remain constant to determine the 
effect of a repetitious constant force being applied to the 
object. As may be appreciated, other studies may also be 
conducted to analyZe the binding af?nity of the object to the 
surface, or the material deposited on the surface. 

[0092] The information and eXamples described herein are 
for illustrative purposes and are not meant to eXclude any 
derivations or alternative methods that are Within the con 
ceptual conteXt of the invention. It is contemplated that 
various deviations can be made to this embodiment Without 
deviating from the scope of the present invention. Accord 
ingly, it is intended that the scope of the present invention be 
dictated by the appended claims rather than by the foregoing 
description of this embodiment. 

1. A method for determining the binding af?nity betWeen 
an object and a surface comprising: 

af?Xing at least one object to a surface; 

applying a force to at least one object on the surface to 
remove at least one object that has a relatively loW 
binding af?nity to the surface; 

monitoring the force applied to at least one object; and 

calculating the binding af?nity betWeen at least one object 
and the surface from the force applied to remove at 
least one object. 

2. The method of claim 1 Wherein the scanning probe 
microscope is an atomic force microscope. 
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3. The method of claim 1 wherein the force is applied to 
at least one object using an atomic force microscope. 

4. The method of claim 1 further comprising collecting at 
least one object removed from the surface by the applied 
force. 

5. The method of claim 1 further comprising scanning the 
surface again to locate at least one object on the surface. 

6. The method of claim 5 further comprising 

(a) scanning the surface using an increased applied force; 
and 

(b) collecting those objects that are removed by the 
increased force. 

7. The method of claim 6 further comprising repeating 
steps (a) and (b) Wherein the applied force is sequentially 
increased. 

8. The method of claim 6 further comprising harvesting at 
least one object from the surface. 

9. The method of claim 6 Wherein at least one object is 
selected from the group consisting of proteins, nucleic acids, 
antibodies, cells, viruses, and phage particles. 

10. A method for determining a binding af?nity betWeen 
an object and one or more materials comprising: 

obtaining a surface, the surface further comprising one or 
more materials deposited thereon; 

af?Xing at least one object to be studied to the one or more 
materials deposited on the surface; 

applying a force to at least one object to remove at least 
one object; and 

calculating the binding affinity betWeen the object and the 
corresponding material from the force applied to 
remove the object. 

11. The method of claim 10 further comprising monitor 
ing the force required to remove the object from the corre 
sponding material. 

12. The method of claim 10 further comprising scanning 
the surface With a scanning probe microscope to locate at 
least one object. 

13. The method of claim 10 Wherein scanning the surface 
and applying the force to at least one object is accomplished 
in a liquid medium 

14. The method of claim 11 further comprising collecting 
at least one object removed from the corresponding material. 

15. The method of claim 10 further comprising: 

applying an incrementally increased force to at least one 
object; and 

collecting at least one object that is removed by the 
increased applied force. 

16. The method of claim 15 further comprising harvesting 
at least one object remaining on the surface. 

17. The method of claim 10 Wherein the binding affinity 
interactions are molecular interactions. 

18. The method of claim 10 Wherein the binding affinity 
determined involves protein interactions. 

19. The method of claim 10 Wherein the binding affinity 
determined involves nucleic acid interactions. 

20. The method of claim 10 Wherein the binding affinity 
determined involves antibody/antigen interactions. 

21. The method of claim 10 Wherein the binding affinity 
determined involves receptor/ligand interactions. 
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22. The method of claim 10 Wherein the binding af?nity 
determined involves cell/cell interactions. 

23. The method of claim 10 Wherein the binding af?nity 
determined involves cell/substrate interactions. 

24. The method of claim 10 Wherein the binding af?nity 
determined involves virus/virus interactions. 

25. The method of claim 10 Wherein the binding af?nity 
determined involves virus/substrate interactions. 

26. A method for assessing the interaction force betWeen 
an object and a surface comprising: 

depositing at least one material on a surface; 

af?Xing at least one object to the material deposited on the 
surface; 

scanning the surface With an atomic force microscope to 
locate at least one object af?Xed to the surface; 

applying a force to at least one object With the atomic 
force microscope, the force being determined by the 
user and some of the objects being removed from the 
surface by this force; 

scanning the surface to locate the at least one object that 
is still affixed to the surface; 

applying a second greater force to the at least one object 
on the surface using the atomic force microscope; and 

collecting at least one object still af?Xed to the surface. 
27. Amethod of determining the binding af?nity betWeen 

an object and a surface comprising: 

(a) depositing one or more objects on a surface 

(b) scanning the surface With an atomic force microscope 
to locate the objects on the surface; 

(c) applying a ?rst force to at least one object on the 
surface With the atomic force microscope to remove at 
least one object from the surface that has a relatively 
loW binding af?nity; 

(d) collecting at least one object that has been removed 
from the surface by the ?rst force; 

(e) applying a second, greater force to at least one object 
using the atomic force microscope to remove at least 
one object from the surface that has a relatively loW 
binding af?nity; 

(f) collecting at least one object that has been removed 
from the surface by the second force; and 

(g) repeating steps (b) through 28. Amethod of determining the binding af?nity betWeen 
an object and a material deposited on a surface comprising: 

(a) depositing at least one material on a surface; 

(b) binding at least one object to at least one material; 

(c) applying a ?rst force to at least one object on the 
surface With an atomic force microscope; 

(d) collecting at least one object that has been removed 
from the surface by the ?rst force; 

(e) applying a second force to at least one object on the 
surface using the atomic force microscope to remove at 
least one object from the surface; 
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(f) collecting at least one object that has been removed 
from the surface by the second force; and 

(g) repeating steps (b) through 
29. The method of claim 28 further comprising calculat 

ing the minimum binding a?inity betWeen the object and the 
object and the material deposited on the surface from the 
applied force. 

30. The method of claim 28 Wherein the objects are 
deposited using non-speci?c binding interactions. 
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31. The method of claim 28 Wherein the objects are 
deposited using convalent binding interactions. 

32. The method of claim 28 Wherein the objects are 
selected from one or more of the group consisting of 
proteins, nucleic acids, antibodies, cells, or viruses. 

33. The method of claim 28 Wherein the interaction force 
is betWeen an antibody and an antigen 

* * * * * 


