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Recent experiments show that the adsorption of biomolecules on one surface of a microcantilever generates
surface stresses that cause the cantilever to deflect. If a second species binds to the adsorbed molecules, the
stresses change, resulting in a different deflection. By choosing adsorbed probe molecules that recognize
specific molecules, it may be possible to detect pathogens and biohazards. In particular, Fritz et al. (Fritz, J.;
Baller, M. K.; Lang, H. P.; Rothuizen, H.; Vettiger, P.; Meyer, E.; Guntherodt, H.-J.; Gerber, Ch.; Gimzewski,

J. K. Science200Q 288 316) and Wu et al. (Wu, G.; Haifeng, J.; Hansen, K.; Thundat, T.; Datar, R.; Cote,

R.; Hagan, M. F.; Chakraborty, A. K.; Majumdar, Rroc. Natl. Acad. Sci. U.S.£001, 98, 1560) show that

the presence of an individual sequence of DNA may be identified by observing the change in deflection as
hybridization occurs. Also, it has been shown that this platform can detect prostate specific antigen (PSA).
However, to exploit this phenomenon for the development of reliable microdevices, it is necessary to understand
the origin of the nanomechanical forces that lead to cantilever deflection upon molecular recognition, as well
as the dependence of such deflections on the identity and concentration of the target molecule. In this paper,
we present a model with which we examine cantilever deflections resulting from adsorption and subsequent
hybridization of DNA molecules. Using an empirical potential, we predict deflections upon hybridization
that are consistent with experimental results. We find that the dominant contribution to these deflections
arises from hydration forces, not conformational entropy or electrostatics. Cantilever deflections upon adsorption
of single stranded DNA are smaller that those predicted after hybridization for reasonable interaction strengths.
This is consistent with results in Fritz et al., but not those in Wu et al. The deflections predicted for DNA
before and after hybridization are strongly dependent on surface coverage, as well as the degree of disorder
on the surface. We argue that self-assembly of probe molecules on the cantilever surface must be carefully
controlled and characterized for the realization of microdevices for pathogen detection that rely on
nanomechanical forces generated by molecular recognition.

1. Introduction Target Molecule
Developing the capability to identify molecules that act as * ¢ * PR

pathogens, cancer indicators, chemical weapons, or biohazards * o n o3 Probe Molecule

is important for the health care industry and national security.

Many approaches to this end are being explored. We are CERE S N Gold
considering a tactic that is motivated by recent experimérits. . SiNx
In these experiments, a group of identical “probe” molecules
are end-attached to one surface of a microcantilever beam
(Figure 1). Experiments* find that this causes the cantilever
to bend, or deflect. The deflection is measured optically. A
solution containing “target” molecules, or molecules that can
bind to the probe, is then introduced. Experiments show that,
upon binding, the deflection changes. Results from these
experiments suggest that the identity, and sometimes concentragigure 1. Basic platform used for experiments performed in Wu et
tion, of the target molecule is related to the change in deflection. al2

Thus, we envision a microarray of cantilevers, each of which
has a different probe molecule immobilized on the active
surface. When a fluid sample enters such a microfluidic device,
the deflection of each cantilever is monitored separately. The

Target Binding

Change in
deflection

fluid sample can then be screened for target molecules based
on the change in deflection of each cantilever.

Development of this system will involve designing, for each
target of interest, a probdarget-cantilever system that yields

* Corresponding author. observable and reproducible deflections. This general problem
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- Department of Mechanical Engineering, University of California. molecular-scale binding and recognition to measurable responses
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Figure 2. Typical result from experiments in Wu et%a) Deflection

vs time upon immobilization of ssDNA. (b) Change in deflection vs
time as hybridization takes place. (Figure taken from Figures 2a and
3a in Wu et aP)

forces generated by molecular binding and the characteristics
of the target and probe molecules.

Modeling such a system in its entirety, and developing the
pertinent design rules, necessitates a hierarchy of simulation
methods and theories that span different length and time scales
These computational studies must be carried out in close synerg
with experiments which probe the same phenomena. The first
step in developing hierarchical methods aimed toward modeling
these systems is to develop an understanding of the forces tha
govern the deflections of one cantilever upon immobilization
of the probe molecules and preberget complexes. This paper
will concentrate on cantilever deflection at equilibrium. We will
focus on analyzing experiments that involve DNA hybridization.
It is worth remarking, however, that the experimental platform
under consideration can be used to detect other biological
molecules. For example, Wu et f@lhave demonstrated its
applicability to measurement of prostate specific antigen (PSA)
at concentration levels that are clinically relevant for diagnosis
of prostate cancer.

In the experiments involving DNA, a solution containing end-
thiolated single stranded DNA (ssDNA) molecules (the probe
molecules) is introduced into a cell containing a silicon nitride
(SiNy) cantilever, which has one surface coated with gold. The
ssDNA molecules end adsorb on the gold surface of the
cantilever through the strong getdhiol bond. Then, a solution
containing the complementary strands of ssDNA (the target

Yat
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mobilized and subsequently hybridized in sodium phosphate
buffer (PB) at concentrations ranging from 0.1 to 1 M. In these
cases, hybridization caused a reduction in deflection. However,
when immobilization was performed & M PB, but hybridiza-
tion was carried out in 0.1 M PB, the deflection increased upon
hybridization. In all experiments the pH was maintained at about
7.0.

Thus far, the mechanisms responsible for the cantilever
deflection upon immobilization and hybridization of DNA have
been considered only in a limited and qualitative way. Fritz et
al.! suggested that electrostatics and steric interactions among
immobilized molecules lead to a surface strain which causes
cantilever deflection. Hybridization increases the magnitude of
these interactions and thus increases the deflection. In Wu et
al2 it is suggested that the steric and electrostatic effects are
coupled to configurational entropy. Because ssDNA has a much
shorter persistence length & 0.75 nm) than double stranded
DNA (dsDNA; I, ~ 50 nm)? configurational entropy effects
are assumed to be much larger for ssDNA. Therefore, it is
suggested that the negative change in deflection upon hybridiza-
tion results from the decrease in importance of configurational
entropy. Thus far, neither assertion has been investigated in a
meaningful way.

