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Abstract

Soft adhesion to a horizontal �at substrate of micron-sized colloids coated by a

controlled molar fraction f of PLL-g-PNIPAM is tuned and triggered by con-

trolling the temperature of the sample. This is because PNIPAM is a thermo-

responsive polymer, which undergoes a phase transition at a LCST (lower crit-

ical solution temperature) Tc = 32 ± 1◦C. In order to capture the very �nal

events before the immobilization of colloids the T-ramp protocol is designed:

the particles suspension is injected in cell at room temperature, the temper-

ature is increased at constant rate up to 38◦C> Tc, and kept constant until

the end of the acquisition. Attraction between beads and the �at substrate is

thereby triggered when crossing the critical temperature Tc. Both ascending

and descending ramp experiments are done in order to access both adsorption

and desorption kinetics. 3-D beads motion is real-time tracked using slightly

defocused microscopy in parallel illumination. We use track records to have

access at pre-adsorption di�usion coe�cient and to characterize adsorption and

desorption dynamics. Present results corroborate that adsorption is controlled

by PNIPAM doping, and indeed dominated by rolling and memory (aging) e�ect
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on the contact domain. On the other hand, the desorption kinetics is indepen-

dent of doping. Moreover, the sharpness (in T) of the PNIPAM transition is

quanti�ed in a set of experiments at di�erent ramp speed. We show that the

transition smearing can reach up to ±1◦C for higher PNIPAM coverage, while it

is not detectable for the lowest ones. The combination of all these observations

paves the way to practical applications. We will discuss, for instance, a soft

adhesion-based method to sort and separate colloids in micro�uidic channels.

Keywords: Colloids, temperature responsive polymers, PNIPAM, colloidal

sorting, adsorption, desorption

1. Introduction

Functionalized colloids are micrometric or nanometric particles whose sur-

face has been modi�ed to introduce selected properties. For example, contin-

uous or discrete sticky regions can be added to induce attractive interactions

with other particles [1, 2, 3] and/or with a substrate [4, 5]. Self-assembling of5

particles attracts increasing interest for the possibility of bottom-up designed

composite materials [6, 7]. Assembling dynamics in modulated external �elds

(temperature, light, pH, magnetic �elds) enables to trigger the interaction re-

sulting in interesting new out-of-equilibrium structures and patterns [8, 9]. On

the other hand, comprehension of adsorption properties of sticky colloids on10

surfaces are relevant pre-requisite for their potential use in biology, as bacte-

rial adhesion [10, 11] and the design of biofouling resistant devices [12]. Con-

trolled interactions with the solid phase can be also involved in a �eld-�ow

approach [13, 14] as separation technique for puri�cation of colloidal suspen-

sions (e.g., to sort particles as a function of surface composition or patches15

architecture). A very common tool for reversibly adhesive colloids are DNA

strands [15, 16]. Beyond self-assembly, dynamics of adsorption and desorption

processes on �at substrate have been addressed [17, 18, 19]. Brownian dynam-

ics of colloids sticking on a �at surface have been studied in a number of ap-

proaches [19, 20]. Observations by optical microscopy in a �nely tuned tempera-20
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ture range show thermo-sensitive behaviors around DNA melting temperature.

Here we propose a di�erent approach for both surface functionalization and

temperature-dependent study. It is characterized by high experimental acces-

sibility and e�ciency, ideal for a�ordable devices in large scaled applications.

Grafted PLL-g-PNIPAM [21] functionalizes reversibly T-responsive particles.25

Employing di�erent optical video microscopy methods we study pre-adsorption

dynamics, adsorption and desorption kinetics for particle populations having

di�erent PLL-g-PNIPAM surface coverage. Unlike the classical approach [19]

in which the cell is �nely thermostated and the dynamics is recorded for each

temperature separately, we adopt a "T-ramp" technique where the particle mo-30

tion is recorded for an increasing (or decreasing) temperature at constant rate.

