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We find ‘sticky’ 2D diffusion of poly-L-lysine–polyethylene glycol (PLL–PEG) coated silica colloids

sedimented onto a brush of long, double stranded l-DNA. The interaction is hypothesised to be

hydrophobic, due to known physical properties of single and double stranded DNA and the systematic

elimination of other known forces. The colloids are found to have variable affinity to the surface when

prepared at different pH, even when the electrostatic environment of the brush is kept identical. Varied

diffusive behaviour is observed: the diffusivity increases when the incubation pH is higher, and fewer

beads are stuck to the brush surface. This sensitivity is found to agree with a simple model for the

adsorption conditions of the PLL on the silica spheres. The significance of hydrophobicity is confirmed

by capping the ssDNA ‘sticky’ end of the DNA, leading to a drastic enhancement of diffusivity of the

particles on the brush.
1 Introduction

Surface control is crucial for the proper functioning of many

modern biomedical devices. For instance, DNA biosensors and

phage display technologies rely on specific affinity to a substrate.

The sensitivity of such devices is reduced by non-specific inter-

actions. Hence, there is a great need to have simple, reproducible

techniques to control non-specific interactions. In the present

paper, we describe a simple method to vary the strength of non-

specific interactions of colloidal particles with a DNA-func-

tionalized substrate.

There is a wide variety of (bio)physical systems where the

interaction of surfaces with DNA plays a key role. Examples

include DNA packaging,1–3 translocation of DNA through

pores4–7 and DNA-mediated colloidal self-assembly.8–15 Further

to hybridisation, the basic physico-chemical properties of DNA

give it features that are independent of Watson–Crick pairing,

such as its elastic response16–19 and hydrophobicity.20–22 These

affect not only the energetics of relevant processes, but also the

dynamics that is determined by the interaction of the diffusing

entity with its environment.

The temperature dependence of the strength of DNA hybrid-

isation leads to a high temperature sensitivity of the ‘stickiness’

between colloidal particles and surfaces that have been func-

tionalised with complementary DNA strands.23 However, as we

discuss below, non-specific interactions may also result in
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interactions between colloidal particles and surfaces. Here, we

study the degree of ‘‘stickiness’’ between colloids coated with

poly(L)lysine–polyethylene glycol (PLL–PEG) and solid surfaces

coated with thick polyelectrolyte brushes composed of l-DNA.

The key point to note is that, although we use a DNA brush as

a substrate to mimic DNA-functionalised materials, we use

DNA that does not interact specifically with the colloidal parti-

cles. Hence the substrate–colloid interactions are purely

electrostatic and/or hydrophobic. Importantly, we find that the

affinity between the colloids and the DNA brush can be

controlled by varying the pH during the functionalization of the

colloids. As we study systems under conditions where the elec-

trostatic interactions are strongly screened, we hypothesise that

the colloid–substrate adhesion is largely due to the hydropho-

bicity of the DNA strands.24 In particular, we show that beads

incubated in different pH conditions within the physiological

range, 7–9, display drastically different dynamic behaviour on

the DNA brush. This pH dependence is potentially important

because at present, colloids are usually functionalised at a pH

value that is set by the most commonly used buffers (e.g. pH 7.2,

standard pH of PBS). The present study suggests that a careful

choice of the pH during colloidal incubation is crucial to control

the degree of non-specific colloid–substrate interactions. Also,

given an understanding of the underlying phenomenon, one can

extend the framework of such a system to physically similar, non-

DNA systems of grafted colloids undergoing diffusion on coated

surfaces.25

In our study we used a combination of different experimental

methods to trace the dynamics of the colloids, probe their surface

charge and measure the thickness of the DNA brush. Specifi-

cally, to study the dynamics of the colloids we used video

particle-tracking to determine the mean-squared displacements
This journal is ª The Royal Society of Chemistry 2012
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of the colloidal particles and thus calculate their diffusivity D.

We quantify the degree of horizontal confinement by relating the

horizontal mean-squared displacement of the colloids to an

effective harmonic spring constant k. To characterise the surface

state of the PLL–PEG coated microspheres prepared under

different conditions, we used zeta-potential measurements.

Finally, we used confocal microscopy to characterise the thick-

ness of the brush. To this end, we used an intercalating dye that

allowed us obtain a three-dimensional reconstruction from

stacks of confocal microscopy images.
2 Materials and methods

2.1 Glass cleaning and PLL–PEG absorption

The PLL–PEG used has a bottle-like structure consisting of

a positively charged polylysine backbone with PEG side chains.

