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ABSTRACT

With the constant progress in miniaturization of systems and devices, the manipulation of p-objects
is becoming increasingly important. Chemical functionalization is a promising way to improve this
manipulation, in particular multilayer polymer films based on hydrogen bonds can allow to achieve
reversible adhesion of p-objects. To prepare such hydrogen-bonded Layer-by-Layer (LbL) films,
poly(ethylene glycol) (PEG), poly(acrylic acid) (PAA), Tannic acid (TA) and Poly(N-isopropylacrylamide)
carboxylic acid-terminated (PNIPAM) were selected due to their hydrogen donor or acceptor
properties. . The growth of these films was originally confirmed by in situ optical reflectometry. Their
erasability was also investigated by exposure to an aqueous solution with a pH gradient. Depending
on the polymer couple, the pH of disintegration was adjusted from an acidic to a basic medium. The
surface roughness was also affected by the building block of the LbL architecture since a rougher
surface was recorded for PEG/TA than for PEG/PAA. To mimic the manipulation of an object,
adsorption and desorption of a model object (silica particles) was carried out onto a LbL film. Two
approaches were employed: optical reflectometry as an indirect method and optical microscopy for
direct visualization. For both analyses, particles of different sizes could be adsorbed onto a PEG/PAA
or PAA/PNIPAM film. Finally, a complete desorption of the particles was recorded due to the

disintegration of the LbL film when the pH was increased.
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INTRODUCTION

Thanks to the intense efforts made since the early 1990s, robotic manipulation is now mature at the
macrometric scale. But a crucial challenge is now to be able to grasp and manipulate micro-objects in
an accurate, reliable and repeatable manner as precision manipulation tasks are needed to replace
manual operation with automated robotic micromanipulation in the biomedical and industrial fields.
For this purpose, recent scientific advances of microtechnologies are crucial as they allow for the
microfabrication of precision tools for the manipulation of micro-objects that can be useful for many
potential applications including microassembly in robotics’ 2, manipulation and characterization of
bacteria®, embryos* or neuronal cells®, drug delivery using biohybrid microrobots®, single-molecule
micromanipulation for biophysical applications’, and microassembly of microstructures for the
fabrication of MEMS.® ° Such micromanipulation tasks can be performed either with motor-driven
grippers and end-effectors (contact micromanipulation) or with untethered physical fields (field
micromanipulation). On the one hand, micro-grippers have finger openings allowing to handle p-
objects and achieve pick and place tasks, but releasing the object is still difficult and it is frequently
necessary to introduce a liquid bridge between the gripper and the object to achieve this task'® 1.
AFM probes are also often used as end-effectors in force-controlled micromanipulation since the
force that the probes apply to the object being manipulated can be accurately sensed and

controlled!® 3, On the other hand, in non-contact micromanipulation, the mechanical gripper is
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replaced by components generating a magnetic*'®, optical’’?°, acoustic or electric field?*%.
While interesting achievements have been done with these techniques, such as the control of
magnetically actuated micro-robots inside the eye for surgery and drug delivery!4, these methods still
suffer from a low blocking force (corresponding to the maximal force applied to an object without
displacement), which is a major limitation since micromanipulation must be able to induce a
significant force.

In order to develop more efficient micromanipulation tools than the existing ones, it is therefore
necessary to put forward new strategies. Thus, the use of chemically modified grippers seems to be
an interesting approach because of the use of functional chemical films deposited onto the gripper
could allow to control the forces between the gripper and the object and thus to improve
micromanipulation operations. In particular, pick-and-place micromanipulation of micro-objects
could be greatly enhanced by the use of materials that change their properties in response to the
application of various external stimuli (temperature, electric or magnetic stimuli, pH, chemical
concentration, humidity, or light). For example, pick-and-place experiments have been achieved with

a microgripper modified with a thermoresponsive hydrogel (N-isopropylacrylamide-co-acrylic acid)

doped with magnetic nanoparticles.?®2® Another gripper used light absorption by black ink mixed



