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Abstract Total internal reflection microscopy was used to
directly measure the interaction potentials between a
micron-sized silica sphere and a flat silica surface in the
presence of a linear poly(N-isopropylacrylamide) (PNI-
PAM) aqueous solution. When the PNIPAM concentration
was low, no discernible forces were detected. A further
increase in PNIPAM concentration resulted in a long-range
attraction which was likely due to a combined of the
reduced electrostatic interaction between the silica particle
and the flat surface after the polymer adsorption and
polymer bridges formation. On the other hand, for a fixed
PNIPAM concentration, the interaction potential profiles
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adsorbed polymer is kept constant as two surfaces are
brought toward each other and the rate constant for polymer
adsorption is larger than that for desorption, i.e., the
adsorbed polymer remains kinetically trapped between the
two approaching surfaces. In such a case, and in good
solvent conditions, de Gennes predicted that the interaction
force between the two surfaces would be repulsive at all
separation distances due to the unfavorable entropy of
confinement [4]. In poor solvent conditions; however, he
predicted that a long-range attraction would turn into a
short-range repulsion if the particles are forced close
enough to compress the adsorbed polymer layers [5–7].
The long-range attractive force may be attributable to a
combination of bridging, depletion, or in poor solvents,
intersegment attraction [7]. However, it is worth mentioning
that the adsorption of polymers at the solid–liquid interface
is somehow complicated. The absorption involves several
distinctly different processes, including diffusion of the
polymers in solution, molecular attachment onto the surface,
and conformational relaxation of the polymer being adsorbed.
Therefore, the experimental study of the polymer-mediated
interactions between surfaces is difficult as adsorption
conditions under which the contributions from the three
processes can be unambiguously distinguished.

Many measurements on the interactions between surfaces
bearing adsorbed polymers have been conducted by using
techniques such as surface force apparatus (SFA) [13–19] and
atomic force microscopy (AFM) [20–22]. These studies have
confirmed the main features of the theoretically predicted
interactions. For example, long-range attraction was detected
in the case of mica surfaces bearing adsorbed polystyrene
layers, which was enhanced when the solvent became poor
[15, 16]. In a good solvent, on the other hand, the attractive
force between two layers was weakened. However, it has
been argued that both SFA and AFM methods are suitable
for the study of large interaction energies, especially with a
high degree of polymer layer compression and interpenetra-
tion. It may be questioned whether they are adequate for
interactions which correspond to the Brownian collisions
seen in actual colloids, where the detection of energy
variations of the order of kBT and beyond is required [8].
Recently, direct measurements of weak interactions have
become possible with the improved sensitivity afforded by
techniques such as optical tweezers [23, 24] and total internal
reflection microscopy (TIRM) [25–28]. In particular, TIRM
is an extremely sensitive noninvasive technique that has the
ability to resolve the interaction distance and force between a
free-moving colloid particle and a planar surface as close as
1 nm and as weak as a few femto-Newtons, respectively.
TIRM is, therefore, admirably suited to the study of extremely
weak and dynamic interactions that are most relevant to the
properties of colloidal particles stabilized with polymer layers.
It also offers an easy way to vary the ambient conditions, such

as the polymer concentration, ionic strength, and temperature
[25].

In this study, TIRM was used to directly measure the
interactions between a 5.0-µm silica spherical particle and a
hydrophilic silica surface, when both surfaces physically
absorbed the thermo-responsive polymer, poly(N-isopropy-
lacrylamide) (PNIPAM). It has been reported that PNIPAM
exhibits a lower critical solution temperature (LCST) of
∼32°C in aqueous solution, and the effects of temperature
on the polymer structure and hydration are well documented
in the literatures [29–31]. When PNIPAM chains are
adsorbed or grafted to surfaces, the surface properties can
be reversibly altered by changing the temperature above and
below the LCST [32–34]. It is interesting to note that the
temperature-induced change of PNIPAM conformation or
hydration has recently been correlated to substantial changes
in the adhesion of biological cells and proteins [35].
Therefore, there is a clear need to control and characterize
the architecture of PNIPAM coatings and to gain improved
understanding of how the microstructure affects interactions
with biomolecules. This is the motivation for the present
work. We directly measure the interfacial interactions
between PNIPAM-coated colloidal particle and flat surface
above and below the LCST. In contrast to the conventional
approaches such as studying the adsorption isotherms or
measuring total thickness of the adsorption layer, the direct
force measurement utilized here is a robust approach which
provides valuable insights into the polymer-mediated interac-
tion between two surfaces.