These results con�rm and give strength to the "rolling-aging model" that we

previously introduced in a recent paper [22].

2. Materials and methods

Sample preparation. Polymer-coated particles are obtained following the35

protocol proposed in ref. [23]. Commercial silica beads (Bangs Laborato-

ries, SS03N) with diameter of 0.96µm are dispersed in 1M sodium hydroxide

(NaOH) solution and dialysed against water (Slide-A-Lyzer, MW cuto� 3500

kDa, Thermo Scienti�c). The solution is diluted in 0.01 M Phosphate-bu�ered

Saline (PBS) solution. Particle are coated by mixing 22µL of colloidal suspen-40

sion in PBS and 100µL of polymer solution (PLL-g-PEG + PLL-g-PNIPAM) at

a concentration of 10g.L−1. (PLL:Mw = 15000−30000g.mol−1, grafting density

20%; PEG: Mw = 20000g.mol−1, Rg = 6.9 nm; PNIPAM: Mw = 7000g.mol−1,

Rg = 3.8 nm). Surface coating is simply achieved because of the electrostatic

interaction between the anionic silica surface (after treatment in NaOH) and45

the cationic PLL backbone of the polymers [23]. Polymer chains adsorb on

the particle surface up to saturation density. The surface coverage f% of the

thermo-responsive PLL-g-PNIPAM (which, for the sake of this work, mediated

the particle-substrate interaction) is controlled by the concentration of poly-
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mer solution. (100 − f)% of PLL-g-PEG is added to ensure steric repulsion50

and dilute active polymer. Such a �nal suspension is incubated for 30 min.

Polymer excess is removed by 5 centrifugation cycles (1,800g for 5 min) re-

placing the supernatant by deionized water. DLS measurements [3] con�rmed

that colloidal suspensions at any f are stable up to PNIPAM cloud temper-

ature (Tc = 32◦C). Zeta-potential measurements of colloids at di�erent PNI-55

PAM surface coverage were reported in Ref. [23]. The �at substrate consists

in a commercial borosilicate glass slides (thickness=0.17 mm) coated follow-

ing the same procedure. Slight topology variation within the vision stage are

lower that z-coordinate precision of experimental apparatus (less than 10nm),

as revealed by precise measurement of z-position of immobile, surface-adsorbed60

beads. Slides are cleaned in ethanol and plunged in a 1M NaOH for 30 min in

ultrasonic bath. They are rinsed with deionized water and used as a bottom

support for a micro�uidic channel. A bi-adhesive tape with controlled thickness

(50µm) is used as a spacer, and the cell is closed by a mylar �lm (top boundary).

Glass slides are functionalized by injecting polymer solution (PLL-g-PEG, PLL:65

Mw = 15000−30000g.mol−1, grafting density 20%; PEG:Mw = 20000g.mol−1,

Rg = 6.9 nm, 1g.L−1 in 0.01M Phosphate-bu�ered Saline solution) in the chan-

nel. After 30 min incubation the cell is rinsed with deionized water to remove

polymer solution and polymer excess, and dried with compressed air. Zeta-

potential of PLL-g-PEG coated glass slides are of the order of −10mV [24, 25].70

A colloidal suspension of particle in PBS (∼ 20µL, particle concentration 0.1

g/L), with a desired PNIPAM surface coverage f , is injected in the micro�u-

idic channel at room temperature T = 23 − 25◦C. The sample is observed in

a T-ramp by optical microscopy with the methods described in the following

section. Cell preparation is repeated for particle populations at di�erent f in75

the range 2% − 100%.