with polystyrene as a light stimulus leading to localized heating and inducing shrinkage of the
structure and release of the object.?® But until now, electroactive polymers, which are polymers
reversibly deforming in response to electric stimuli, have been the most commonly used responsive
materials for micromanipulation experiments.>® Electroactive polymers consist of an electrolyte-
swollen polymer membrane (a few hundred um thick) sandwiched between two metallic electrodes.
When a bias voltage (1-5 V) is applied to the electrodes, anions (cations) migrate to the anode
(cathode), leading to a bending deformation of the system.3" 32 Using this methodology, a spherical
metallic object with a mass of 15 mg was lifted up by microgrippers previously functionalized with an
electroactive polymer.3® 3 The main advantage of this strategy is the ability to work in aqueous
environments for applications such as sea exploration®, drug delivery and surgical manipulation in
body fluids.3® However, these polymers still suffer from a slow response speed and low stress
produced.?’

pH-sensitive polymers are a group of stimuli-responsive polymers that can respond to changes in
solution pH by undergoing structural and property changes such as chain conformation, surface
charge or solubility due to the presence of ionizable acidic or basic residues in their backbone. This

class of materials has recently gained interest as they can be useful for many applications including
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gene and drug delivery®’, (bio)sensors , or filtration membranes.*®* Polyelectrolytes are
typically described as pH-sensitive polymers as ionization of the monomers can be easily achieved by
changing the solution pH (or ionic strength). Such a response to pH changes generally results in
modifications of the physico-chemical properties of the polyelectrolytes which can be exploited to
prepare grippers or actuators. Thus, pH-sensitive hydrogels based on polyelectrolytes have already
been used to prepare soft actuators. For example, poly(acrylic acid) has been combined with
hectorite clay to form a pH-responsive material allowing fast response and precise control of the
acting direction, such as bidirectional bending flytrap, gel hand with grasp, and gesturing actions.*
Similarly, poly(diallyldimethylammonium chloride) (PDDA) and poly(N-isopropylacrylamide)
(PNIPAM) have been combined to prepare grippers for controlled delivery of small molecules and
bilayer actuators showing unique bidirectional bending behaviour in response to pH changes.* Bio-
bilayer  hydrogels were also prepared from a solution of chitosan and
cellulose/carboxymethylcellulose and demonstrated fast, reversible, and repeated self-rolling
deformation actuated by pH-triggered swelling/deswelling. The significant difference in swelling
behaviour between the positively charged chitosan and the negatively charged
cellulose/carboxymethylcellulose layers generated sufficient force to actuate the performance of the

® Another strategy for modifying interfaces with pH-sensitive

hydrogels as soft grippers.?
polyelectrolytes consists in the assembly of multilayer films by the layer-by-layer method, developed

by Decher?, in which two species are alternately adsorbed onto a surface, resulting in the formation
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of a nanometric thin film. Such assemblies have been extensively studied in the last 2 decades but
only our group has used such polymer multilayer films to perform micromanipulation experiments.
Indeed, we have recently succeeded in achieving reversible adhesion of borosilicate p-spheres by
grippers previously modified by a poly(acrylic acid) / polyethylene glycol (PAA/PEG) film based on
hydrogen bonds.* More precisely, the p-object was first grasped by the polymer multilayer-modified
gripper in an aqueous environment (pH 2), then the pH of the solution was increased by the addition
of NaOH, which causes the disassembly of the LbL film and the release of the pu-object at pH>4. In the
work presented here, we propose to use two other pairs of polymers (PNIPAM/PAA and TA/PEG) to
build LbL films based on hydrogen bonds and pH-responsive, and compare their behaviour with that
of PEG/PAA films. Due to their different chemical structures, these polymer films can disassemble at
different pH, thus offering the possibility to choose the disassembly pH depending on the targeted
application. In this paper, the build-up of these polymer multilayer films and their evolution during
pH changes is studied by optical reflectometry, while their structures are characterized by Atomic
Force Microscopy. Finally, the adsorption/desorption of micrometric borosilicate spheres on a

substrate is studied as a function of pH.