In this paper, we describe systematic computational studies
of cantilever deflection resulting from end-adsorbed molecules.
Specifically, we study double stranded DNA and flexible
macromolecules that serve as a model for single stranded DNA.
Comparison of our results with experiments sheds light on the
important physical processes involved in the generation of
nanomechanical forces upon DNA hybridization. Our studies
also highlight the importance of a basic lack of understanding
of how ssDNA molecules interact with each other and with
Wwater. [This deficiency can, in principle, be addressed through
omistically detailed calculations (see, e.g., ref 6). However,
with current computational resources the extent of such calcula-
Fons is limited, so we concentrate on coarse grained investiga-
ions in this paper.] Our calculations, in conjunction with
experiments, also point to the importance of careful control and
characterization of adsorbed layers of probe molecules. We find
that this is necessary for consistent interpretation of experiments
in different laboratories and, ultimately, for the design of reliable
microdevices. For example, we find that small amounts of
disorder in the adsorbed layer can significantly affect cantilever
deflection.

This paper is organized as follows. In section 2, we describe
the basic models that we employ to study the pertinent
phenomena and present our main results. In section 3 we
summarize the important findings and discuss new experiments
that these findings suggest.

2. Model and Description of Results

2.1. Overall Free Energy.In our model, the forces determin-
ing equilibrium cantilever deflection can be divided into four

molecules) is introduced and the change in deflection is basic categories. First, the conformational entropy of an adsorbed
measured as probearget hybridization takes place. An example macromolecule is decreased by the presence of neighboring
of the data resulting from such an experiment is given in Figure molecules. The molecules also energetically repel each other,
2. due to solvent-mediated interactions as well as electrostatic
These experiments have been carried out by different groupsrepulsions. We will represent the electrostatic free energy by
in slightly different conditions, with significantly different Fgec, and the free energy resulting from macromolecular
results. In Fritz et al. ssDNA was immobilized in 50 mM conformational entropy and nonelectrostatic interactions will be
triethylammonium acetate buffer with 25% ethanol, while denoted byFpoLy. In addition, there is a free energy contribution
hybridization reactions were carried out in saline sodium citrate associated with the osmotic pressure of the counterions localized
hybridization buffer. It was found that cantilever deflection in the region of the cantilever due to the charges on DNA
increased upon hybridization. In Wu et alDNA was im- molecules. This will be denoted blosu. The free energy
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associated with these effects decreases as the intermolecular Molecules of dsDNA resist lateral compression due to
distances and volume occupied by counterions increase. In otheelectrostatic interactions and hydration forces. The electrostatic
words, adsorption on a curved surface leads to lower free repulsions (per unit length) between two cylinders with an
energies for the same average distance between molecular graféffective charge per lengthe, located on the outside of the
points on the surface. In the cantilever experiments, these effectscylinder can be written 884

lead to a force that favors deflection. There is, however, a

mechanical energy penalty associated with bending the canti- T expdiip)

lever, denoted b¥cant. The balance between these two effects Fee =" 2 T (5)
determines the cantilever deflection at equilibriBaanT can V4D
be expressed &s
where
_C
Ecant = Q (1) 2kT|b
(6)
a a

where C depends on the thickness of the cantilever and the
modulus of the material of construction aRdlenotes the radius
of curvature of the shape adopted by the cantilever.

The overall free energy;, can now be written as

andlp denotes the Bjeurmm length (7.14 A in water). The radius
of dsDNA (about 1 nm) is denoted lay The value ofe depends

on the degree to which counterions condense on the DNA (see,
e.g., ref 15), also known as Manning condensation. In Strey et
al? it is suggested that the degree of Manning condensation in
these DNA systems is smaller than that predicted by conven-
tional counterion condensation theory; tHusnay be smaller
thanly, (also see Hansen et ).

Hydration forces result from perturbation of the hydrogen
bonding network in water by the DNA moleculdn particular,
dsDNA is surrounded by at least two hydration shells which
contain about 20 water molecules per base ¥althis results
in a strongly repulsive force as DNA molecules are brought
together. Leiken et &l suggest that the free energy per unit
length §4) resulting from hydration forces between cylinders
should be written in a form similar to the electrostatic repulsions:

f0=(| B

F= ECANT + FPOLY + FOSM + FELEC (2)

If we are able to determine the dependence of the latter three
terms onR, then the equilibrium radiuReg, can be calculated
by minimizing F(R). In the limit of small curvature, the optically
measured deflectiond] is then given by

d,’

2Req
whered; is the length of the cantilever. All deflections given
in this paper are given for the cantilever used in Wu et al.,

with d, = 200um andC = 107° J. Using the following formula,
however,C, and thus deflections, can be determined for any

©)

cantilever! exp(d/i
F.=b \/& p(-d/4,,) @)
Ed,® 2 Jdi,
C=—p (4)
24R(1 - ) wherey is the correlation length of water0.3 nm) andb

must be determined empirically.

where d; is the thickness of the cantileveE is Young's In an array of semiflexible molecules such as those used in
modulus, andy is the Poisson ratio. For the cantilever used by the experiment;13 the bare interaction forces given by eqs 5
Wu et al.? d; = 500 nm,E = 180 Pa, and = 0.25. and 7 are renormalized by conformational fluctuatidng,

