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Abstract In a mixture of colloidal particles and polymer molecules, the particles may experience an attractive “depletion
force” if the size of the polymer molecule is larger than the interparticle separation. This is because individual polymer
molecules experience less conformational entropy if they stay between the particles than they escape the inter-particle space,
which results in an osmotic pressure imbalance inside and outside the gap and leads to interparticle attraction. This depletion
force has been the subject of several studies since the 1980s, but the direct measurement of this force is still experimentally
challenging as it requires the detection of energy variations of the order of kg7 and beyond. We present here our results for
applying total internal reflection microscopy (TIRM) to directly measure the interaction between a free-moving particle and
a flat surface in solutions consisting of small water-soluble organic molecules or polymeric surfactants. Our results indicate
that stable nanobubbles (ca. 150 nm) exist free in the above aqueous solutions. More importantly, the existence of such
nanobubbles induces an attraction between the spherical particle and flat surface. Using TIRM, we are able to directly
measure such weak interaction with a range up to 100 nm. Furthermore, we demonstrate that by employing thermo-sensitive
microgel particles as a depleting agent, we are able to quantitatively measure and reversibly control kg7-scale depletion
attraction as function of solution pH.
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INTRODUCTION

In a mixture of micron colloidal particles and nonadsorbed nano-particles (often known as depletants), as far as
the surfaces of two micron particles approach within the diameter d of the nanoscale particles, a so called
entropic depletion effect appears: those nano-particles are excluded from the gap between the two larger
particles and thereby create an attractive force between the two larger particles due to an imbalance osmotic
pressure (I7) inside and outside the gap region!". The entropic depletion force plays an important role in many
industrial processes!”, biological interactions”®™ and in the formation of special material structures®'". For
examples, it was used and explored specially in the self-assembly of different shaped forms, either forming
stacks or on surfaces!"'"™"*\. An outstanding advantage in using depletion forces for control and assembly is that
the interaction potentials are easily controlled in the weak-attraction regime, namely, 1-5 kgT.

Both theoretical and experimental studies on depletion problem have been published over the past several
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decades. Asakura and Oosawa (AO)!"Y and Vrij'"” independently calculated the depletion potential between two
colloidal particles in dilute polymer solutions. In their model, the colloidal particles were treated as hard spheres
and a simple depletion potential with a range of the radius of gyration of polymer (R,) and strength proportional
to the concentration of polymers was obtained. Despite its simplicity, AO theory gives the length scale and
magnitude of the depletion force in agreement with simulations and experiments. On the other hand, the
experimental measurements of depletion interactions have been carried out in the presence of nanoparticle
suspensions''®, surfactant micellar solutions'” '], polymer solutions'” ** and charged polyelectrolytes!*": 2.
However, direct detection of depletion interactions is still in challenge, if not impossible, because the depletion
potential variations are in the order of kT, which can be easily masked by the thermal fluctuation™!. So it’s
unsurprising that depletion was first measured directly only 17 years ago using the surface force apparatus
(SFA)!"". Measurements have recently done by techniques such as optical tweezers (OT)**°! atomic force
microscopy (AFM)?" %! and total internal reflection microscopy (TIRM)*>!. In particular, TIRM is an
extremely sensitive noninvasive technique that has been used to measure the weak depletion force acting on a
free-moving particle in the presence of neutral polymer™?, and charged colloidal rods™*.

Recently, we have accidentally found that stable nanobubbles with size range around hundred nanometers
can exist free in solutions consisting of small organic molecules’™ or polymeric surfactants such as Pluronic
copolymers®®. Note that previously, these “bulk-free” nanobubbles are frequently related to the large
supermolecules made of water and organic molecules*®. Herein, we present the study to investigate the effects
of presence or absence of these bulk-free nanobubbles on the interaction between a free-moving colloidal
particle and a flat surface in aqueous solutions. It is found that the existence of nanobubbles in the aqueous
solution, like the nonadsorbing polymers and micelles, can induce attraction between the particle and the flat
surface. Using total internal reflection microscopy (TIRM), we are able to directly measure such weak
interaction with a range up to 100 nm. Furthermore, by employing poly(N-isopropylacrylamide-co-methacrylic)
(PNIPAM-co-MAA) microgel particles as a depleting agent®”), we found that the depletion interactions can be
easily triggered by changing the pH values of the solution and thus provide a new way of using depletion forces
to direct the assembly of colloidal particles.