EXPERIMENTAL

Materials. Poly(acrylic acid) (PAA) having a M,, of 60 000 g/mol was purchased from Fluka Chemical
Corp. Poly(ethylene glycol) (PEG), M, of 35000 g/mol, and Poly(N-isopropylacrylamide) carboxylic
acid terminated (PNIPAM), M, of 10 000 g/mol, were obtained from Sigma Aldrich. Tannic acid (TA)
having a My, of 1 701 g/mol was provided from Fischer Sci. Colloidal silica nanoparticles were
purchased from AkzoNobel (BINDZIL, 30/220, 30 %, d= 12 nm) or synthesized in our laboratory (r=
165 nm) by the method described in detail previously.*® Borosilicate glass spheres (BSG) (r= 5 pum)
were provided from SPI Supplies. The polymer solutions were prepared in ultrapure water at 0.1 g/L
and NaCl was added as a background electrolyte to set the ionic strength at 102 M. The nano and
microparticle suspensions (c= 0.01 g/L) were also prepared in 102 M NaCl. For PAA/PEG, PEG/TA, and
PAA/PNIPAM assemblies, the pH of the solution was set at 2. For both, pH was adjusted by addition
of 1M HCI.

Polymer multilayer deposition. A conventional wafer cleaning procedure was employed to increase
the density of SiOH groups on the silicon surface. The substrates were dipped in piranha solution
(H2S04: H,0, = 3:1, v/v) for 20 min and then extensively rinsed with ultrapure water. After cleaning,
the substrates were vertically dipped into each polymer solution for 10 min. Three different types of
assemblies were made: PEG/PAA, PAA/PNIPAM and PEG/TA. After assembly, the polymer films were

dried in the open air for one day.



Optical reflectometry (OR). In-situ investigations of multilayer film assembly/disassembly were
carried out by a home-made fixed-angle optical reflectometer. Adsorption was monitored through a
change of polarization laser light. The beam was focused at a stagnation point of an impinging jet cell
which was mounted directly on the reflectometer. The polymer solution was alternately injected
using a constant flow rate. A signal, denoted So, was first recorded during the injection of a free
polymer solution and used as baseline. The raw data showed that the signal change, AS ie S-So, was
directly linked to the amount of polymer adsorbed per unit area. No conversion of reflectometer
output in adsorbed amount was done since the polymers have somewhat different refractive indices.
Moreover, the composition of each layer in the multilayer films was unknown. Consequently, to
compare experiments, the data were expressed as AS/S.

During experiments, different information was obtained: i) the assembly profiles of various
polymer couples, ii) the adsorption of nanoparticles onto the assembled films and iii) the depletion of
the assembled films (+ particles) with pH. In the first step, the polymer solutions were alternately
injected into the cell (t= 10 min) until the desired number of bilayers (N) was deposited. The
assembly between PEG/PAA, PAA/PNIPAM and PEG/TA polymers was monitored. In the second step,
a SiO; nanoparticles solution was injected into the cell directly after the polymer film assembly and
their adsorption was followed during 10 min. Thus, films of (PEG/PAA)x + SiO2 and (PAA/PNIPAM)y +
SiO, were obtained,. In the third step, the multilayer films with/without adsorbed particles were
rinsed with 0.01 M NaCl solutions, whose pH was finally increased from pH 2 to pH 10 depending on

the polymer couple.

Atomic Force Microscopy (AFM). A Nano-Observer atomic force microscope (CSinstruments) was
used to image the surface morphology after sample drying. Images were collected in contact mode
using Pyrex-Nitride Probe Triangular Cantilevers, PNP-TR (spring constant 0.08 N/m, resonant
frequency 17 kHz, Nano World). MountainsMap software from Digital Surf was used to treat pictures
and determine roughness parameter. The root-mean-squared (rms) roughness was calculated by
averaging 5 values collected from 400 um? areas on the AFM images.

Scanning Electron Microscopy (SEM). The scanning electron microscopy samples were observed with
a high resolution FEG Digital Scanning Electron Microscope Le0982 Gemini from Zeiss. The samples
were prepared by first depositing hydrogen-bonded films on silicon wafers (N= 3 bilayers).
Afterwards, the wafers were rinsed in a 0.01 M NaCl solution at pH 2 and directly immersed into
either nano or microparticle SiO, suspensions for 5 min. This step was followed by a second rinsing
step (0.01 M NaCl at pH= 2) and drying under nitrogen flow. All samples were imaged after

metallization.