Experimental part

Materials The synthesis and fractionation of PNIPAM have
been detailed elsewhere [36]. The weight average molar mass
(Mw), the polydispersity index (Mw/Mn), and the radius of
gyration (Rg) of the PNIPAM fraction used in present study
are 4.0×106g/mol, 1.8, and 105 nm, respectively. The
average hydrodynamic radius (Rh) of the PNIPAM at room
temperature is around 75 nm, as determined by dynamic
laser light scattering (DLS). Hydrophilic silica particles with
a diameter of ∼5.0 µm (CV ∼10%) were purchased from
Polysciences Inc., and used without further treatment. Silica
microscopy slides (BK-7 glass) were obtained from Fischer
Scientific Co. The NaCl (GR from BDH) was heated at
∼200°C for 2 days to remove organic impurities. Water was
purified with an inverse osmosis filtration (Nano Pure,
Barnstead) until its resistivity reached 18.2 MΩ·cm at 20°C
and was then filtered with a Milipore PTFE 0.45-µm
hydrophilic filter.

Physical measurements A laser light scattering (LLS) spec-
trometer equipped with an ALV-5000 multi-τ digital time
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correlator and a He-Ne laser (output power=28 mW at l0=
632.8 nm) was used to characterize the PNIPAM chains. Mw

and Rg of PNIPAM chains in a dilute solution was obtained
from the angular dependence of the excess absolute
scattering intensity, known as the Rayleigh ratio Rvv (q).
The intensity–intensity time correlation function G(2)(τ) was
measured at the scattering angle 17.5°. The Laplace inversion
of G(2)(τ) can lead to a line-width distribution G(Г), which
was further converted to a translational diffusive coefficient
distribution G(D) by Г=Dq2 or a hydrodynamic radius
distribution f(Rh) by use of the Stokes–Einstein eq.,Rh ¼
kBT=6phD, where η, kB, and T are the solvent viscosity, the
Boltzmann constant, and the absolute temperature, respec-
tively. The details of the LLS theory can be found elsewhere
[37, 38]. The zeta potential (ζ) of the silica particles and
PNIPAM-coated particles was measured using a commercial
zeta-potential spectrometer (ZetaPlus, Brookhaven).

TIRM TIRM is a technique which measures the mean
potential energy of interactions between a free-moving
spherical particle and a flat plate. This technique has been
described elsewhere [25, 39, 40]. Typically, in TIRM force
measurement, a very diluted (the stock solution was diluted
down to a concentration of ∼10−7g/mL) silica dispersion
was initially filled into a carbonized PTFE frame sand-
wiched between two silica microscopy slides. The slides
were first cleaned by ultrasonication for 15 min in ethanol
and then blown to dry by highly pure nitrogen. The dried
slides were dipped in 5% hydrofluoric acid (HF) solution
and then rinsed copiously with D.I. water [41, 42]. The
treated slides were then stored in ethanol. Before the
measurements, the slides were further treated by ultraviolet
(UV)-ozone plasma cleaner (Harrick Sci. Corp.) to ensure
that the silica surface was fully hydroxylated to promote
adsorption of PNIPAM through hydrogen bonding [43, 44].

A silica particle of average brightness was selected and
hold in place with optical tweezers by a solid-state Nd:YAG
laser (output=300 mW at wavelength=532 nm), while the
rest of the silica particles were flushed from the TIRM cell with
NaCl solution. Once the excess particles were pushed through
the sample cell, the interaction between the single free-moving
silica particle and bare glass surface in 0.2 mM NaCl solution
was recorded. PNIPAM solution C ¼ 1:0� 10�5g=mLð Þ in
0.2 mM NaCl was then introduced in the sample cell to
replace the pure NaCl solution by a flex tubing pump (Master
Flex), while the silica particle was trapped in place by
tweezers. Prior to measuring potential in the presence of
PNIPAM chains, the silica particle and the glass slides were
subjected to 1 h of contact with PNIPAM solution. Previous
studies [32, 45, 46] have shown that long PNIPAM chains
are irreversibly absorbed to the silica surface through
the hydrogen bonding between the carbonyl groups of the
PNIPAM and the silanol groups on the silica surface. The

potential profiles between the silica particle and flat surface in
the PNIPAM aqueous solution were first obtained at room
temperature. After that, the temperature of the solution was
then gradually increased. A pair of Peltier modules (Shenzhen
GuangTongYuan Industry) each mounted with thermal
radiators was used as a built-in thermostat to regulate
the temperature of the sample cell. The temperature in the
range 18.0–45.0°C could be achieved with long term stability
of ±0.1°C.