2.2.a. Model for Immobilized Semiflexible Polymers (ds- Based on an analysis of nematically ordered polymers, Strey et
DNA). The methods used to estimate the free energy contribu-al? show that the effective free energy as a function of axial
tions to eq 2 depend on the specific molecular system. The formseparation can be written as
of the terms in eq 2 other thaacant are thus different for a
flexible molecule such as ssDNA which has a persistence length
that is smaller than any average distance between grafting points
we will consider, and a semiflexible molecule, such as dsDNA,
whose persistence length is orders of magnitude larger. For
simplicity we have assumed a hybridization efficiency of 100% whereFy = Fy + Fg_ andk. denotes the bending stiffneds (

412
Fy 1 0F,

R =Fo(d) + cleTh ™ A= o — G5

8

(thus all immobilized DNA is double stranded after the
hybridization step). We note, however, that the actual hybridiza-
tion efficiency may be significantly smaller at high grafting

= kgTlp). The parameter is a dimensionless constant (of order
1) that was fit to experimental data in Strey efal.
As the distance between chains is increadegl,decays

densities
Due to its importance in biology, much effort has gone into

exponentially with the decay length, For the second term in

eq 8 (the fluctuation effect) the decay length is effectively
describing various properties of dsDNA. In a set of experiments quadrupled. Thus, at large distances, the observed decay length
that is particularly relevant to this work, Parsegian and co- is 44 (which has been seen experimentyliyAt interaxial
workers laterally compressed hexagonally ordered arrays of distances below 3.2 nm, the decay length was found to be
aqueous dsDNA12 The necessary force was measured as a approximately 0.3 nm, regardless of buffer concentration,
function of distance between chains and salt concentration. indicating hydration forces dominated at all measured salt
These measurements were fit to expressions based on theoriesoncentrations (0:22 M NaCl). Hydration forces are so strong
for nematically ordered semiflexible polymers to obtain an below this separation distance that fluctuations are suppressed
effective pairwise interaction potential between dsDNA mole- (as seen with X-ray diffractidh and the first term in eq 8
cules?~12 We briefly summarize the relevant findings. dominates.
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The experimental force vs distance measurements are fitto @ 3% .
eq 8 in Strey et al. This gives a pairwise potential per unit £ 301
length for dsDNA molecules as a function of molecular € 251 ¢
separation,w(d;[Na*]), where the salt concentration is a € 20 .
parameter. We can use this to directly predict deflection for 5 55l .
immobilized dsDNA, provided we first address two differences ‘g 0] o
between the cantilever experiments and the model experiments & o
in Strey et aP While DNA molecules are hexagonally ordered 3 Z o

in the experiments in Strey et dighains are adsorbed on the
cantilever surface in an unknown pattern that is likely very
disordered. We consider the effect of disorder in section 2.2.b.
Second, the analysis of fluctuations for nematic systems that

0.00E+00  5.00E-02  1.00E-01  1.50E-01  2.00E-01  2.50E-01

grafting density, ¢ (chains/nm?)

40 -
leads to eq 8 is only applicable to long chains; at the very least 2 35 - *
the chains should be longer than the persistence lehgifhe < 30 *
persistence length of dsDNA-60 nm} is significantly longer g 25 .
than the contour length of any of the chains used in the cantilever € 20 .
experiments. Although this should make the reader question the § 15 | .
applicability of the above analysis to the cantilever experiments, ;:’ 10 4 .
it does not necessarily imply that there are no fluctuation effects § 51 *
in these chains. Due to the exponential nature of the bare forces, 0 ; . ; . ; ‘

o

small deviations from the straight conformation can lead to 10 20 30 40 50 60
significant fluctuation-induced effects in this system. Analysis number of nucleotides, N
in Podgornik et atl12suggests that the axial length over which  Figure 3. Deflections predicted for dSDNA using empirical potential
these fluctuations take place is only about 4 nm, which is less in Strey et af® (a) Deflections vs grafting density for 30 nucleotide
than the contour lengths of the DNA molecules used in the molecule. (b) Deflect|c_)ns predicted fpr graft_lng density of 0.17 chains/
experiments. Thus, at sufficiently low grafting densities, there nn?. Results are applicable to solutions with bulk [Naf 1 M and
. ’ o . . N larger (hydration forces dominate at all grafting densities at or above

most likely are fluctuation effects in the cantilever experiments 1\ (Naf], with b = 1.7 x 107 I/m, 2 = 2.9 A, andc = 1.2).
and we used the full form of eq 8 in our analysis. Based on our
findings and experiment§we believe that the pertinent surface and the corresponding experimental values (Figure 3a in Wu et
coverages are above the threshold at which fluctuations areal?) for grafting densities in the range of 0:18.2 chains/nrh
suppressed due to strong hydration forces. Therefore, the pariThese grafting densities are in reasonable agreement with surface
of eq 8 that is not applicable to short chains did not significantly coverages reported in a similar syst€rand correspond to
contribute to our predictions. intermolecular distances in the rangedpf= 2.3—2.6 nm. These

Deflections are predicted as follows. We assume the mol- intermolecular distances are below the threshold at which
ecules are grafted in an ordered fashion, with the mean interaxialfluctuations are suppressed (vide supra).

distance at the cantilever surface givendgy= 1/6Y/2, whereo When obtaining the results shown in Figure 3, we assumed
denotes the grafting density. Due to curvature of the cantilever, that all molecules were separated by an average distaihce,
the distance between DNA moleculéss), increases with radial  In reality, the self-assembly of end-adsorbed ssDNA molecules
distance from surfaces. In the limit of small curvature, the  may not be uniform on the scale of a few nanometers, and so
variation is given by the surfaces are most likely disordered on short length scales.
We investigated the effect of having a distribution of distances
d(s) = do(l +§) 9) between molecules by calculating cantilever deflections for the
following Gaussian distribution of distance®(dp):
The free energy per unit area, which includes both the ;{ (dy — mODZ
polymer free energy and electrostatic effects is then ap- P(dy) =C,exg— ———— d,=d. (12a)
proximately given by 2w
P(d)=0 d,<d (12b)