EXPERIMENTAL

Total Internal Reflection Microscopy (TIRM)

TIRM is a sensitive technique that it can detect the interaction potential profiles between a micron particle and a
flat surface. This technique has been described elsewhere®- 3, Briefly, in a TIRM measurement, an evanescent
wave, which decays exponentially with the distance from the interface, is generated at the solid/liquid interface
by a total internally reflection within the glass slide. Any particle located close enough to the surface of the glass
slide will scatter the incident evanescent wave. The scattered intensity depends on the distance between the
sphere particle and the surface of the glass slide as'*”!

1(h) = Loexp(~fh) (1)

where /4 is the distance from the spherical particle to the slide surface, /; is the “stuck” particle intensity, when
h =0, and B is the characteristic penetration length. Measuring the scattered intensity over a long period
provides a histogram of the separation distance, p(%), which can be related to the total potential energy, @(#), at
that point through a Boltzmann relationship'*”’

_ dexp[- 2
p(h) = Aexpl-——"] @

B
where 4 is a constant normalizing the integrated distribution to unity. The potential energy profile is obtained by
inverting the distribution.
In our typical TIRM experiment, a diluted micron polystyrene (PS) latex dispersion was initially pumped
into a carbonized PTFE frame sandwiched between two cleaned silica microscopy slides. The evanescent wave
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with a penetration depth of 110.4 nm was produced by use of a 28 mW HeNe laser operating at 632.8 nm, which
was calculated via = 4m/A((n;sinf)* — n,*)", where the incident angle 6= 70°, A is the wavelength of incident
light beam, and n; = 1.330 and n, = 1.515 are the refractive indices of the water and the glass, respectively. Then
a PS particle of average brightness was selected and held in place with optical tweezers generated by a solid-
state Nd:YAG laser (output 300 mW at wavelength 532 nm), while the rest of the particles were washed from
the cell with the solvent. After that, the interaction between the single free-moving PS particle and glass surface
in the desired solution was recorded. The intensity measurements were collected through single photon counting
by a photomultiplier tube (PMT Hamamatsu H7155).

RESULTS AND DISCUSSION

Depletion Attraction Induced by Nanobubbles

Recently, stable nanobubbles with size range around hundred nanometers have been reported to exist free in
different aqueous solutions, including surfactant-water, alcohol-water, sugar-water and other water-soluble
organic molecule aqueous solution®®’. Further studies suggest that these bulk-free nanobubbles are negatively
charged because the hydroxyl ions (OH") from the dissociation-association of water molecules prefer to stay at
the gas-water interface”**!. In addition, they can be reversibly removed by repeated filtration and regenerated
by air injection. Therefore, we conduct the first study to investigate the effects of presence or absence of the
bulk-free nanobubbles on the interaction between a free-moving colloidal particle and a flat surface in an
aqueous solution of a-cyclodextrin (CD)PY.

We use the total internal reflection microscopy (TIRM) to quantitatively measure the interaction between a
free-moving polystyrene (PS) colloidal particle and a hydrophilic glass surface, both with the presence or
absence of these nanobubbles in an alkaline a-CD solution. The experimental setup of TIRM is shown in Fig. 1
and details could be found in our previous work**!. It should be noted that to remove the spontaneously formed
bulk-free nanobubbles in a~CD solution, the particle was held with optical tweezers coupled in TIRM, and then
the solution was repeatedly filtrated by circulating to pass a Nylon-filter (Millipore 0.45 um) in the line 2.
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Fig. 1 The TIRM experimental setup to conduct the measurement of interaction between single PS particle and flat
surface with the presence or absence of bulk-free nanobubbles in o~-CD aqueous solution