Optical microscopy. Macroscopic surface observations were performed with a reflected light
microscope having a 10x objective lens (Reichert Jung, Austria, model Polyvar-MET). Surface
functionalization was done as previously described and the adsorption of borosilicate glass spheres
was investigated as a function of the number of adsorbed bilayers. The views were finally recorded
after exposure of the sample to a 0.01 M NacCl solution whose pH was set above the pH of hydrogen-
bonded assembly destruction. This critical pH value for different assemblies was initially determined

from optical reflectometry results.

RESULTS AND DISCUSSION
Growth and disintegration of polymer multilayers.

Optical reflectometry is a powerful tool to investigate the growth of a polymer film. Indeed, the
assembly can be directly monitored during adsorption using a low polymer concentration.
Consequently, this technique was initially employed to investigate the growth of hydrogen-bonded
multilayers. Figure 1a shows the step-by-step adsorption of PEG and PAA at pH 2. Each step
corresponds to the adsorption of one polymer. The solution containing PEG is the first one injected
into the reflectometer cell. The reflectometry output increases followed by a plateau reflecting PEG
adsorption. At pH 2, silicon oxide surface groups are predominantly non charged groups (silanol
groups). So, hydrogen bonding can be established between the surface groups and the lone electron
pair of oxygen of the ethyl oxide (EG) monomer. Then, when PAA is injected, reflectometry output
increases again demonstrating the adsorption of PAA onto the PEG layer. The driving forces, as first
demonstrated by Sukhishvili and Granick,*® for PEG/PAA are as before hydrogen bonds which are
created by the lone electron pair of oxygen of EG and the hydrogen of the carboxylic acid groups of
PAA. Note that no conversion of AS/S; was done and that the reflectometry output represents, at
least semi-quantitatively, the amount of polymer adsorbed onto the SiO,/Si substrate. A multilayer
can also be constructed by starting with a PAA layer as shown in Figure 1b. Once again, a hydrogen
bond is established between the silanol groups and the lone electron pair of oxygen available on the
PAA monomer. By comparing the value of AS/So after the adsorption of 3 bilayers, the amount of
adsorbed polymers seems to be higher for the PAA/PEG architecture than for the PEG/PAA one, that
could be partially explained by a higher adsorption of PAA onto SiO,. The growth mechanism of
PEG/PAA seems to be exponential as demonstrated by the value recorded at the plateau for each
polymer adsorption. This growth regime is due to the fact that PAA and PEG can form interpolymer
complexes leading to an increase in the total adsorbed amount.** The multilayer is then progressively

exposed to a solution whose pH is progressively increased from 2 to 4 for 5 min. A strong decrease in



AS/So was noticed for the solution at pH 4 corresponding to the disassembly of the LbL films. This
critical pH value is consistent with the value, e.g. pH 3.6, found for PAA/PEG disassembly in the
literature.®? Indeed, the carboxylic acid groups begin to acquire a negative charge that disrupts
hydrogen bonds and so the LbL architecture. More precisely, PEG has a nonionic nature, therefore its
hydrogen bond acceptor properties are not affected by the pH of the assembly solution. At the
opposite, PAA is a weak polyelectrolyte. Consequently, pH strongly influences the ratio of charged
units and thus the assembly based on hydrogen bonds. As reported by Choi and Rubner®3, at pH 2,
the carboxylic acid groups are fully protonated (pKa=6.5) and the number of hydrogen bond donor
sites is maximized. At pH 3.5, 5% of the carboxylic acid groups are charged and electrostatic repulsion

is sufficient to initiate the destruction of hydrogen bonds.