Methods. The sample is placed on a Temperature Controlled Microscope

Stage (Linkam PE94). The stage is initially set at T = 26◦C. Acquisitions are

obtained swiping the stage temperature at a constant rate (10◦C/min, unless

otherwise noted) in both increasing and decreasing directions. The advantage of80
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the "T-ramp" consists in exploring any temperature in a range around PNIPAM

cloud temperature (Tc = 32◦C) even without a �ne control on experimental

parameters. This method is successful and reliable because it allows to get rid

of: i) experimental uncertainty on stage temperature; ii) uncertainty on sample

temperature, di�erent from the previous one because of thermal inertia; iii)85

uncertainty on PNIPAM cloud temperature Tc. A typical acquisition contain

40-50 particles in the �eld of view that are tracked simultaneously. Several sets

of data are obtained from a single sample.

i) Pre-adsortion dynamics. The motion of the particles is 3-D tracked

in real time using a PicoTwist apparatus and PICOUEYE software tracking90

(www.picotwist.com). Each particle is observed in slightly defocused microscopy

in parallel illumination, resulting in interference rings (Fig. 1a). Comparing ring

size to an initial calibration pro�le (Fig. 1b) allows to extract the vertical po-

sition with a 10 nm resolution[26, 27]. Intensity center-of-mass of images as

in Fig. 1a gives position on the horizontal plane with a subpixel resolution95

of ∼ 5nm. Temporal resolution is 50 frames/s. Trajectories x,y,z are statis-

tically analyzed in order to extract Mean Square Displacements and di�usion

coe�cients in di�erent time windows ∆t before adsorption.

ii) Adsorption kinetics. Acquisition in T-ramp (starting temperature Ti =

26◦C, �nal temperature Tf = 38◦C, temperature rate 10◦C/min, unless other-100

wise noted) allows to follows 40-50 particles in an approximately 150 × 120 px2

frame (surface coverage of the �at substrate 0.5− 0.6%). At Ti all the particles

�uctuate around an average position because of thermal motion. No drift or

external �ow are present. At Tc = 32◦C, the particles start progressively to

stop because of PNIPAM-mediated adsorption on the �at substrate. The ac-105

quisition runs until no thermal motion is detected, meaning that all the tracked

beads are adsorbed. The �nal frames give the positions of each particle when

adsorbed (Fig. 2a). Particles positions at any time t are compared with �nal

positions: if there is correspondence the particle is considered adsorbed at time

t. This analysis is easily implemented by an image correlation algorithm. The110

recorded movies are converted to binary masks (1: particle, 0: background).
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a

b

Figure 1: Principles of PICOUEYE tracking analisys. (a) Typical image of a slightly-out-of-

focus particle, with characteristic interference rings. (b) Calibration pro�le giving interference

rings width at di�erent vertical positions (relative distance sample-objective). Red line high-

lights vertical position corresponds to picture in (a).

We calculate:

G(t) =

∑
x,y I(t)I(tf )∑
x,y I

2(tf )
(1)

where
∑

x,y stands for the sum of all the pixel values on the same resulting

image. The correlation function increases when more particles achieve their

�nal position (Fig. 2b). Getting rid of small �uctuation, G(t) give us the115

cumulative distributions of adsorption times (Fig. 2c), i.e. the fraction Pa(t) of

particles attached at the substrate as a function of time [22].

iii) Desorption kinetics. The same principle as above is used for the inverse

experiments. Initial temperature is set at Ti = 36◦C. As initial condition,

all the particles in the frame of view are adsorbed on the substrate and have120
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Particle position 

after adsorption

t

a

b

c

Figure 2: Adsorption kinetics tracking. (a) Extract of video tracking under optical microscopy

before (left) and after (right) adsorption. Trajectories in (x,y) plane are recorded. (b) Detail of

the algorithm that, among all the particles present in the visible frame (150×120px2), identi�es

only the ones adsorbed (white dots) at each time t via image correlation. (c) Intensity pro�le

(blue line) vs. time extracted from pictures as in (b), normalized by intensity at the end of

the acquisition. G(t) (Eq. 1 estimates the fraction Pa(t) of adsorbed particles with respect

to the total number of tracked ones. Light blue region indicates a con�dence interval for the

measurement.