The particular co-polymer used in these experiments was PLL

(20 kDa)-g(3.5)-PEG (2 kDa), where the PLL-backbone had

a molecular weight of 20 kDa, and each PEG side chain had

a molecular weight of 2 kDa. The grafting ratio was 3.5, i.e. there

is one PEG chain grafted every 3.5 lysines along the backbone,

on average (Fig. 1).

In order to adsorb PLL–PEG evenly onto glass, the silica

surface needs to be free of contaminants. Glass surfaces were

soaked in 10% Hellmanex (Hellma, UK) solution for over 24

hours and rinsed in an excess of doubly distilled H2O (ddH2O).

The surfaces for DNA grafting were, for the most part, 400 ml

wells on 96 well plates with a number 1.5 coverslip thickness

optical bottom (Nunc, US). 1.16 mm diameter silica microspheres

(Microparticles Gmbh, Germany) were confirmed to be free of

defects through imaging using an environmental scanning elec-

tron microscope (FEI Philips XL30 FEG ESEM), hence were

used directly.
Fig. 1 Grafting scheme for l-DNA to the surface following a 3-step

procedure: (1) PLL–PEG is electrostatically adsorbed to the surface (2)

streptavidin is bound to the surface via a biotin–avidin linkage. (3) Pre-

biotinylated l-DNA is added and bound to one of the open sites on the

streptavidin.

This journal is ª The Royal Society of Chemistry 2012
Once the surfaces were prepared, the slides or microspheres

were exposed to 0.5 mg ml�1 PLL–PEG or PLL–PEG–biotin (see

Section 2.3) (Surface SolutionS Gmbh, Switzerland) (or PLL–

PEG–biotin for DNA coating) in a 100 mM tris(hydroxymethyl)

aminomethane (TRIS) buffer of chosen pH. Incubation was

carried out overnight, to ensure homogeneous coverage. After

coating, the wells were thoroughly rinsed with ddH2O, while

colloid solutions are centrifuged at 15 000� g for two minutes to

pellet the silica beads. The supernatant was removed, and the

beads were resuspended in 100 mM TRIS buffer. The washing

procedure was repeated three times.

2.2 l-DNA biotinylation

l-DNA has a double stranded ring structure that opens up when

heated, revealing two short single-stranded ends with 12 base-

pair complementary sequences. These are known as cos1 and

cos2.26 Knowing the precise sequences,27 we selectively func-

tionalised one end with a biotinylated complementary strand and

repaired the nick in the backbone using a ligase: following

a modified protocol by Geerts et al.,28 we first mixed 10 ml of an

aqueous solution of l-DNA (500 ng ml�1) with 100 ml of 100 mM

TRIS solution at pH 8. This high buffer concentration is main-

tained to aid the stability of the double strand. This was

combined with 2 ml of a 50 mM aqueous custom cos1–biotin

complex (Invitrogen) and incubated at 65 �C for 30 minutes, and

allowed to cool slowly overnight. The nick in the dsDNA was

repaired using T4 ligase (New England Biolabs) with an

accompanying 10� buffer containing ATP – 3 ml of the ligase and

30 ml of the buffer is added to the tube, and allowed to react on

a 20 RPM rotor for 2 hours. We inactivated the ligase by heating

the solution at 65 �C for around 15 minutes. The ATP and

unreacted oligos were separated out with a cellulose-membrane

centrifugal filter (Vivacon 500 100k MWCO, Sartorius Stedim,

UK), using 3 � 30 min cycles at 2500 RPM. On every cycle, the

buffer was replaced with a sterile TRIS-EDTA buffer.

2.3 DNA grafting to surface and staining

The biotinylated l-DNA was grafted to the surface using

a streptavidin linker that attaches it to the PLL–PEG–biotin

layer. A schematic is given in Fig. 1. 5 ml of 5 mg ml�1 aqueous

solution of salt-free streptavidin from Streptomyces avidinii

(Sigma Aldrich) was added along with 50 ml of 100 mM TRIS at

pH 8, and left to incubate for 30 minutes. The biotinylated l-

DNA solution at approximately 50 ng ml�1 was then added and

allowed to incubate overnight. ddH2O rinses (�3) were carried

out between each step.

The thickness and integrity of the DNA-brush were then veri-

fied with confocal-microscopy. To that end, the double-stranded

DNAwas stained with the intercalating dye SYTO 9 (Invitrogen,

UK): 50 nM of dye was introduced and incubated for over 30

minutes, in agreement with suggested values bymanufacturers for

staining DNA microarrays. The layer was then flushed with

ddH2O and replenished with the appropriate buffer.