For PAA/PNIPAM, reflectometry output clearly indicates the growth of a multilayer polymer film.
After each injection of polymer solution at pH 2, an increase in AS/So can be noticed (Figure 2a). As
for PEG/PAA, growth is also observed when the assembly starts with a PNIPAM layer (Figure 2b). In
both cases, (PAA/PNIPAM); or (PNIPAM/PAA)s;, the amount adsorbed is nearly the same..
Consequently, a hydrogen bond is established between silanol groups and PAA or PNIPAM. The
construction of the film is ensured by the hydrogen bonding between the amide hydrogen of the
PNIPAM and the carboxylic acid of the PAA.>* Moreover the growth regime seems to be linear
regarding the variation recorded at the end of each plateau. Exposure of films containing PAA and
PNIPAM to a pH 7 solution leads to the disintegration of the film. So, the pH is much higher than for
PAA/PEG. Indeed, as the pH increases, the deprotonation of the PAA monomers progressively
increases but a hydrogen bond can still be established between the oxygen atom of PAA and the
nitrogen atom of the amide hydrogen of PNIPAM. At pH 7, around 50-60 % of the carboxylic acid
groups are ionized. Consequently, for PAA/PNIPAM, more repulsive interactions are needed to

destroy the LbL architecture.

Finally, the assembly of PEG with TA is tested. As before, reflectometry experiments indicate that the
assembly of PEG/TA works onto a silicon oxide substrate (Figure 3a and 3b). Surprisingly, for TA/PEG,
no variation of AS/Sy is observed when TA is injected, thus indicating that no adsorption of TA onto
the silanol groups is detected. So, Figure 3b represents the adsorption of 2.5 bilayers of TA/PEG
rather than 3 bilayers. Moreover, for the same number of adsorbed layers, the amount adsorbed is
the same. As for PEG/PAA, experiments show an exponential growth of the PEG/TA multilayer. The
PEG/TA assembly was then rinsed with a pH 9 solution leading to the destruction of the films. This
pH-triggered disintegration is similar to the work done by Erel-Unal and Sukhishvili where a PEG with
a My, of 200000 g/mol was used.>® TA is a polyphenol that can give rise to different types of

interactions. Indeed, electrostatic, hydrogen bonding, and metal coordination have already been
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reported.®® At pH values below 8.5, TA is a hydrogen bond donor which can interact with the
hydrogen bond acceptor of PEG. When the assembly is exposed to a solution at pH 9, above pK, (8.5
%5), the TA becomes a polyanion and electrostatic repulsion between the negative charges leads to a

progressive disintegration of the multilayer as for the other couples.
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Figure 1: Growth/disintegration of (PEG/PAA); and (PAA/PEG); multilayers monitored by optical
reflectometry (Cpolymer 0.1g/L, NaCl 102M, pH 2).
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Figure 2 : Growth/disintegration of (PAA/PNIPAM)s; and (PNIPAM/PAA)s; multilayers monitored by
optical reflectometry (Cpoiymer 0.1g/L, NaCl 102M, pH 2).
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Figure 3: Growth/disintegration of (PEG/TA); and (TA/PEG); multilayers monitored by optical

reflectometry (Cpolymer 0.1g/L, NaCl 102M, pH 2).
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Figure 4 : Variation of reflectometry output during the rinsing step as a function of the pH and

polymer couple. 100% corresponds to the reflectometry output after adsorption of 3 bilayers.

The erasability of the LbL film was investigated in detail as a function of the change in reflectometer
output. After the multilayer growth, each architecture was exposed for 5 min to a solution with a pH
increase from 2 to 10. Normalization of each desorption experiments was done from the AS/So value
recorded after the deposition of 3 bilayers. The pH-triggered disintegration depends on the polymer
couple used to prepare the film (Figure 4,). At pH 4, PEG/PAA is destroyed while a pH of 9 is required
for PEG/TA. As explained previously in details, the dissociation of the hydrogen-bonded LbL film
strongly depends on the balance between attractive and repulsive forces into the film when the pH
of the solution is changed. So, the pK; of the protonatable chemical function plays an important role.
In the present case, the hydrogen-bonded multilayer appears to be an interesting way to
functionalize a gripper to grasp and release p-object in aqueous media. By choosing the polymer

couple, the pH of disintegration can be selected from acidic to basic medium. In addition, if the p-



object is degraded or corroded by the pH of the solution, another LbL functionalization can be used

to perform its manipulation.