AF = air filter (including a Nylon-0.2 pm filter and a wash bottle of saturated NaOH aqueous solution); CM =
conductivity meter; BC = buffer cell; LS = line selector; L1 =line 1; L2 = line 2 (including a nylon-0.45 pm filter);
FC = flow cell; PM = prism; OBJ = objective; TUB = teflon tube; DM = dichroic mirror; F = 532 nm optic filter;
Black arrows present the direction of flow when the tubing pump is run.
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Previously, we have indicated that repeated filtration can effectively remove the bulk-free nanobubbles in the
aqueous solution without change the o-CD concentration®®. On the other hand, the reintroduction of
nanobubbles to the solution can simply be achieved by injecting air (ca. 200 mL) to the buffer cell (BC) with a
syringe pump and then circulated the system to the flow cell in a closed loop. Therefore, using a combination of
optical tweezers and the tubing flex pump, we can measure the interaction between a PS particle and a
hydrophilic surface both with the presence or absence of the bulk-free nanobubbles in a reproducible and
reversible way. More importantly, we are able to use the same single particle and the hydrophilic glass surface to
obtain a complete set of interaction potentials under the conditions with or without existence of bulk-free
nanobubbles, which not only significantly facilitates us to compare between the measured potential profiles, but
also minimizes the effects of particle and surface variation.

Figure 2 shows the total seven measurements of the interaction potentials between the particle and flat
surface under different conditions. In order to distinguish different measurements shown in Fig. 2, the subscripts
Pr and Ab were used to denote the measured potential (Dp(h) or Dan(h)) with presence or absence of
nanobubbles, respectively. Meanwhile, a conductivity meter (Jenway) was used to monitor the bulk conductivity
of the aqueous solution in buffer cell (BC) during the measurements as shown in Fig. 1. It nearly remained
constant (ca. (21 = 0.3) uSem™") during the whole seven measurements, indicating that repeatedly filtration or
reintroduction nanobubbles has no effect on it. In other words, the ionic strength (Debye length) was kept
unchanged during the measurements so that we can ensure that the only difference in the aqueous environment
is the existence of the bulk-free nanobubbles or not.

O(h)kgT

o 1stRAB
o 2nd RAB

0 100 200 300 400
h (nm)

Fig. 2 TIRM measured interaction potential profiles (@(h)/kgT) between the PS particle and glass surface

under different solution conditions

SP is solution with spontaneously dissolved a-CD molecules; RF means that the solution after repeatedly

filtrated while RAB presents the solution after the air bubbles were reintroduced. 1st, 2nd and 3rd present

the corresponding ordinal number; TC is a theoretical curve from Eq. (3) with £ =30 nm and G = 70 fN.

Figure 2(a) shows the typical interaction potential profile between the PS particle and flat surface with
spontaneously dissolved @-CD (c,.cp = 7.90 x 10~ g/mL) in NaOH aqueous solution (pH = 10.0). It is worth to
mention again that nanobubbles can be spontaneously formed in the o-CD aqueous solution so that the
interaction between the PS particle and flat surface is under the conditions of existence of the bulk-free
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nanobubbles. However, Fig. 2(b) clearly shows that after nanobubbles were removed by repeatedly filtration
(RF), the measured potential profiles @,y(%) shifted far away from the flat surface. Moreover, the measured
@,p(h) in three different cycles collapse to a single theoretical curve (TC), which can be well described by the

superposition of a gravitational contribution and an electrostatic term!'>'®'*
D(h Dy (h
Q:Bexp(_m)+ih EL() (3)
kT kpT =~ kpT

where G = (pp— py)Vg is the weight of the particle with pp and p,, being the density of the particle and water
respectively, 7 the volume of the particle and g the acceleration of gravity. B is a function of the surface
potential between the surface and particle, which is difficult to determine independently and &' is Debye length.
In other words, without the existence of bulk-free nanobubbles, there are only two contributions to the particle-
surface interaction; namely, the electrostatic double layer repulsion and gravity. The fitting gives G = (72 £ 2)
fN and ' = (30 + 2) nm, which agree well to the theoretical values (G = 70 fN, &' = 30 nm) as calculated
using known size and density (1.055 gem™) of the PS particle and the used electrolyte concentration,
respectively. This agreement also shows that the presence of the free a-CD molecules in the aqueous solutions
has little effect on the interaction between the particle and surface.