�xed position. Temperature is decreased at a constant rate (temperature rate:

10◦C/min) and left at 26◦C. Acquisition lasts as far as all the particles are

released, showing appreciable motion. The recorded movies are converted to

binary masks (1: particle, 0: background). Each frame is compared with the

initial one via image correlation. Correlation functions in this case decrease125

as particles desorb from the substrate. The analysis is here limited to three

signi�cant coatings: low (f = 2%), medium (f = 20%) and high (f = 90%)

amounts of PNIPAM on the surface.
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3. Experimental results

Pre-adsorption dynamics. Particle tracking techniques provide the full par-130

ticle trajectory in the 3 directions (horizontal plane x, y and vertical particle-

substrate distance z) along all the acquisition in the temperature ramp. We

already used these information, for instance, to track particle vertical position

before adsorption [22] or rocking dynamics after adhesion [3]. Here we inte-

grate previous results observing pre-adsorption dynamics in di�erent temporal135

windows ∆t, but all ending at the adsorption time (t = t0). Fig. 3 shows the

Mean Square Displacements (MSDs) for a representative particle (f = 50%, in

the middle of the experimental range of surface coverage). When the MSD is

sampled over a long ∆t (∆t = 33.3s, green points) we observe a linear curve,

characteristic of Brownian di�usion. If we reduce the analysis to times closer to140

adsorption time (∆t = 16.7s, blue points) MSD is still linear, but with a lower

slope (i.e., a lower di�usion coe�cient). Di�usion is hindered by the presence

of a solid boundary [28], and by more frequent particle-substrate interactions.

Slopes decreases when we reduce ∆t (∆t = 10.0s, red points). In the very last

few seconds before adhesion (∆t = 3.3s, black points) MSD shows a plateau.

t0

Δt

Figure 3: MSDs of a PLL-g-PNIPAM coated particle (f = 50%) before adsorption (at time

t = t0). Trajectories are extracted in di�erent time windows ∆t (∆t = 3.3, 10, 16.7, 33.3 s),

all ending at t0.

145

Adsorption and desorption kinetics. In our previously reported work we an-
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alyzed and modeled the curves of adsorbed particles in the full surface coverage

range (2% < f < 100%) in a temperature ramp at a constant rate [22]. We want

now to measure the e�ect of the PNIPAM collapse phase transition kinetics on

the adsorption and desorption dynamics within a given T-ramp. Namely, in our150

previous work, it was assumed that in all cases the PNIPAM conformational

changes occur instantaneously in regard to rolling and sticking processes during

the T-ramp. Here, we provide new insights on the e�ect of di�erent ramps.

For the sake of discussion, we limit the analysis at two representative values of

f (f = 90%, f = 2%) and two ramps: fast (10◦C/min) and slow (1◦C/min).155

Results are reported in Fig. 4a and show di�erent behaviors for the two surface

coverage. At f = 90% we have a quick adsorption after PNIPAM transition,

since sticky patches cover almost completely the colloid. Instantaneous adsorp-

tion is clearly observed with the fast ramp (10◦C/min, black curve in Fig. 4a).

A slower ramp (1◦C/min, gray curve in Fig. 4a) doesn't change the interac-160

tion, but only smeared PNIPAM transition in a wider time frame. Full particle

adsorption is delayed by approximately 1 minute when the sample temperature

is increased of 1◦C. On the contrary, particle with lower surface coverage don't

show such a delay. The two curves at di�erent temperature rates overlap within

experimental error (dark and light red curves in Fig. 4a), indicating much slower165

smearing of PNIPAM transition temperature than in the case of high coverage

f .