Multilayer film surface analysis.

After the growth analysis of the films and before to investigating the ability of each film to interact
with a spherical p-object, multilayer film surface morphology was studied using AFM. The 2D and 3D
surface topographies of 3 bilayers obtained by assembly of PEG/PAA, PAA/PNIPAM and PEG/TA are
presented in Figure 5. Note that the scale bars are the same for the different assemblies to facilitate
the comparison (From 0 to 500 nm). A smooth surface with some globular islands is observed when
PEG is combined with PAA. At the opposite, for films made of PEG and TA, a globular surface
morphology was recorded. On average, the height of the globular shape is 2 to 5 times higher for
PEG/TA than for PEG/PAA. The globules are also more distributed on the surface for the assembly
made with TA. When PAA is combined with PNIPAM, the surface morphology is completely different.
The film surface is relatively smooth but exhibits some very small islands 250 nm high. Consequently,
the surface topography differs depending on the polymer couple and the globular structure is
probably due to the use of PEG.

a) oy 5ob) %

¢ 8 8 B ¥ B EBE 8 & 8
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¢ B B B ¥ 8 8 & & #3

Figure 5 : AFM images showing 2D and 3D surface topographies of a) (PEG/PAA)s, b) (PAA/PNIPAM);
and c) (PEG/TA); hydrogen bonded assemblies.

Surface analysis was also carried out after the deposition of 1, 2, 5 and 8 bilayers. The average

surface roughness, Sq, was then calculated and plotted in Figure 6 for each polymer couple. A quasi-
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linear increase of roughness is observed whatever the assembly. However, a rough surface is
produced when PEG is combined with TA. In detail, after adsorption of 8 bilayers, the surface
roughness is equal to 93 nm for PEG/TA while it is equal to 21 nm for PEG/PAA. The variation in
surface roughness variation is probably due to the difference between the molecular weight of each
polymer and thus the number of monomers in each polymer chain. For PEG/PAA, the number of
monomers is almost the same (795 for PEG and 600 for PAA) while for PNIPAM, the chain is made of
88 monomers. Finally, TA is a very small molecule having a molecular weight of 1701 g.mol™.
Increasing the unbalance between polymer size leads to a rougher surface. Considering that a rough
surface could be damaging for micromanipulation applications, the functionalization based on
PEG/TA multilayer was abandoned. Indeed, the surface roughness reduces the number of
interactions between the functionalized surface of the gripper and the p-object and so to successfully
grasp the object. As demonstrated by Tam et al. the surface roughness has the effect of reducing the

area of contact between the surfaces and consequently reducing the interaction.®’
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Figure 6 : Surface roughness of PEG/PAA, PAA/PNIPAM and PEG/TA hydrogen bonded assemblies.

Adsorption and desorption of particles

Knowing that the goal of this study is to grasp, move and release a p-object, adsorption and
desorption experiments of silica particles on top of a polymer film were done. Remember that the
gripper will be functionalized by a hydrogen-bonded multilayer and the silica particle is a model
object. Once again, optical reflectometry experiments were carried out first. To avoid a strong
change in the reflectometry output due to the size of silica particles, colloidal silica nanoparticles
with a diameter of 12 nm were employed. Before the injection of the solution containing
nanoparticles, 3 bilayers of PEG/PAA were deposited on a silicon oxide substrate. As before (Figure

1), the output signal reaches a value around 0.26 showing a good repeatability of the LbL process
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(Figure 7). Then, when the valve is turned to inject the particle solution, the output increases linearly.
Silica particles which are not charged at pH 2 (closed to the point of zero charge, PZC) adsorb by
hydrogen bonding. The surface of the particles is covered by silanol groups which can interact with
the hydrogen of the PAA carboxyl groups. The plateau of adsorption, symbolizing the equilibrium, is
not reached at the time scale of the experiment. Indeed, the adsorption kinetics of particle is very
low in comparison with that of the polymer adsorption. Functionalization of the surface by the
polymer and the size of the particles are known to alter the deposition of particles.>® > After 10 min,
the substrate is rinsed with water solution at pH 2, 3, 4 and 5. The decrease in reflectometry output
clearly indicates desorption of the silica particles due to the destruction of the LbL architecture. The
pH leading to desorption seems to be higher when the particles are adsorbed. Indeed, in the first
part, a pH of 4 is sufficient to erase the film while a pH of 5 is required to achieve desorption of the
particles. To explore the possibly to functionalize the gripper again, a solution of PEG and PAA
polymer at pH 2 is injected alternately without a drying step. The results in Figure 7 show that the
LbL multilayer can redeposit onto the gripper which can grasp and release silica particles once again.