2.4 z Potential

The z potential of the colloids was measured using a Malvern

Zetasizer ZS (Malvern, UK). The measured z potentials were
Soft Matter, 2012, 8, 2792–2798 | 2793
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interpreted as a direct measure of the effective total surface

charge density.
2.5 Microscopy and particle tracking

Bright-field microscopy (Eclipse Ti, Nikon, Japan) was used to

visualise colloidal diffusion. A CCD camera (Stingray, Allied

Visual Technologies) with a frame rate of approximately 100 Hz

was used for video capture. For particle tracking we employed

a method developed by Crocker and Grier29 and implemented

into an adaptedMATLAB routine by Blair and Dufresne (http://

physics.georgetown.edu/matlab/). We considered only trajecto-

ries of particles that were at least 10 colloidal diameters removed

from any other colloidal particle, thus minimizing the effect of

unwanted colloid–colloid interactions.

Confocal microscopy of a fluorescently stained DNA layer

was achieved using a Leica CTR500 unit. Images were thresh-

olded to include only fluorophore sites confined to the DNA

layer by manual handling in ImageJ,30 and their coordinates were

reconstructed in MATLAB.
3 Results and discussion

3.1 Zeta potential measurements

First we measured the zeta potential of bare silica microspheres –

results are given in Fig. 2. Five different pH conditions were used

(7 to 9 in 0.5 steps) in 100 mM TRIS solution. Colloid concen-

trations were maintained at 0.005 vol% and sonicated for 15

minutes beforehand, to allow for a good transmission signal and

to keep the colloids from aggregating, as the latter will influence

the mobility. Readings were taken three times. The distribution

of zeta potentials was confirmed to have one peak only, and the

peak value was recorded. The error bars in Fig. 2 indicate the

deviation of these peak values – the distribution width is dis-

cussed later.

From Fig. 2 it is evident that the surface becomes more

strongly charged at higher pH. As the pH is raised, H+ ions are

depleted from the bulk and are also taken from the silanol groups

on the silica, increasing the negative charge. Ion exchange occurs

on significantly smaller length scales than the curvature of the

microspheres. Saengsawang et al.31 give the distance between

charged sites as either 0.386 nm or 0.575 nm, depending on the
Fig. 2 Zeta potentials of bare silica particles and those coated with

PLL–PEG in 100 mM TRIS at pH 7 to 9. The surface becomes more

strongly charged at higher pH for the bare silica, while an approximate

charge cancellation is seen in the PLL–PEG coated ones.

2794 | Soft Matter, 2012, 8, 2792–2798
configuration, hence it is safe to assume that these values apply to

flat silica surfaces, such as a coverslip.

Subsequently, PLL–PEG coated beads were measured (see

also Fig. 2). These show a significantly reduced surface potential,

as electrostatic adsorption of the PLL–PEG chains creates

a composite surface with a reduced net charge. Given the high

adsorption energy, the PEG side chains are forced to point into

the bulk solution around the bead, creating a sterically stabilising

layer. It is assumed that the polylysine is immobilised onto the

surface, and is not affected by the external electric field of the

Zetasizer.

It can be seen that the bare colloidal charge is roughly canceled

by the adsorption of PLL–PEG. This is expected as, despite the

polymeric nature of the PLL, there is no other interaction apart

from Coulomb forces that bring it to the surface. Thus, it is clear

that a higher silica surface charge directly corresponds to more

PLL–PEG on the surface.

Two further points need to be considered: (1) though this is not

reflected in Fig. 2, the width of the distributions is found to be

significantly larger for low zeta potentials, at approximately �5

mV. Low surface charge means low mobility, due to slow elec-

trophoretic drift in the same field. The majority of the signal is

thus made up of beads at the extremities of coating/non-coating,

resulting in a lower peak at, say zero mV, and greater at higher

values, resulting in a flattening of the distribution curve, hence,

explaining the larger deviation. (2) There are reports of stability

over a period of 3 weeks32 in the presence of the same buffer.

However, when the buffer pH is changed, we found that the same

charge cancellation rule is found, with no overcharging

phenomena. This implies that a more densely coated bead

releases the polylysine once the surface charge changes.
3.2 DNA brush characterisation

The configuration of the DNA brushes is primarily deter-

mined by our grafting method, which simply allows free

polymers to graft to the surface via biotin–avidin binding.