On the other hand, when nanobubbles were presented in the aqueous solution by reintroducing the air
bubbles (RAB), the measured potential profiles @p.(h) became deeper and shifted gradually closer to the flat
surface. Supposedly, there exists an attractive force between the particle and glass surface. Besides, by
comparison with the interaction potential of the spontaneously dissolved o~CD solutions shown in Fig. 2(a), the
measured Pp,(4) under the conditions of RAB moves closer and deeper because more bulk-free nanobubbles are
expected to be generated in aqueous solution by directly air injection. Interestingly, @p,(#) moves closer and
closer after each cycle of RAB, indicating that the regeneration of the bulk-free nanobubbles, especially their
concentrations and size distribution could not be well controlled in this experiment. However, because the
nanobubbles can be deliberately removed and regenerated, the measured total interactions @(%) here can be
reversibly tuned between @4,(h) and Pp(h) by simple varying the aqueous solutions with the existence of
nanobubbles or not, which can never observe in the conventional mixture of colloid and nonabsorbing polymers.

In order to have a better understanding the effects of the presence of nanobubbles on the interaction
between the particle and flat surface, each measured @p (%) was subtracted by @,,(%) so that the net interaction,
Dpep(h) (Ppep(h) = Pp(h) — Pan(h)) was obtained and plotted in Fig. 3. It clearly shows that with the existence
of nanobubbles, there has an attraction, which is continuous and with the measurable distance up to ca. 200 nm.
The attractive interaction is weaker in the spontaneously dissolved a-CD process, but those by reintroduction of
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Fig. 3 Depletion potential (@Ppe,(h) = Pp,(h) — Pan(h)) between the PS particle and glass surface with
the presence of bulk-free nanobubbles (Reproduced with permission from the literature [34])

Ist, 2nd and 3rd present the corresponding ordinal number in subtraction; The dot line is a guiding
line to show the range of the attraction.
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the nanobubbles under three different cycles are similar, revealing that the range of the interaction between the
particle and flat surface is nanobubble concentration dependent as more nanobubbles can be generated by direct
air injection. Note that such long-range attraction is quite weak if we compare it with the interaction induced by
bridging of interfacial nanobubbles™. What is the nature of such long-range attractive interaction? As we have
mentioned above, nanobubbles free in aqueous solution are negatively charged. Moreover, the negatively
charged PS particle and the hydrophilic glass surface were used in the TIRM measurements. Therefore, we can
reasonably assume that charged nanobubbles might not absorb to both the particle and glass surface. In this way,
we conjecture that the measured attraction may be the depletion attraction caused by the exclusion or depletion
the charged nanobubbles from the gap between the PS particle and glass surface.

In order to confirm our hypothesis, we applied a classical depletion potential function to fit the measured
profiles shown in Fig. 3, namely

Do (h) = —nlT[(a+ A)(h—2A) + %(h —2A)*]  for 0<h<2A @

=0 for h>2A

where /7 is the osmotic pressure of the bulk solution, « is the radius of the colloidal particle (here ¢ = 3.2 pm)
and 2A is the depletion region®”. The fitting gives the depletion region (2A) and osmotic pressure (/7) as (190 +
10) nm and 0.2—-0.3 Pa, respectively. The fitted depletion region almost equals to the diameter of nanobubbles
(2Ry) and thickness of the nanobubbles’s double layer (x'), i.e., 2A ~ 2R, + ', indicating that our experimental
results are in good agreement with the theoretical values predicated by Eq. (4). Therefore, we conclude that the
origin of the measured weak attraction is induced by the depletion of negatively charged nanobubbles from the
gap between particle and glass surface. Under this condition, there will be a solvent-rich region between the PS
particles and flat surface that is surrounding by a bulk fluid of the nanobubbles. Fig. 4 has schematically showed
that this can lead to an imbalance osmotic pressure inside and outside the gap and results in a net attractive
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Fig. 4 Schematic shows the long-range depletion attraction induced by bulk-free nanobubbles in o~-CD
aqueous solutions (Reproduced with permission from the literature [34])
“—” Presents negative charge; “+” Presents counterion (not in a proportional scale).
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osmotic force that pushes the PS particle to the surface.
Because of the obtained values of /7, we further tried to estimate the number density of the bulk-free
nanobubbles (1) by following equation*®*!