The second part of the figure appears as a transposition of the first part.

0.4
0.3

0.2

ASIS,

0.1+

0.0 +7pe
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Figure 7 : Adsorption and desorption of silica nanoparticles on an erasable PEG/PAA multilayer (R:

rinsing step, adsorption time: 10 min).

The same experiments were then carried out using PAA/PNIPAM multilayers (Figure 8). The adsorbed
amount of PAA/PNIPAM and PNIPAM/PAA was almost the same (Figure 2), so it was arbitrary chosen
to start the experiments with PAA injection. Only 2 bilayers were deposited before the adsorption of
particles. Indeed, when 3 bilayers are adsorbed, oscillations of the output are recorded when
particles are injected that prevent data processing. As for PEG/PAA, the adsorption of particle does
not reach a plateau after 10 min and the variation of the output is linear. Desorption of the LbL
structure is also visible when a pH 7 water solution is injected. As before, the critical pH for

dissolution of the LbL film seems to be higher when particles are adsorbed onto the film. The second
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part of Figure 8 indicates that an additional functionalization can be done with the same erasable

properties.
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Figure 8 : Adsorption and desorption of silica nanoparticles on an erasable PAA/PNIPAM multilayer.

Particle adsorption: Effect of the particle size

Reflectometry is an indirect technique to monitor the adsorption of different materials. To observe
how the particles are adsorbed, SEM images were carried out. PEG/PAA and PAA/PNIPAM couples
were both tested. The possibility to grasp a spherical object of different sizes was also investigated
using two sizes of silica particles: one in the nanometer range, i.e. 300 nm, and another one in the
micrometer scale, i.e. 10 um. The images presented in Figure 9 confirm that whatever the hydrogen-
bonded polymer film, adsorption of particle is observed. The particle size does seem to be a critical
parameter. Indeed, 300 nm and 10 um silica particles are visible in the SEM images. The surface
coverage of the particles is higher for the PEG/PAA multilayer (Figure 9a,b) than for the PAA/PNIPAM
multilayer (Figure 9c,d). The density of -OH groups on the surface of the polymer film is probably
lower for the PAA/PNIPAM based architecture. This is in a good agreement with reflectometry
experiments where the adsorbed amount of silica particles is higher when deposited onto a PEG/PAA
multilayer. As shown by Lutkenhaus et al., at lower pH, PAA tends to bind to itself, reducing its ability
to bind to PEG. An increase in the PAA content into the film is thus recorded.®® Consequently,
PEG/PAA functionalization should be preferred to maximize the probability to grasp an object. More
generally, the reflectometry experiments are so corroborated by the SEM observations. The strategy
consisting in the formation of hydrogen bonds between a polymer film and a spherical object seems

to be independent of the size of the spherical object.
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Figure 9 : SEM observations of a) SiO; 10 um b) SiO, 300 nm adsorbed on the top of (PEG/PAA); and
c) SiO2 10 um d) SiO; 300 nm adsorbed on the top of (PAA/PNIPAM)s.

Mimicking of micro-object capture and release.

Adsorption/desorption of silica particles (10 um) onto PEG/PAA and PAA/PNIPAM multilayers
composed of N bilayers was finally observed by optical microscopy. The number of deposited layers
is always an even number meaning that the particles are adsorbed on the PAA polymer or PNIPAM
polymer. As depicted in Figure 10 and Figure 11, the number of adsorbed particles clearly depends
on the number of bilayers N. For N=1, the particles are spread onto the substrate surface and form
some aggregates. Only a few particles are observed individually. At the opposite, for N=8, the
substrate is covered by a homogeneous coating. Note that the images were done in liquid media
without drying to mimic the micromanipulation process. Similar to SEM investigations, the surface
coverage of particles is lower for PAA/PNIPAM functionalization. Then, each sample was immerged

into a pH 10 solution for 10 min.