A decreasing T-ramp allows to explore desorption kinetics (Fig. 4b). We

use three particle populations with di�erent f : 90% (black points), 20% (light

blue points), 2% (red points). The acquisition starts at T = 38◦C with all the170

particle adsorbed on the substrate (fraction of adsorbed particle Pa(t0) = 1)

and ends when all the accessible particles are released (Pa(tf ) = 0). No relevant

di�erences are found between di�erent polymer coverage. All the particle pop-

ulations desorb with the same kinetics. This result tell us that desorption only

depends on PNIPAM state: when the transition from collapsed to coil states175

occurs, colloids are not sticky anymore and leave the substrate. Adsorption was

tuned by rolling of the particle, looking for sticky patches (for larger f , patched
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a b
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Figure 4: (a) Fraction of adsorbed particles as a function of time in increasing T-ramps at

di�erent rates, 10◦C/min (dark colors), 1◦C/min (light colors), for two representative surface

coverage f : 90% (black/gray) and 2% (red). (b) Fraction of adsorbed particle as a function

of time in decreasing T-ramp (rate 10◦C/min) for three particle populations: high (f = 90%,

black), medium (f = 20%, light blue) and low (f = 2%, red) surface coverage.

are more frequent and adhesion faster). In contrast, the fast and uniform release

of particles suggests that rolling or rocking dynamics are not involved prior to

desorption.180

4. Discussion

Temperature-sensitive polymer (PLL-g-PNIPAM) induces reversible parti-

cle adsorption and desorption as a function of the sample temperature. The

PLL-g-PNIPAM surface coverage f is able to tune adsortion kinetics (but not

desorption one): larger is f , faster is the adhesion. We recently provided a185

model to describe this phenomenon and �t experimental curves [22]. The model

accounts for rolling and aging e�ect in soft adhesion: at lower f the colloids

spend more time in proximity of the substrate before �nding a sticky polymer

patch. We divide the particles into three populations, corresponding to the

three stages of a particle's �life�. The �rst is the population of untethered col-190

loids, represented by the probability Pb(t). The second population represents

the rolling colloids, Pr(t), while the third population of colloids is in arrest,

Pa(t). Thus, the rate equations are written:

Ṗb = −κPb + ko� ρ(t/τ∗)Pr

10



Ṗr = κPb − [ko� ρ(t/τ∗) + ϕ(T ) k g(t/τ∗)]Pr

Pa = 1 − Pb − Pr , (2)

where κ is the free sedimentation rate and corresponds to the fraction of particles

absorbed per unit time by a totally absorbing sink [29]. The term koff is the195

re-dispersion rate of rolling colloids, and k is the irreversible stopping rate of

rolling colloids. The typical time scale for contact aging is τ∗, and allows us to

write aging functions ρ(x) = exp(−x) and g(x) = 1 − ρ(x). Initial conditions

correspond to all the colloids dispersed in the bulk: Pb(0) = 1, Pr(0) = Pa(0) =

0. The �nal state is Pa(tf ) = 1. See ref. [22] for full details. The results200

in this work go in the same direction. They con�rm previous observation and

strengthen the rolling-aging model. The model has been designed under the

assumption of an instantaneous trigger of PNIPAM repulsion/attraction at the

PNIPAM cloud temperature (Tc = 32◦C). It can be accounted by a step function

for PNIPAM response: ϕ(T ) = 0 for T < Tc, and ϕ(T ) = 1 for T > Tc.205

This approximation works when the temperature transition around Tc is much

faster than adsorption (temperature transition time tTemp � τ∗), i.e. for slow

adsorption (low f) or fast T-ramp (10◦C/min). As a result, adsorption pro�les

at f = 2% are independent of T-ramp (Fig. 4a, red lines). Otherwise, when

tTemp ∼ τ∗, the response function becomes smeared:210

ϕ(
T − Tc

∆T
) =

exp T−Tc

∆T

exp T−Tc

∆T + 1
. (3)

This translates in di�erent adsorption pro�les for fast and slow T-ramps for

f = 90% (Fig. 4a, black/gray lines).