Once a grafted monolayer in mushroom configuration has

formed, further grafting becomes kinetically hindered.33 Thus,

it would be reasonable to think that the monolayer will either

be in a mushroom regime, or at the boundary to an extended

brush-regime. Given the extreme length of l-DNA, it is in

a quasi-neutral state, with blobs interacting in a self-avoiding

manner, where the blob size is determined chiefly by electro-

statics and Manning condensation.34 Note that only mono-

valent buffers are used here, as it is not desirable to induce

brush collapse.35

Given such a description, the thickness of the layer should be

approximately the radius of gyration of the DNA layer (Rg z
800 nm in a good solvent11), or slightly larger. A l-DNA layer

in pH 8, 100 mM TRIS was stained with SYTO-9 and imaged

using confocal microscopy. Taking a stack of images through

the DNA-layer and reconstructing local fluorescence maxima

to a three-dimensional picture gave us an indication of the

grafted layer thickness (Fig. 3): we observe a relatively sharp

plateau region of 1.5–2 mm in thickness, slightly larger than 2Rg

but significantly less than the contour length of l-DNA, L z
15 mm. Therefore we will refer to the DNA monolayer as

a brush.
This journal is ª The Royal Society of Chemistry 2012

http://dx.doi.org/10.1039/c2sm25296a


Fig. 3 Distribution of fluorophores over different z positions. The

plateau of around 1.5 mm width indicates the thickness of the brush.
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3.3 Particle trajectory analysis

3.3.1 Bare beads on l-DNA. First, we examined the diffusive

behavior of bare silica beads on the DNA-brush. We allowed

the colloids to sediment onto the DNA brushes in 100 mM

TRIS buffer. Because of the high density of silica, all the 1.15

mm large beads sedimented within 10 minutes, having a gravi-

tational distribution of only a few mm in z-direction. For all pH

values observed (7–9), the beads were almost immediately

immobilised on contact with the DNA-brush, despite the

negative charge on both the bead surfaces and the brush. This is

most likely due to the strong hydrophobic interaction between

bare, unstabilised silica surfaces and DNA. This concurs with

the work of Liu et al.,22 who observed adsorption of l-DNA

onto flat glass surfaces. They report an increased adsorption for

surfaces that have not been deep-cleaned using harsh basic

agents – this situation corresponds to the state of the micro-

spheres we used.

3.3.2 PLL–PEG coated colloids on l-DNA. Similar to the

bare-bead experiments, we prepared dilute solutions of silica

colloids sterically stabilised with PLL–PEG. 5 wells were

prepared using identical procedures establishing the DNA-brush

layers. Once the brushes were established the pH in each was

changed to obtain 5 different pH conditions before the PLL–

PEG beads were introduced. We immediately observed an

increased mobility for all the beads, which we ascribed to the

presence of the hydrophilic PEG layer on the surfaces.

In order to discern the effects of pH on the bead–brush

interactions, independent of the ionic strength of the solvent,

NaCl is added in the correct quantities. Thus we ensured the

ionic strength to be 100 mM at all pHs. This ionic strength was

chosen such that the PEG monolayer was behaving according to

good solvent conditions. The radius of gyration of the PEG side-

chains in solution Rg was found using an empirical equation

given by Devanand and Selser,36

Rg ¼ 0.215Mw
0.583�0.031. (1)

This equation is given in units of �Angstrom, and Mw is the

average molecular weight. For PEG 2000, Rg ¼ 1.8 nm. This is

compared with the Debye screening length in a 100 mM salt

buffer, given by lD ¼ (3r30kBT/
P

N
i niqi

2)0.5, where 3r and 30 are the

relative and free space permittivities of the medium (in this case,

water), kBT is the thermal energy and ni and qi are the number
This journal is ª The Royal Society of Chemistry 2012
densities and charge of the N ionised species in solution. This

gives lD ¼ 0.9 nm, which is less than the radius of gyration of the

PEG.

Summarising: the colloid–substrate affinity for this system is

determined by the interaction between the DNA brush and

a combination of either (a) the PEG or (b) the silica of the beads,

when directly in contact (Fig. 4B). We know, from the bare bead

experiments that latter is a strong, hydrophobic adsorption.

To determine diffusivities, we analysed the colloidal trajecto-

ries x(t) for time intervals up to a few seconds in length. The

diffusion coefficients were obtained from the time dependence of

the mean-squared displacements (MSDs) of the colloids.