ZZ 2
11 =k, T(n, + =0
4n

S

) for n, > Zn, ®)]

where Z is the total charge number of a nanobubble and #;is the number density of counterions. Note that for
a-CD in 0.1 mmol/L NaOH solution, where n, =~ 6 x 10* um‘3 and zeta-potential of a nanobubble was found as
—40 mV, the total charge number and surface charge density in a nanobubble can be estimated as Z ~ 3 x 10’
and ca. 0.02 e nm™2, respectively. In this way, 1, can be determined as 1.2—1.4 um™, which is relatively low in
the aqueous solution. However, the corresponding induced osmotic pressure is high because the osmotic
pressure can be dramatically enhanced (ca. 50 times) by the presence of counterions around the nanobubbles.
Importantly, it is worth to point out that the found value is still much lower than the osmotic pressure attributed
by the dissolved gas. This might provide one explanation why it is always no easy to completely remove the
nanobubbles by degassing either surfactant-water or colloidal dispersions.
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Fig. 5 Normalized intensity-intensity time correlation functions ([G”(7) — A)/4) and their corresponding
average hydrodynamic radius (<R;>) of PE10500 triblock copolymer in 0.2 mmol/L NaCl solution before and
after 200 times filtration as well as directly air injection (Reproduced with permission from the literature [35])

In another similar study based on Pluronic PE10500 copolymer system, we use TIRM to directly measure
the interactions between a 6.0 um PS sphere and a hydrophilic silica plate in the presence of Pluronic PE10500
triblock copolymer aqueous solution**!. The existence of nanobubbles in PE10500 triblock copolymer solution
was proved by laser light scattering (LLS) measurements through repeated filtration and air injection (Fig. 5).
Figure 5 shows that the measured normalized intensity-intensity time correlation functions and their
corresponding average hydrodynamic radius (<R,>) of PE10500 triblock copolymer in 0.2 mmol/L. NaCl
solution contain more than one relaxation modes. The average hydrodynamic radius Ry, of the fastest mode is
ca. 2.7 nm, which is the size of free individual PE10500 molecules in the aqueous solution, and an intermediate
peak of ca. 7.0 nm is due to the formation of micelles!*> **. On the other hand, there is a slow mode with an
average hydrodynamic radius of ca. 166 nm, and they may be those nanobubbles freely in the aqueous solution.
The direct evidence is the slow mode can be successfully removed after repeated filtration by using a tubing flex
pump. In a repeated filtration, the solution was circulated to pass through a 0.45 pm hydrophilic filter with no
significant effect on the PE10500 copolymer concentration as PE10500 is a relatively small molecule. The slow
mode did not reappear in the solution after its removal; however, it comes back after injecting fresh air into the
slow-mode-free solution, as shown in Fig. 5. The peak related to this new slow mode is generally larger and
broader than those spontaneously dissolved PE10500 solution because that the formation of nanobubbles is hard
to be fully controlled. As a consequence, we conclude that the slow mode observed in the spontaneously
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dissolved PE10500 copolymer solution in 0.2 mmol/L NaCl solution is related to free nanobubbles which has
size larger than 100 nm. The stabilization of these nanobubbles free in solution can be attributed to the existence
of these small amphiphilic PE10500 triblock copolymer in the bulk and on the interface.