L
Foswt Fpory T Felec = Uﬂ) ‘wld(s);[Na']] ds (10)
wherew is the standard deviation art@} is the normalization
In the limit of small curvatures, we can expand quantities to constant given by
first order inL¢/R and minimize the total free energy (eq 2) to

obtain an analytical expression for cantilever deflection. The cl= 7 de — [dy
. J L T=w erfg——— (13)
resulting expression is 2 V2w

L2 oF The cutoff,dc, is imposed because the potential diverges as
5= € 3d|% (11) the separation approaches zero. We chigse 1 nm, the radius
8Cd, of dsDNA. As can be seen in Figure 4, relatively small values

of the standard deviation can cause dramatic increases in
2.2.b. Results for Double Stranded DNA (Semiflexible deflection. This is because the exponential dependence of the
Polymers). The variation of deflection with grafting density chain—chain interactions makes the repulsive interactions
and chain length predicted using this approach is shown in between chains at separations smaller fidgidominant. Thus,
Figure 3. We cannot compare these results to the data in Frtizdeflections similar to those seen experimentally can be predicted
et all because absolute deflections were not recorded. There iswith [do(that is greater than 3.2 nm, the distance below which
good agreement between the predicted deflections in Figure 3ahydration forces begin to dominate. However, the deflection
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Figure 4. Dependence of predicted deflections for dsSDNA as a function

of disorder on the surface. Because of the exponential nature of the

interactions, a standard deviation of O&flis sufficient to increase
the predicted deflection by an order of magnitude.
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Lipowsky?” for the influence of grafted polymers on the effective
bending modulus of a membrane.

This approach has been extended to polyelectrolyte brushes
by relating the persistence length and excluded volume param-
eter to the local concentrations of charges within the brush (e.g.,
Pincug® and Hariharan et &F). We will follow Hariharan et
al?? and assume both effects are accounted for by the following
relation:

v=1%"1 (17)
wherex~1 is the local Debye length/{0.3 nmCs/?), with Cs
denoting the local salt concentration.

To establish the appropriate value oto set the excluded
volume parameter, as well as to estimate the contributions of

behavior in these cases is dominated by the small distance parfosm and Feiec, we must determine the densities of the

of the distribution, and thus the deflections are still relatively
insensitive to salt concentration.

neutralizing counterions within the brush. However, the ionic
densities (and therefore the electric potential) depend on local

This strong dependence of cantilever deflection on disorder POlymer concentrations, and thus are coupled to the polymer
has important implications for experimental design of pathogen conformations. These dependencies are further coupled through
detection microdevices that employ surface adsorbed probe€d 17, rendering an analytical solution infeasible. In the
molecules. The nanoscale self-assembly of adsorbed probefollowmg calculation, the ionic concentrations are approximately

molecules must be carefully controlled for reproducible (and
thus, reliable) responses of the microdevice.

2.3.a. Modeling Grafted Flexible Polymers (ssDNA)As
mentioned above, there is relatively little information about the
segmentsegment interactions in ssDNA. In this section, we
will discuss several models of flexible polymer chains that are
appropriate for different segmengegment interaction strengths.
As in the case of modeling dsDNA, some of the methods we
will use are strictly valid only in the long chain limit, but we
will validate the predictions of these methods by comparing
them to results of Monte Carlo simulations (in which case the
long chain limit is not directly assumed).

If we assume the interactions are sufficiently weak that they

determined according to a method suggested in Hariharan et
al.2?the spatial variations of charge density and electric potential
within the brush are neglected and mean values are considered.
With the assumption of electroneutrality in the brush, the mean
ionic concentrations can be related to the mean electric potential
using the PoissonBoltzmann (PB) equation. This calculation
follows directly from Hariharan et af® with appropriate
modifications for a cylindrical system. We then assume the
molecular volumes for the solvent molecules and the counterions
are the same, denoted byand calculate the mixing free energy

of the counterions and solverfeyx. Since the system is in
equilibrium with bulk solution, the appropriate free energy is
actually the excess free energy, which was earlier denoted by

can be approximated by short-ranged excluded volume poten-Fosw:

tials, we can estimate the polymer free energy by utilizing

several methods commonly used to examine polymer brushes,

e.g.2-2 scaling laws, self-consistent-field (SCF) methods, and
Monte Carlo (MC) simulations.

The effects of curvature in polymer brushes were first
analyzed through scaling laws by Daoud and Cdttand later
by Halperin?® For a cylinder this approach yields

1/3\3/8
FooLy = 2R03’2[(1 + Nﬁ'(%) 3) - 1] (14)
where the height of the brush)(is given by
L a3 Nljov\13
(R+1) —1+R(|) (15)

N denotes the chain lengthis the statistical segment length (
~ 2l,), o is the grafting density, and is the excluded volume,

which must be treated as a fitting parameter. Unless otherwise
noted, we have taken the intrinsic statistical segment length of

ssDNA to bel = 1.5 nm? although other estimates exist (e.g.,
| ~ 2 nm in Tinland et af%). In the case of neutral chains,
Fosm andFg ec do not contribute, and the following expression
results for the equilibrium deflection:

5 d,’(15/64™ )3 2

4c (16)

This expression is similar to the result derived in Hiergeist and

N dv

Fosm=Fuix — z#i”itot = f\‘, zni In - (18)

I ] ni
whereu; andnit denote the chemical potential and total number
of molecules of specigsThe number fraction of speciewithin
the brush and in bulk are denoted byyand n®, respectively.
The summation runs over the counterions-(1, 2) and solvent
molecules i(= 3). In the cylindrical geometry appropriate for
the cantilever experiments, this yields

Nopo (N|)2)n3 Ny
with
0 2|12 0
o=|1+ PPoo . l"Poo (20)
2ezn 2ezn

wherepp denotes the density of polymer charges:

_ 1

pp=f,ppdV =2 Z en (21)

\ i£T2

and z denotes the valence of the electrolyte (assumed to be
symmetric:z=z = —z and n® = n*). In eq 19, y» denotes

the amount of charge per polymer segment. Except where
indicated otherwise in this paper, we have assumed full Manning
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condensation, which implies the upper limit of i a - 1 . . , i
-3 25 2 1.5 - 05
=1 (22)
b = -2
€
wherely, is the Bjerrum length. The first term in eq 19 represents N;
the contribution of the ions, and the second term comes from S 4]
the entropy of the solvent. 5
In the preceding development, the concentration and free %
energy of the counterions are determined without accounting %
for excluded volume. In other words, the counterion free energy 2 A -6
is that of an ideal gas. Furthermore, the polymer and ion ~13/6
concentrations are not allowed to vary within the bréfsBoth
of these assumptions can be relaxed using the discretized SCF 8/
method of Scheutjens and FI&&{SF). We have performed SF log[ 6 (chain/nm?®)]
calculations that account for electrostatic effétémd variations
in chain flexiblility.3 Except where otherwise mentioned, b o
conformations which include back-folding are not counted and £ ool ¢
effects of bond correlations are includéd. S 0.06 - Me
Since the DNA molecules used in the experiments of concern E 0.05 -
are short, and because we do not expect scaling laws or the SF 3 0.04 ¢ Scaling Law
calculations to be applicable in the limit of strong or long-ranged $ 0031 _% .
segmentsegment interactions, we carried out complementary g 0021 ¢ L1 ™ ‘\S
MC simulations. In the MC simulations discussed in this paper, 8 °'°; L o e am e mamAt * F
a molecule is represented by a chain of spheres, each of which o o002 o004 006 o008 o1 o1

has an adjustable interaction potentia(r). The potential
included a term to represent hard sphere interactions,as
well as a term appropriate for both electrostatic and hydration

grafting density, ¢ (chainsinm?)

Figure 5. Deflections for athermal chains. (a) Deflections from
athermal MC simulations match scaling law (eq 16). Results are from

forces in three dimensions: MC simulations aN = 5 (), 7 ), 10 (a), and 15 ®) segments. If
we assume a statistical segment length of 1.5 nm, this corresponds to
exp(r/i) 13—-38 nt. Normalizing the deflections bi? causes all results to
u(r) = Uys T Ug — (23) collapse onto a single curve. The solid line corresponds to ¢3¢,

(b) Absolute deflections for athermal chains using MC simulations,
SF calculations, and the scaling law. Results are shown for a chain of

In the case of electrostatics the prefactor is given by 10 segments A25 nt). These are well below the experimental
deflections ¢ ~ 20—30 nm) [see Figure 2a in Wu et 4l. Results
2 from both MC simulations and SF calculations show similar scaling,
Uy =— (24) but the MC deflections are about twice as large as results from the
€ other two methods. Unlike the other results for SF calculations in this

paper, flexibility effects (along with bond correlation and back-folding

wheref is the number of charges per segmenis the charge effects) were not included in this SF calculation. This was to keep the
of an electron, and is the dielectric constant. In the case of excluded volume ab = I as it is in the MC simulations and scaling
hydration forces, we cannot make an a priori estimate for the law calculation. Except where otherwise noted, all SF calculations were
magnitude ofup, but we assume that the decay length i§ performed with the Flory, parameter set to zero.
related to the correlation length of water (as it is for dsDNA).
Flexibility is adjusted by regulating the number of “freely results collapse on to one curve upon normalizatiolbyrhe
rotating” spheres. A freely rotating sphere can form any bond solid line represents the grafting density variation predicted by
angle, whereas all other spheres are restricted to bond angle€q 16; the deflections follow this scaling law once moderate
of 18C°. In this way, the statistical segment length can be grafting densities are reached. Similar trends are seen using the
adjusted from one bead to the entire molecule (a rod). SF calculations. The agreement among these results suggests

Chain conformations are generated using the configurational that these methods can be used to estimate the effects of
bias method? and free energies are estimated using Frenkel's conformational entropy, even for the short chains we consider.
modification of the Widom insertion methdd Except where The deflections predicted by the different algorithms are
otherwise mentioned, one sphere represents a statistical segmerfompared in Figure 5b. These values are several orders of
of ssDNA. The grafting points are annealed in most simulations. magnitude smaller than those seen experimentally for SSDNA
Itis likely that grafting locations of the chains in the experiments (see Figures 2 and 3 in Wu et?l.These results demonstrate

are quenched on experimental time scales. We also carried oUiha; conformational entropy alone is not sufficient to account
simulations with quenched graft points (this requires a slight for the deflections observed for SSDNA

modification to Frenkel’s algorithm). The results for quenched o .
graft points were qualitatively the same as the results we will ~ WWhen considering polyelectrolytes with weak (hard sphere
discuss. only) segmentsegment interactions (thus no hydration forces),

2.3.b. Results for Flexible Polymers withwWeak Interac- we discovered that the dominant force determining deflections
tions. We first investigate neutral chains with only hard sphere originated fromFosy. We can show this explicitly by comparing
interactions. Figure 5a shows the deflections found in MC the forces that result from the polymer and osmotic free energies.
simulations at different chain lengthl); normalized byN?. These forces are obtained by differentiating egs 14 and 19 with
The chain length scaling is made evident by the fact that the respect taR:
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density for 0.2 M NaCl andlc = 15 nm, withl, = 1.5 nm. The results

o 1 suggest that the counterion osmotic pressure is significantly more
1\ . 1-n7Q+ 6 important at all relevant grafting densities, although configurational
l](l - az)n 1+In - (26) entropy effects have a higher scaling dependence on grafting density.
—2n

Because excluded volume of the counterions is neglected in eq 26, it
is not applicable to higher grafting densities.
In the limit of R> L, eq 15 indicates thdt ~ L. Thus we see

that the variations of both the conformational and osmotic free % 0_;: rod ]
energies scale asc?, which means whatever conclusion we £ 081 \,‘\
draw from the following analysis should apply at any chain 2 g:;: to
length. The relative magnitude of the two forces is shown in € 05 - '

Figure 6 as a function of grafting density. Note that the ;g‘; . '’

counterion osmotic force is an order of magnitude larger than 202 .

the polymer force at all grafting densities considered. We cannot § 0-(1) 1

use eq 26 at grafting densities above 0.1 chains/because

the concentration of counterions becomes large enough that the
ideal gas approximation for the free energy of the counterions
becomes invalid.