Different methods are used to estimate the short-time diffusion

constant of a particle, depending on whether it is trapped or

diffusing freely. For particles that are freely diffusing in a plane

parallel to the surface, we use hx(t)2i ¼ 4Dt. For particles that

undergo locally Brownian motion but that are trapped, we use

the expression for the time dependence of the mean-squared

displacement of a particle diffusing in a harmonic potential with

spring constant k.37 The value of k was determined from the

plateau value of the mean-squared displacement:

k ¼ 4kBT

hx2iplateau

Combining these with the relaxation in a harmonic potential,

one gets the expression

D
xðtÞ2

E
¼ 4kBT

k

�
1� exp

� Dkt
kBT

�
: (2)

Instrumental drift was accounted for by using a moving

average high pass filter with a window of at least twice the

maximum lag.

As can be seen from Fig. 4, the diffusion constant of colloidal

particles on the soft substrate depends strongly on the pH at

which the particles were functionalised. The more PLL–PEG is

adsorbed to the colloidal surface, the higher their diffusivity and

the weaker their confinement. The (gradual) transition from high

to low diffusivity is centered around pH 8. The peak at high k in

the histograms for pH ¼7 and 7.5 indicates a lower bound: the

true value of k cannot be resolved, but may be higher than

indicated.

3.3.3 Discussion of pH effect. We now describe the possible

physical effects behind the strong change in diffusivity with the

pH during the coating of colloids. It seems plausible that the low

diffusivity for pH < 8 is due to the incomplete PLL–PEG

coverage of the negatively charged surface of the silica beads. In

that case there are too few negative charges to bind enough

positively charged PLL chains to cover the whole microsphere

surface.

For the PLL–PEG used, there are 3.5 lysine residues per PEG

side chain (see Fig. 5A). These residues are assumed to be fully

dissociated (one positively charged amine moiety per lysine

residue). The charged units are distributed over an area deter-

mined by the Debye length lD and the radius of gyration of the

PEG (approximately 1.8 nm), as there is a free energy penalty for

overlapping adjacent strands. This short, 2 � Rg long section of
Soft Matter, 2012, 8, 2792–2798 | 2795
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Fig. 4 (A) Short time diffusion constants D and confinement values k for PLL–PEG coated beads on DNA surfaces in 100 mM TRIS, adjusted to 100

mM ionic strength using NaCl. Beads incubated at higher pH are more mobile, while those at lower pH have a higher affinity to the surface. There is

a clear transition in the nature of the particles, from (B) DNA adhesion to the silica surface through small gaps on the surface to (C) a complete PEG

coverage, allowing free diffusion. Note that strict histogram conventions are not observed at the extremities of the axes, to preserve the scale.
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PLL and its 3.5 positive charges can interact with negative

charges on the silica over an area determined by �Rg � lD – this

equates to a charge density of sPLL z 0.17 C m�2. Our

measurements of the z potential values provides direct evidence
Fig. 5 (A) Diagram of PLL–PEG adsorption. PLL adsorbs onto a silica su

surface and jd at the end of the Stern layer. (B) s and adsorption energy ejd

reached when the pH reaches 8. This agrees with the behaviour transition see

2796 | Soft Matter, 2012, 8, 2792–2798
for a pH dependence of the degree of charge cancellation. Then,

the conclusion is that, in order to obtain full steric stabilisation,

the pH needs to be such that the charge of the silica surface

matches that of a PLL–PEG layer which fully covers the
rface with charge density s, characterised by surface potentials j0 at the

for different pH. The threshold charge density sthreshold z 0.17 C m�2 is

n for particle dynamics.

This journal is ª The Royal Society of Chemistry 2012
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colloidal surface. Substituting, this silica surface charge density

threshold sthr is given by sthr ¼ sPLL z 0.17 C m�2.

The charge density of the surface s is determined by two

factors: (1) the surface charge can be found as a function of the

electrostatic potential at the surface j0 and the pKa. j0 is related

to the diffuse layer potential jd, the distance from the surface at

which ions regain their mobility, by the capacitance of the silica–

water interface38 C¼ 2.9 F m�2. (2) jd can be found as a function

of s for a sufficiently flat surface and Debye length lD assuming

flat double layers. The binding energy of the PLL can then be

approximated by ejd, where e is the elementary charge. The two

relations are expressed as39

jdðsÞ ¼
1

be
ln

�s

eLþ s
� ðpH� pKÞ lnð10Þ

be
� s

C
(3)