Figure 6 shows that in the absence of PE10500 triblock copolymer, there are just two contributions to the
interactions between the PS particle and flat surface in 0.2 mmol/L NaCl aqueous solution, namely, the
electrostatic double layer repulsion on the left side of the minimum and gravitational energy on the right side of
the minimum, which can be described by Eq. (3). After pumping the spontaneously dissolved PE10500
copolymer in 0.2 mmol/L NaCl solution through the sample cell and waited for ca. 12 h, it is observed that the
measured potential profile is deeper and shifts closer to the flat surface, indicating that the addition of PE10500
copolymer solution has induced an attraction. On the other hand, after rinsing the sample cell again with
0.2 mmol/L NaCl solution, the measured potential profile moved to larger separation. In other words, the
induced attractive force disappears. As the nanobubbles free in PE10500 aqueous solution have just been shown
to be negatively charged and we have used sulfonated PS particle and the hydrophilic glass surface (both are
negatively charged) in the TIRM measurements, we can reasonably assume that charged nanobubbles will not
preferentially absorb to both the particle and glass surface®®. In this way, we conjecture that the measured
attraction shown in Fig. 6 may be the depletion attraction caused by the exclusion or depletion the large charged
nanobubbles from the gap between the PS particle and glass surface as the separation distance between the
particle-surface (ca. 133 nm) is smaller than the physical size of the charged nanobubbles (ca. 166 nm) under
the condition of 0.2 mmol/L NaCl aqueous solution®®®. By consideration that PEO-PPO-PEO is the most

commonly used industrial stabilizer, our above results thus shed light on the stability of application of colloid-
polymer mixtures in the industry.

6.0 - a o (.2 mmol/L NaCl
o, o 0.2 mmol/L NaCl + PE10500
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Fig. 6 The measured interaction potentials (@(h)/kgT) between a PS particle and a glass surface under different conditions
(Reproduced with permission from the literature [35])

@A (h)/kgT: the interaction potential between the bare PS particle and surface in 0.2 mmol/L NaCl solution; ®@g(h)/kgT" the
interaction potential between the PS particle and surface after pumping the spontaneously dissolved PE10500 triblock

copolymer in 0.2 mmol/L NaCl solution; @c(h)/kgT: the interaction potential between the PS particle and surface after
rinse with 0.2 mmol/L NaCl solution; The solid line is a theoretical fitted curve from Eq. (3).

Depletion Attraction Induced by pH-sensitive Microgels

Despite the nanobubble-induced depletion attraction has been thoroughly discussed, however, since the size and
concentration of nanobubbles were not under a well-controlled manner by spontaneously formation, the range
and strength of depletion force could not be finely tuned. Inspired by these limitations, we have synthesized the
microgel particles, poly(N-isopropylacrylamide-co-methacrylic) (PNIPAM-co-MAA) to mediate the depletion
interaction. One advantage of using PNIPAM-co-MAA microgel particles as the depleting agents lies in the fact
that PNIPAM-based microgels exhibit an extreme response to changes in pH, which can lead to dramatic

changes in particle size. TIRM was then applied to directly measure the pH-triggered depletion interaction
acting on a sphere immersed in the solution of such microgels close to a flat glass surface!®”.
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Figure 7 shows that the interaction potentials between the PS sphere and surface in the presence of swollen
microgels are significantly changed. Note that the contribution of gravity has been subtracted from all potentials
since the same PS sphere was used. It clearly shows that the addition of swollen microgels induces a long-range
attractive force occurring at separation distances ranging from 150 nm to 250 nm, which may be contributed to
either bridging or depletion. This attractive force is seen to increase with increasing swollen microgel
concentration, while the separation distance decreases. Moreover, at higher swollen microgel volume fractions,
the attractive well becomes narrow and steep as well as acting over smaller separation distances. It is expected
that the microgels at pH 9.43 are negatively charged due to the dissociation of —COOH on the network chains.
The selected PS sphere and the hydrophilic glass surface are also negatively charged during the measurements.
Thus, we can reasonably assume that microgels will not preferentially absorb to either the PS sphere or glass
surface and exclude the bridging effect. Meanwhile, the alternation of the electrostatic interaction between the
PS sphere and the flat surface after introducing the microgels is ignorable which is confirmed by comparing the
electrostatic parameter B according to Eq. (3) of the electrostatic part of the interaction before and after
introducing the microgels, where the conductivities are kept to be the same. To confirm the hypothesized pH
dependence, we rinsed the sample cell with a large amount of deionized water and then pumped the microgels
with solution pH 4.51. Figure 7 shows that the measured long-range attractive force disappears and leaves only
the electrostatic repulsion. We related this effect to the collapsed microgels, with the hydrodynamic diameter
smaller than the sphere-surface distance, which are able to move into the gap region. The imbalance in osmotic
pressure inside and outside the region will disappear as will the depletion attractive force. Note that this
attractive force can be regenerated by reintroduction of microgels at high pH condition, and the process is
reversible, indicating that microgel-triggered depletion attractive force is pH dependent. The fitting of the net
attraction induced by microgel solution at pH = 9.43 using Eq. (4) gives 2A ca. 250 nm and /7 ca. 0.4 Pa. Note
that the fitted depletion region can be compared to the hydrodynamic diameter of the swollen microgels,
suggesting that our experimental results are in good agreement with the theoretical values predicted by Eq. (4).