SF calculations are valid at higher grafting densities. How-
ever, we cannot explicitly compare the contribution of different
forces as was done above because there are no analytic
expressions for individual effects. Instead, we can compare
deflections predicted for flexible chains to those obtained for
rods. Since the rods have no conformational freedom, all of
the deflection in this limit must result from counterion osmotic 0.75 ) . . . \
pressure. Figure 7 shows the deflections predicted using the SF 0 0.05 01 0.15 0.2 0.25
method; note that the deflections predicted for rods are actually o (chains/inm?)
slightly higher. This is because, on average, the counterions areFigure 7. Comparison of deflections predicted by the SF method for
located closer to the surface of the cantilever for flexible chains, rods and flexible chains (denoted as FC) in the screened electrostatic

- regime forLc = 15 nm. At all grafting densities the deflections are
where brush heights are smaller than the contour length due tOgreater for rods. (a) Variation of deflection with grafting density for a

conformational entropy. Thus, bending of the cantilever results by k salt concentration of 0.2 M. (b) Variation with salt concentration
in less of an increase in available volume for counterions in is shown for a grafting density of 0.2 chains/fim
the case of flexible chains, as compared to a system of rodlike

chains. Our calculations show that the increase in conformational _exp(«(r — Rgp)
entropy with curvature for flexible chains is unimportant u(r) = Uy r(L+ «Ry,)
compared to the increase in configurational entropy of the

counterions due to bending of the cantilever. Using the SF | herer is the distance between monomers, Raglis the radius
algorithm, the persistence length can be varied from one segmentys the phosphate ion on the DNA. Equation 27 is an extension

up to the entire chain length (rod). As this is done, the deflection ¢ eq 23 that includes finite ion size. In these MC simulations,

monotonically increases because the brush height is increasingg4ch monomer corresponds to a bead with a diameter equal to
The chain conformational entropy contribution is indeed de- ¢ Bjerrum length, so thaf = 1. This corresponds to

creasing as this occurs, but this contribution is less important. approximately two nucleotides. We took the statistical segment
Before accepting this result, we should discuss the signifi- |ength to be 1.5 nm; thus conformational freedom was allowed
cance of electrostatic repulsions in these calculations. The PBonly at every second bead. To be carried out properly, these
expression assumes that the electrostatic repulsions can bgimulations should be coupled to an algorithm that solves the
accounted for by eq 17, and the SF calculation makes a meanPB equation in order to determine changes in local salt
field approximation parallel to the cantilever surface. This concentration as different polymer conformations are sampled.
effectively smears charge within each horizontal layer, so it is Since the purpose of these simulations is only to determine the
possible that the effect of electrostatic repulsions is underrep- significance of electrostatic repulsions, we assumed a constant
resented in both methods. For this reason, we carried out MCsalt concentration within the brush and did NOT account for
simulations with a repulsive potential(f)) representative of  osmotic pressure effects. The deflections which result for an
screened electrostatic repulsions: internal salt concentratiorf @ M andRon = 0.6 nm are shown

0.08 0.1 0.12 0.14 0.16 0.18 0.2 0.22

o (chains/nm?)

2.00
s
1.75 4 * rod
1.50 - " C
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1.00 A

cantilever deflection (nm) T

(27)
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Figure 9. Deflections predicted for using the SF algorithm as a function ) ) ] )
of chain length. Grafting density is 0.2 chainsfmnd 0.1 M sodium Figure 10. (a) Volume fraction profiles for athermal chains with 10
phosphate buffer is simulated. Full Manning condensation is assumed.Statistical segments. Results are similar to those obtained using the SF
method. (b) Volume fraction profiles for chains with 10 segments with
interactions. The profiles for grafting densities larger than 0.07 chains/

in Figure 8. The deflections are much smaller than those that nn? are significantly different from the parabolic profiles in (a).

result from counterion osmotic pressure.

SF calculations for chains at the Manning threshold indicate gimyjations. We then discuss how strong the segrmesgment

that, regardless of the external salt concentration, the saltinteractions in ssSDNA need to be for this model to predict the
concentration within the brush will be comparable to the density geflections observed experimentally.

of polymer charges for all grafting densities. There is also
experimental evidence to corroborate this &€ Thus, we
should always expect this screening to occur in our model, which
means electrostatic repulsions will contribute a smaller effect
than the osmotic pressure in all cases for flexible polyelectro-
lytes.