sðjdÞ ¼
2330lD

be
sinh

�
bejd

2

�
; (4)

where 3 and 30 give relative and free space permittivities, b is the

reciprocal of the thermal energy kBT and L ¼ 8 nm�2 is

the number of available sites per area that can be charged on the

silica surface. We found self-consistent values of s and jd for

different pH conditions, given in Fig. 5B, using a pKa value of

5.8.40

We find that the surface reaches sthreshold at the pH when we

see a transition in behaviour between tethered motion and free

diffusion. This is in agreement with our hypothesis, that the

adhesivity of the surface is determined by the degree of coverage

of the microspheres with PLL–PEG. Note also the high

adsorption energies – this validates the long term stability of the

layer.

It should be noted that this perfect agreement may be fortu-

itous, due to the choice of the width of the area with which the

PLL chain interacts. Indeed, the electrostatic potential extends

further than half a Debye length either side. However, it should

be noted that the distance at which the potential drops to kBT is

probably too long a choice, as a kBT binding energy is too low for
Fig. 6 A comparison of diffusivityD and confinement k distributions for

l-DNA brushes with (sticky) and without (capped) a ssDNA end at pH

7.5. There is a clear increase in diffusivity when the ssDNA ends are

capped, indicating that a large part of the bead–DNA interaction is

hydrophobic.
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stable adsorption. In fact, this lends credence to the converse

argument that, given the good agreement with experimental

data, the adsorption energy is just adequate for stable binding at

a distance half lD from the chain. A more accurate calculation

would need to account for the charge redistribution as a positive

polyelectrolyte approaches the surface, but this is beyond the

scope of this work.

3.3.4 Role of the ssDNA end. We still need to understand the

adhesive interaction between the bare silica surface and the DNA

brush. As discussed below, we can attribute this adhesion to

hydrophobicity. Evidence for this hypothesis comes from a study

where we modify the hydrophobicity of the l-DNA brush by

capping the short ssDNA ‘sticky’ group at the end of the strand:

ssDNA is much more hydrophobic than dsDNA due to exposure

of its bases. Interestingly, we find that capping the ssDNA sticky

end groups has a large effect on the colloidal diffusivity.

After biotinylation of the l-DNA strand, the same protocol

was used to hybridise the other end as well with a complementary

oligonucleotide with no biotin, complete with backbone ligation.

Beads incubated at pH 7 were used for comparison, as these were

found to have the greatest affinity to the colloid surface. The

comparison of D and k distributions, given in Fig. 6, reveals that

there is a marked increase in diffusivity, and a decrease in

confinement strength when the ssDNA ends are capped. The

effect is not a total removal of the effect – dsDNA also show

some stickiness to the bare beads.
4 Conclusions

We have demonstrated that colloids bind non-specifically to a l-

DNA brush and display a drastically reduced diffusivity, despite

the presence of electrostatic repulsion between the negatively

charged sugar–phosphate backbone of the single stranded DNA

and the silica surfaces. By changing the incubation conditions of

the microspheres, the hydrophobic interaction between the beads

and the DNA are modified, with lower confinement and higher

diffusivity for beads that are prepared and maintained at high

pH, with a transition point at around pH 8. The effect of the pH

is attributed to an inherent patchiness of the PEG coverage as the

surface charge changes, combined with a counter-ion conden-

sation in the Stern layer. The significance of hydrophobicity is

further confirmed when the most hydrophobic element of the

DNA brush, the ssDNA end of the l-DNA is capped, further

enhancing diffusivity for even the most adhesive beads.

The work presented here has important implications for the

choice of protocol for the preparation of PLL–PEG coated

colloids. First of all, our work shows the potential of using

controlled PLL–PEG adsorption for tuning the hydrophobicity

of silica colloids simply by choosing the appropriate pH during

incubation. Such PLL–PEG coated silica beads are stable in

solution, and easily prepared. Secondly, work study clarifies the

nature of the non-specific attraction of a DNA brush to silica

surfaces. Understanding such non-specific effects is important

when studying the effect of specific interactions such as hybrid-

ization. In particular, single-stranded DNA appears to have

a greater affinity for bare silica surfaces than double-stranded

DNA. Furthermore, we have shown that this attraction can be

modified by changing the nature of either the introduced probe
Soft Matter, 2012, 8, 2792–2798 | 2797
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particles, the surface itself, or both. This is highly significant in

the light of the phenomena highlighted in the Introduction, as

they are governed just as much by diffusion dynamics as equi-

librium behaviour.
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