Results and discussion

Figure 1 shows the PNIPAM concentration dependent on
the interaction profiles between the silica particle and flat
surface in NaCl aqueous solution at temperature of 25°C. If
no PNIPAM presents in the solution, the total interaction
potential of the negatively charged silica particle at height
h above the negatively charged flat surface is given by
electrostatic double-layer repulsion and gravity and can be
described as [25, 47, 48]:

ΦðhÞ
kBT

¼ Be�kh þ G

kBT
h ð1Þ

where the amplitude of the electrostatic interaction B
depends on the surface charges of the particle and the glass
surface, κ−1 is the Debye screening length of the solvent,
and G is the weight of the particle. The solid line in the
Fig. 1 shows that the measured potential is well described
by Eq. 1, with the fit yielding a value of k�1 � 26� 1nm
for the Debye length that is in agreement with the
theoretical values as calculated with the used electrolyte
concentration [47, 48]. After pumping a low concentration
(1.0×10−5g/mL) of the PNIPAM solution through the
sample cell and waiting for ∼1 h at 25°C, the interaction
potential shifted slightly away (∼10 nm) from the surface,
indicating that the addition of PNIPAM induces a repulsive
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Fig. 1 Potential energy profiles measured between a 5.0-µm silica
particle and a flat glass surface in various concentrations of PNIPAM
aqueous solutions at 25°C. The solid line shows that the measured
data are well fitted by Eq. 1
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force. The likely reason for such shifting may be due to the so-
called constrained equilibrium in this experiment. Consider-
ing that the amount of PNIPAM is constant as two surfaces are
brought toward each other and the rate constant for polymer
adsorption is larger than that for desorption, the adsorbed
PNIPAM chains therefore will be kinetically trapped between
the two approaching surfaces. In such a case, and in good
solvent conditions, the interaction force between the two
surfaces would be repulsive because of the unfavorable
entropy of confinement. However, the measured force is very
weak and long range (around 150 nm) so that further studies
and comparison with theoretical works are needed to clarify
this point. When the PNIPAM concentration is further
increased, Fig. 1 shows that the interaction potential is much
narrower and steeper, and the particle-surface distance is
reduced to ∼120 nm with a PNIPAM concentration of 2×
10−5g/ml, indicating that an attractive force is induced
pushing the particle closer to the flat surface.

Previous studies have shown that long PNIPAM chains
are irreversibly absorbed to the silica surface within several
minutes through the hydrogen bonding between the
carbonyl groups of the PNIPAM and the silanol groups on
the silica surface [45, 46]. On the other hand, as determined
from DLS, the hydrodynamic radius (Rh) of the free
PNIPAM chain at 25°C was ∼75 nm. That means twice
the Rh is approximately equal to or larger than the gap
between the particle and flat surface. Therefore, one may
wonder whether the measured attractive force is either due
to the alternation of the electrostatic interaction between
two surfaces after the absorption of PNIPAM chains or to
the polymer bridging. After mixing silica particle with 2×
10−5g/mL PNIPAM polymer overnight, zeta potential
measurements show that the bare silica particle with a
potential of −65 mV decreases to −10 mV when PNIPAM
chains are absorbed onto surface. The electrostatic repul-
sion between the silica particle and flat surface is expected
to be reduced. We, therefore, suggest that the measured
attractive force likely caused by a combination of the

alternation of surface properties and polymer bridging. We
infer that the adsorption PNIPAM chains onto the surfaces
reduce the electrostatic interaction between the two surfaces
so that the particle moves closer to the flat surfaces, which
in turn facilitates bridging. The steric repulsion due to the
compression of adsorbed chains may play a minor role. It is
interesting to note that after the measurement, pure 0.2 mM
NaCl solution was subsequently pumped to rinse the sample
cell for 3 h. The interaction potential remains the same,
indicating that rinsing the sample cell cannot completely
desorbed the adsorbed PNIPAM chains from both particle and
flat surface or disruption the polymer bridges.