° % 0.1 mmol/L NaCl
5.0 A cmicrogel (g/ml,) pH
A o 1x107 9.43
3 A a 2x10” 9.43
d » o 451
= 2t 2
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Fig. 7 The measured interaction potentials (@(h)/kgT) between the polystyrene sphere and flat surface
under different environmental conditions (Reproduced with permission from the literature [37])

CONCLUSIONS

In summary, by using single-particle force microscopy, TIRM, we have directly measured the interactions
between a free-moving particle and a flat surface with the presence or absence of the nanobubbles in a
controllable way. The thickness of the depletion region was measured, and the results are consistent with
theoretical predication. Moreover, it is shown that nanobubble induced depletion attraction are very weak, but
the measurable distance can be up to 200 nm. The origin of such attraction supposedly comes from exclusion or
depletion of the charged nanobubbles from the gap between particle and flat surface. By considering that the
formation of bulk-free nanobubbles in various aqueous solutions, including surfactant-water, colloids and
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emulsions, is a spontaneous process, our results thereby provides the first experimental evidence to the ongoing
controversial debates over the unexpected emulsification and stability of oil emulsion in highly degassed water.
Moreover, we report the first direct measurement of the pH-triggered depletion interaction potentials between a
polystyrene sphere and a flat substrate as mediated by PNIPAM-co-MAA microgels. When the solution pH of
the microgel dispersion was high, an attractive force occurring at separation distance of 150-250 nm was
observed and increased in magnitude with increasing microgel concentrations. However, this depletion force
disappeared as soon as changing the microgel dispersion to a low pH solution. The current study demonstrates
the ability to quantitatively measure and reversibly control kg7-scale depletion attraction as a function of
solution pH. Therefore, it offers a promising route to use such tunable depletion forces in the formation of
complex colloidal assemblies.

REFERENCES
1 Tuinier, R., Rieger, J. and de Kruit, C.G., Adv. Colloid Interface Sci., 2003, 103: 1
2 Farinato, R.S. and Dubin, P.L., eds., “Colloid-polymer interactions: from fundamentals to practice”, Wiley-VCH,

New York, 1999

Poon, W.C.K., J. Phys., Condens. Matter, 2002, 14: R859

Mutch, K.J., van Duijneveldt, J.S. and Eastoe, J., Soft Matter, 2007, 3: 155

Snir, Y. and Kamien, R.D., Science, 2005, 307: 1067

Kaplan, P.D., Rouke, J.L. and Yodh, A.G., Phys. Rev. Lett., 1994, 72: 582

Dinsmore, A.D., Yodh, A.G. and Pine, D.J., Nature, 1996, 383: 239

Lin, K.H., Crocker, J.C., Prasad, V., Schofield, A., Weitz, D.A., Lubensky, T.C. and Yodh, A.G., Phys. Rev. Lett.,
2000, 85: 1770

9 Wilking, J.N., Graves, S.M., Chang, B.C., Meleson, K., Lin, M.Y. and Mason, T.G., Phys. Rev. Lett., 2006, 96: 015501
10 Dinsmore, A.D., Prasad, V., Wong, LY. and Weitz, D.A., Phys. Rev. Lett., 2006, 96: 185502
11 Mason, T.G., Phys. Rev. E, 2002, 66: 060402