Desorption doesn't show a dependence of PNIPAM coverage f on colloids sur-

face. Rolling and soft contact are not involved, but particles are released when

PNIPAM tethers become non-sticky (Fig. 4b). This depends on sample tem-215

perature, but not on tethers density. For desorption a simple rate equation

describes the phenomenon at any f :

Ṗa = −κTPa, (4)

where κT is the re-dispersion rate dictated by tethers conditions.
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Application: sorting in micro�uidic channel. Strong dependence of adsorp-

tion rate on f , reversibility of the e�ect in temperature, together with fast and220

f -independent desorption rate are precious ingredients for designing a separa-

tion device for patchy colloids.

The principle is depicted in Fig. 5: a suspension containing a mixture of

colloids with di�erent patchy patterns is injected at constant �ow into a sep-

aration device containing PEG coated silica horizontal substrate, subject to225

sedimentation. At the beginning, the temperature is below Tc. At some time,

the temperature is rapidly raised above Tc. Colloids with di�erent patchiness

will take di�erent times to adsorb. After a sticky time τs the temperature is

dropped below Tc. All particles are released and continue the �ow during the

free time τf . The process is repeated as long as the device requires (depending230

on its length and the �ow speed). The crucial point is that τs and τf can be

tuned in order to get the best separation. For example, if we want to separate

particles heaving f = 50% from the ones with f = 2%, the sticking time must

be chosen in a way that most of �50s� get stuck but most of �2s� continue to

�ow.235

The same separation technique can be used for resolving particles with same

f , but with di�erent patch patterns. For this purpose, we use the fact that

particles mostly roll while they are sticky, and merely jump while they are free.

Fig. 6a-d illustrates an extreme case in which two particles with same coverage

f but di�erent coverage patterns (N random patches vs complete de-mixing,240

N=1). The trail (red) that the contact domain draws on the colloid surface

is continuous in the case of rolling (crawling) (Fig. 6b-e) and is composed of

discrete drops in the case of jumping (Fig. 6c-f). It is well known that the �rst

passage times are radically di�erent in the two cases [30, 31]. In our separation

device, we can tune between the two: if we want continuous trails to dominate,245

we will make longer τs. On the contrary, if we want discontinuous searching, we

prefer short τs. The free time should be adjusted in both cases to allow most of

particles to desorb, otherwise no material can be detected at the end.
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Figure 5: Application of soft adhesion in particle sorting/separation. (a) The separation device

is a micro�uidic channel with horizontal PEG-coated glass substrate, placed in a temperature-

controlled environment, rapidly tunable and programmable. The �ow v0 is controlled and

kept constant during separation. (b) The separation procedure is achieved by a sequence of

T-jump/T-drop cycles with tunable sticky time τs and free time τf .

a c

fed

b

Figure 6: Rolling and jumping for particles with same coverage f but di�erent patterns. (a, d)

Schematic of di�erent patches distributions. (b, e) Continuous trails (red lines) for particles

during rolling. (c, f) Discrete drops for particles during jumping. Particles in (a-c) encounter

sticky tethers more often then particles in (d-f).
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5. Conclusions

The present work reports further experimental results on colloid-substrate250

adhesion for microparticles coated by a controlled amount f of temperature-

responsive polymer chains (PLL-g-PNIPAM). We used 3-D real time tracking

within an ascending and descending temperature ramp around the polymer col-

lapse temperature, triggering the stickiness of the particles. Soft adhesion is

reversible and can be �nely tuned by f . The combination of new observations255

(pre-adsorption di�usion, adsorption smearing at di�erent T-ramps, desorption)

strengths our model, con�rming that soft adhesion is controlled by rolling and

aging e�ects. Furthermore, on the basis of our results, we propose a simple strat-

egy for separation of colloids with soft sticky patches. Separation with respect

to both the overall surface patch density and the patch pattern is discussed.260
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