The deflections resulting from osmotic pressure for screened
polyelectrolytes without hydration forces (Figure 9) are an order
of magnitude smaller than those predicted for dsDNA (Figure
3) with hydration forces considered. Note that the deflections
in both cases scale @&~ N2, so the comparison can be made

at any clhain Iength..Experimenta.\I results at higher salt CONCEN-£4 chains as short as 5 or 10 segments. The profiles for the
tratlor? find that cantllgver Qeflqct|on Qecreases upon hybridiza- strongly interacting chains are much closer to step functions
tion. The results described in this section demonstrate that ef‘fects(i e., an Alexander De Gennes profif)

due to conformational entropy changes and electrostatic interac- . ) .
The possibility that we can study strongly repulsive flexible

tions alone cannot explain this observation. . i ; .
chains using eq 8 can be first analyzed by examining the

2.3.c. Results for Flexible Polymers (ssDNA with Strong - . . . . s
. . . S variation of deflection withl at different grafting densities. In
Interactions). The results in the preceding section indicate that i ; : .
the limit of small interaxial separations or long decay lengths,

we cannot obtain experimentally relevant deflections for ssDNA the bare interactions will dominate eq 8. As we move awa
with the physics we have included thusfave must consider from this limit, the second term be ir?s tb take over, and thg
stronger segmentsegment interactions. Strongly repulsive S . 9 o

bare potential is renormalized, eventually quadrupling the

segmentsegment interactions will cause chains to favor . L . .
extended conformations. Beyond a certain value of the interac- effective decay length. If the chains in our simulations behave
like chains in a nematic system, our simulation results should

tion strength, these conformations will resemble those of a L . -

nematic system. If our system of flexible chains is in this regime, exhibit _th|s behavior. In_the limit .Of small curvature_ and no

it will be desirable to use eq 8 to model them because then Wefluctugnons, the deflection rgsultlng from a potentia(r})

will be able to use the same model for both ssDNA and dsDNA, described by eq 8 can be written as

which facilitates comparisons. Therefore, we performed MC 1
o

The most probable cause of strong repulsive interactions in
ssDNA is hydration forces, which we expect to result from
similar origins as in dsDNA. Thus, the simulations we will
discuss used values d@fthat were similar to the correlation
length of water. Although we used values @f which cor-
respond to weaker interactions than those seen in dsDNA, the
interactions were sufficient to produce an abundance of extended
conformations. This can be seen by comparing the volume
fraction profiles for chains with strong interactions (Figure 10b)
to those for athermal chains (Figure 10a). Note that the profiles
for athermal chains show the expected parabolic sRépeven

simulations of flexible chains with strong interactions, and we no' =— (28)
first show that eq 8 is consistent with the results of these °
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Figure 12. Using eq 8 to predict deflections for the MC chains with
b - i ' ' ' ' strong interactions. Simulation (connected spherical beads) and analyti-
5 10 15 20 25 :

827 cal (cylinders, eq 8) results are shown for flexible chains. As a reference
= -34 1 point, the deflections for rods with periodic, ordered graft points are
T 361 shown for both spherical beads (obtained by numerical integration) and
% 38 1 cylinders (obtained using eq 8 with the second term neglected). In the
T. 40 1 "%‘ case shownyp = 630ksT nm/statistical segment (correspondingbto
"3:-42- & o X A\ = 2.34x 109 J/m),A = 3.1 A, andc = 0.32. Similar agreement
8 MR between theory and numerical calculations is found at all values of
2 441 + and A studied. The value of used is independent of, but as the

-46 1 deflection increases at a given(through increasingi, and/orl) c

-48 - increases but remains of order 1. The value oked for the dsDNA

50 4 interactions in Strey et & (for salt concentrations greater than 1 M)

WA is 1.2.
Figure 11. (a) Variation of deflections witlii. The segmenrtsegment The preceding comparison was done only for chains with

interactions are given by eq 23 witly = 1260 kgT nm/statistical ) - 2
segment, and the values bfre given in nm. (b) Data are replotted as five segments. However, the MC deflections scaled asN,

suggested by eq 28. The lower line describes a slopelofind the as do the deflections predicted by eq 8. Thus the analysis is
upper line shows a slope 6f0.25. valid at any chain length. (It can be shown that, in our model,
for any system in which the brush height is proportionalNto
where the deflection will scale withN? in the small curvature limit.)
The deflections we have considered thus far in this section
, o are significantly smaller than the experimental values. As the
o= 01.2511/2( 1 1) (29) grafting densitypo (or bin eq 8), or is increased, the predicted

—=t 2 deflections increase, but both the theory and simulations indicate
Ao that the effect of fluctuations decreases. Once the interactions
. . become strong enough to predict deflections seen experimentally
where we have suppressed some terms which do not vary with¢, either dsSDNA or sSDNA, the effect of fluctuations is less
grafting density or interaction strength. In the limit where han 1094 at any reasonable persistence length. Thus, assuming
fluctuations dominate, the deflection should still satisfy eq 28, 4t segmentsegment interactions are stronger for dsDNA than
but now4 should be replaced byi4 ssDNA, our calculations always predict a larger cantilever
Figure 11 is a plot ob’ (obtained from MC simulations at  deflection for dsDNA. This is consistent with the experiments
different values of. ando) against 140°°. If the chains behave by Fritz et al* and inconsistent with the experiments in Wu et
like a nematic system, we expect the data from different g2
simulations to fall on a single curve. We expect the slope of  Our conclusion would be different for a “softer” cantilever,
this curve to be—1 in the region where fluctuations are in which case the relevant grafting densities are below the
suppressed and0.25 in the region where fluctuations dominate  threshold at which fluctuations are suppressed. As an example,
(recall the effective decay length is quadrupled). There is clearly consider a cantilever for whicB = 0.03 nJ (33 times smaller
a great deal of scatter in the limit of small interaction strength, than the value used for the experimental cantilever). We
but the overall slope is close t60.25. At higher interaction  computed deflections as a function of persistence length for
strengths the normalized deflections appear to approach one linechains at a grafting density correspondingldgl= 3.4 nm,
with a slope that is close te'1. with the interaction potential for dsSDNAtd M NacCl. Note
Deflections predicted by the analysis of Strey el é&q 8) that this average distance is larger than 3.2 nm, the threshold
are in quantitative agreement with results from the MC below which hydration forces dominate and fluctuations are
simulations. For a given simulation, all parameters in eq 8 were suppressed. We find fég = 1 nm (ssDNA)o = 35.5 nm, and
set except foic, which was treated as an interaction strength for I, = 50 nm (dsDNA)J = 19.5 nm, and if we assume the
dependent fit parameter in Strey efas shown in Figure 12, dsDNA is too short for fluctuations to be includely & ),
we find near perfect agreement with the simulation results, thend = 9.2 nm. From the standpoint of device design, this
providedc increased slightly with interaction strength. In all points to the importance of the interplay between the mechanical
casesc is of order 1. Note that the analysis leading to eq 8 properties of the cantilever and characteristics of target and probe
assumes the chains are grafted in an ordered, periodic mannemnolecules. Changing the cantilever stiffness can lead to observ-
while the chains in our simulations have annealed graft points. able deflections at much lower adsorbate densities, and a
Since the chains repel each other strongly, annealing results inconsequent change in even the direction in which the cantilever
surface arrangements that are close to being ordered. Hencedeflects upon targetprobe binding.
deflections for chains with annealed graft points are very close 2.4. Effect of Nonspecific SegmentSurface Interactions.
to those for chains grafted in an ordered fashion (not shown). Nonspecific (i.e., not due to gotethiol bonds) attractions
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Figure 13. Effect of segment/surface interactions on cantilever
deflections predicted using SF algorithm for neutral chains. The
attractive potential with the surface is given by(z) = f exp(—2z/As).
Grafting density was 0.06 chains/Anbhc was 10 nm, the lattice size
was 0.667 nm, antj = 1 nm. In all cases showis = 1 lattice unit.