As mentioned above, PNIPAM is a thermally sensitive
polymer which is insoluble and undergoes a conformational
change above its LCST of ∼32°C [29–31]. Below the
LCST, the polymer chains swell in water, while above
LCST, the solvent quality changes and the polymer
segments are thought to become more hydrophobic.
Therefore, it would be interesting to explore how the
temperature-induced conformation change of PNIPAM
affects the adsorption process as well as whether different
conformations of the adsorbed PNIPAM affect the interfacial
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Fig. 2 Temperature dependence of the potential energy profiles measured
between a 5.0-µm silica particle and a flat glass surface with the presence
of 1.0×10−5g/mL PNIPAM chains in 0.2 mM NaCl aqueous solution
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Fig. 3 Temperature dependence of the net potential energy profiles
measured between a 5.0-µm silica particle and a flat glass surface with the
presence of 1.0×10−5g/mL PNIPAM aqueous solution after subtracting
gravity and double layer repulsion from the bare silica particle and flat
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Fig. 4 Time dependence on the interaction potentials between a 5.0-µm
silica particle and a flat glass surface when the solution temperature was
further decreased to 20°C after the temperature-increase process
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potentials between the probe particle and the flat substrate.
Figure 2 shows the temperature dependence of the interaction
profiles between the silica particle and flat surface in the
presence of 1.0×10−5g/mL PNIPAM solution, where each
interaction potential was obtained at least 1 h after the
solution reached the desired temperature. As can be seen
from Fig. 2, when the temperature was increased, the
measured interaction potentials became narrower and shifted
closer to the surface, indicating that the increase of
temperature leads to an attraction. Note that the interaction
potentials between the silica particle and the surface in a
0.2-mM NaCl aqueous solution without the presence of
PNIPAM have no any change over the entire temperature
range we investigated. Because the consecutive potentials are
measured with the same silica particle and same surface at
different temperatures, we have subtracted the contributions of
particle–surface interaction potential in the absence of PNI-
PAM at 25°C from all potentials in order to isolate the effects
of adsorbed polymer’s response to the solution temperature.

The results of this subtraction are depicted in Fig. 3. At
temperatures below 28°C, a weak repulsive force was
detected. The origin of this weak and long-range repulsion
is likely due to the steric interaction when the extended
PNIPAM chains between the surfaces are compressed in the
confined region. However, as temperature continuously
increased, in particular above 28°C, the interaction potential
between two surfaces tuned from the long-range repulsion to
attraction. Some previous studies reported that for PNIPAM
chain adsorbed to a solid surface, the “coil-to-globule”
transition occurred at ∼29°C which is about 3° lower than
the LCST of the same PNIPAM chains free in bulk solution
[49]. We thereby conjecture that by rising the temperature
above 28°C, around the LCST of PNIPAM at the interface,
may result in differences in the adsorption kinetics of the
polymer chains and consequently results in the long-range
attraction between the two surfaces. At higher temperatures,
the adsorbed PNIPAM chains are collapsed and less
stretched so that the interactions between PNIPAM chains
and water are lower. In such a case, more free PNIPAM
chains can be adsorbed on the surface even under the same
polymer solution to form more bridges. In addition, as the
solvent quality deteriorates at higher temperatures, the
segment–segment interactions among the adsorbed PNIPAM
chains between two surfaces will also be enhanced, leading
to a strong attraction.

After completed the measurement at high temperatures, the
temperature inside the sample cell was decreased to 20°C. It is
expected that at such a lower temperature, water is a much
better solvent for the PNIPAM chains and will be more
favorable for the polymer desorption, if it exists. Figure 4
shows that the interaction potentials shifted away from the
surface but the silica particle cannot escape to be freely
moving during the entire measurement. This confirms the

formation of polymer bridges between the two surfaces. The
gradual movement of the particle away from the surface may
mainly due to the swelling of the compressed polymer chains
at a lower temperature. The irreversible adsorption and
bridging of long PNIPAM between the two silica surfaces
can be attributed to the nature of adsorption and desorption of
polymer chains. In other words, for each PNIPAM chain
adsorbed between two surfaces, there would be more than one
adsorption “point” along the chain; and for each adsorption
“point,” there exists a dynamic equilibrium between the
adsorption and desorption, but the desorption of the entire
polymer chain from the surface requires not only a simulta-
neous releasing of all the adsorbing “points” but also an
immediate diffusion away from the surface. Therefore, it is
much more difficult for an adsorbed PNIPAM chain to
become free again after its adsorption on the surfaces [49, 50].

Conclusions

Using TIRM, we have directly measured the interaction
potentials between a silica sphere and a flat silica substrate in
the presence of a thermally sensitive PNIPAM solution. We
found that the interaction potentials between the surfaces
showed responsiveness to both concentration and tempera-
ture. For a fixed temperature, the increase of polymer
concentration resulted in a long-range attraction due to the
reduced electrostatic repulsion between two surfaces and
formation of polymer bridges. On the other hand, for a fixed
PNIPAM concentration, increased temperature caused a
conformational change of the interfacial adsorbed PNIPAM
chains which not only facilitated more bridging due to
additional adsorbed chains but also enhanced segment–
segment interaction among adsorbed polymer chains. Our
findings offer a novel approach for the design of temperature
controllable polymer layers with respect to binding and
release of cell and protein molecules.
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