12 Badaire, S., Cottin-Bizonne, C., Woody, J.W., Yang, A. and Stroock, A.D., J. Am. Chem. Soc., 2007, 129: 40
13 Dinsmore, A.D. and Yodh, A.G., Langmuir, 1999, 15: 314

14 Asakura, S. and Oosawa, F., J. Chem. Phys., 1954, 22: 1255

15 Vrij, A., Pure Appl. Chem., 1976, 48: 471

16 Sharma, A. and Walz, J.Y., J. Chem. Soc., Faraday Trans., 1996, 92: 4997

17 Richetti, P. and Kekicheff, P., Phys. Rev. Lett., 1992, 68: 1951

18 Sober, D.L. and Walz, J.Y., Langmuir, 1995, 11: 2352

19 Milling, A.J. and Kendall, K., Langmuir, 2000, 16: 5106

20 Piech, M. and Walz, J.Y., J. Phys. Chem. B, 2004, 108: 9177

21 Biggs, S., Dagastine, R.R. and Prieve, D.C., J. Phys. Chem. B, 2002, 106: 11557

22 Biggs, S., Prieve, D.C. and Dagastine, R.R., Langmuir, 2005, 21: 5421

23 Kleshchanok, D., Tuinier, R. and Lang, P.R., J. Phys.: Condens. Matter, 2008, 20: 073101

24 Verma,R., Crocker, J.C., Lubensky, T.C. and Yodh, A.G., Phys. Rev. Lett., 1998, 81: 4004
25 Crocker, J.C., Matteo, J.A., Dinsmore, A.D. and Yodh, A.G., Phys. Rev. Lett., 1999, 82: 4352
26 Lin, K.H., Crocker, J.C., Zeri, A.C. and Yodh, A.G., Phys. Rev. Lett., 2001, 87: 088301

27 Milling, A.J. and Biggs, S.J., Colloid Interface Sci., 1995, 170: 604

28 Knoben, W., Besseling, N.A.M. and Cohen Stuart, M.A., Phys. Rev. Lett., 2006, 97: 06830
29 Prieve, D.C., Adv. Colloid Interface Sci., 1999, 82: 93

30 Kleshchanok, D. and Lang, P.R., Langmuir, 2007, 23: 4332

31 Hertlein, C., Helden, L., Gambassi, A., Dietrich, S. and Bechinger, C., Nature, 2008, 451: 172
32 Rudhardt, D., Bechinger, C. and Leiderer, P., Phys. Rev. Lett., 1999, 81: 1330

00 N N bW



Direct Measurement of Weak Depletion Force between Two Surfaces

33
34
35
36
37
38
39
40
41
42
43

Helden, L., Koenderink, G.H., Leiderer, P. and Bechinger, C., Langmuir, 2004, 20: 5662
Jin, F., Gong, X.J., Ye, J. and Ngai, T., Soft Matter, 2008, 4: 968

Ngai, T., Xing, X.C. and Jin, F., Langmuir, 2008, 24: 13912

Jin, F., Ye, J., Hong, L.Z., Lam, H.F. and Wu, C., J. Phys. Chem. B, 2007, 111: 2255
Xing, X.C., Li, Z.F. and Ngai, T., Macromolecules, 2009, 42: 7271

Scheutjens, JJM.H.M. and Fleer, G.J., J. Phys. Chem., 1979, 83: 1619

Scheutjens, J.M.H.M. and Fleer, G.J., J. Phys. Chem., 1980, 84: 178

Pagac, E.S., Tilton, R.D. and Prieve, D.C., Langmuir, 1998, 14: 5106

Hiemenz, P.C. and Rajagopalan, C., “Principles colloid and surface chemistry”, Marcel Dekker, New York, 1977
Bahadur, P. and Pandya, K., Langmuir, 1992, 8: 2666

Brown, W. and Schillen, K., J. Phys. Chem., 1992, 96: 6038




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