As the Floryy parameter decreases, the segmspgment interactions
become more repulsive.

between DNA and gold have been reported in several experi-
mental investigations; it is assumed they arise from electrostatic
attractions to the gold surfaéé3> The most important effect

of nonspecific interactions is that they may hinder the realization
of surfaces with an equilibrium distribution of adsorbed probe

molecules. We used SF calculations and Monte Carlo simula-
tions to examine the effect of nonspecific segment/surface
interactions given that equilibrium conditions prevail.

Figure 13 shows SF predictions for systems in which surface
interactions range from very repulsive to strongly attractive
potentials and intersegment interactions are of the excluded
volume type. The most relevant observation is that cantilever
deflection is not significantly affected by surface interactions

unless the interaction strength is very large. The physical reason

for the dependence of cantilever deflection on segment/surfac
interactions is the following. A strongly repulsive potential

causes the chains to take extended conformations. The driving

force for deflection is the fact that the lateral distance between

€.

Hagan et al.

from independent experiments, which accounts for these effects,
we predict deflections that are consistent with results inWu et
al?2 We predict cantilever deflections for the adsorption of
ssDNA that are smaller than those for dsDNA, which agrees
with the observations in Fritz et dlhut is not consistent with
Wu et al? Our calculations show that, if a more flexible
cantilever is considered, experimentally relevant deflections can
be achieved at interaction strengths and grafting densities for
which conformational entropy is a significant factor. Under these
conditions, deflections can be smaller upon hybridization, as
seen in Wu et a.This underscores the importance of consider-
ing the interplay between material properties and prabeget
interactions during microdevice design.

Our calculations highlight the importance of grafting density
in determining the magnitude of cantilever deflections. An
important finding is that cantilever deflections are very sensitive
to the morphology of the surface, as evidenced by the influence
of disordered grafting points on deflection. This emphasizes that
characterization and control of nanoscale self-assembly pro-
cesses that determine probe molecule adsorption are imperative
for reliable microdevice design. This suggests that experiments
which use techniques such as neutron scattéfir®j[M 37 or
AFM38 to image the surface are desirable for learning the
relationships between surface preparation protocols and con-
trolled self-assembly of adsorbed probe molecules.

Since it is such an important quantity, it may be desirable to
relate the grafting density (and corresponding surface stress) to
the DNA bulk chemical potential, (e.g., a Gibbs adsorption
isotherm calculation). However, due to the irreversible nature
of the gold-thiol bond (on experimental time scales) and the
large time constant associated with additional chains penetrating
the polymer brush once moderate grafting densities are achieved,
it is likely that a purely thermodynamic description of the
adsorption process is inappropriate.

Finally, we note that our calculations assume that the

segments on neighboring chains increases as the cantilevefnolecules which have adsorbed are in equilibrium with each

curves. The magnitude of this increase becomes larger as

segments move away from the surface. Thus systems with
extended conformations experience a larger driving force to
deflect. As this potential is decreased and eventually become
attractive, the chain conformations move closer to the surface,
and the deflections decrease.

Once the surface potential becomes attractive, there is a

competing effect which favors increased deflections: as the

cantilever curves, more polymer segments can approach themolecule

surface and experience the favorable surface potential (which
decays with distance from the surface). At some point this effect
will dominate over segmentsegment repulsions. Thus, there
is a minimum in deflection at some strength of the attraction,
after which a more attractive potential yields larger deflections.
MC simulations and electrostatic SF calculations show similar
trends.

3. Summary and Conclusions

Inexpensive devices that can rapidly detect pathogens and

biological/chemical hazards are highly desirable. One strategy
that is being explored toward this end is to exploit microcan-
tilevers with adsorbed probe molecules that deflect upon
molecular recognition of target molecules. We have presented
a model that examines microcantilever deflections resulting from
DNA hybridizaton. For dsDNA in the regime pertinent to recent
experiments;? we find that hydration forces are the dominant
factor determining cantilever deflections, not electrostatics or
conformational entropy. Using an empirical poteriflaerived

other. Nonspecific segment/surface interactions may lead to the
formation of nonequilibrium surfacé8,in which case our
calculations are not relevant. Perhaps more importantly, we
cannot expect reproducible and reliable results from a microde-
vice that does not use surfaces annealed under equilibrium
conditions. Efforts to prevent realization of nonequilibrium
surfaces, including the blocking of nonspecific DNA segment/
surface interactions by the introduction of small thiolated
$4.36.39should be explored.
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