For PEG/PAA, immersion into a basic solution leads to a complete removal of silica particles from the
substrate for N = 3, 5 and 8 due to the destruction of hydrogen-bonded multilayer. For N =1 and 2, it
seems that some particles are still stuck onto the substrate even after immersion in a basic medium.
Considering that for a few adsorbed polymer layers, the PEG/PAA LbL film does not cover the entire
silicon substrate, the particles are probably adsorbed onto the silicon substrate by hydrogen bonding.
As the pH increases, the surface charge of both the adsorbed particles and the silicon oxide thin layer
on top of the silicon wafer increases. Consequently, repulsive interactions should lead to complete
desorption of the particles, unless strong interactions were initially created during the adsorption
step. Indeed, between a spherical particle and a planar substrate, van der Waals interactions could

arise, in addition to hydrogen bonding if the distance is small enough. However, van der Waals forces
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do not depend on the surface charge and are therefore insensitive to pH modification, that could
explain the presence of some remaining particles onto the substrate. For PAA/PNIPAM, immersion
into a basic solution leads to a complete removal of silica particles from the substrate for N=1, 2, 3
and 5. For 8 bilayers, some particles are still attached to the substrate and the surface appears to be
inhomogeneous. Considering that there is no convection in these experiments, the PAA/PNIPAM LbL
film is not completely destroyed. The pH of 10 is probably too weak to lead to a complete desorption

of the thick film knowing that the destruction begins at pH 7 for the PAA/PNIPAM couple.

2
=
N
w
w
©

a

~

After
adsorption

(=)
~

After
rinsing

Figure 10: a) Images of silica particles (10 pm) adsorbed on PEG/PAA multilayer film made of N
bilayers at pH 2 and NaCl 0.01M b) Images recorded after a rinsing step of the previous samples with

a solution of NaCl 0.01M at pH 10. The images size is 700 umx930 pum.
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Figure 11: a) Images of silica particles (10 um) adsorbed on PAA/PNIPAM multilayer film made of N
bilayers at pH 2 and NaCl 0.01M b) Images recorded after a rinsing step of the previous samples with

a solution of NaCl 0.01M at pH 10. The images size is 700 umx930 pum.

CONCLUSION

In the present work, the deposition and disintegration of LbL films based on the assembly of 3
different polymer couples were investigated. These experiments were done to evidence the
possibility of using the hydrogen-bonded multilayer functionalization to capture, displace and release

a micro-object in aqueous solution.
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Reflectometry experiments successfully demonstrated the capability of growing a multilayer onto a
silicon oxide substrate. For PEG/PAA and PAA/PNIPAM couples, the growth was recorded whatever
the first polymer injected into the cell. Conversely, TA doesn’t appear to be adsorbed onto silanol
surface groups. The pH of disintegration, due to the rupture of hydrogen bonds, strongly depends on
the couple of polymers which allows to consider p-manipulations operations at different pH.
Moreover, the desorption of the film is fast and no convection is needed. To mimic the grasping of a
micro-object by a gripper functionalized by a H-bonding film, nanoparticles of silica were injected
into the reflectometer cell. Particle adsorption onto PEG/PAA and PAA/PNIPAM was clearly observed
as well as their desorption when the pH of the rinsing solution was increased. It is also easy to
reconstruct the LbL film directly after its disintegration without a rinsing step showing that the
system could be reused several times. SEM images confirmed that particles can also be adsorbed
whatever their size. Finally, direct observations of particle desorption and so LbL disintegration were
done by optical microscopy. For PEG/PAA and PAA/PNIPAM, the desorption is nearly complete
whatever the number of adsorbed bilayers. Hydrogen bonded LbL functionalization is so a promising
route to modify gripper and displace objects in a liquid medium. In future studies, these easily
prepared hydrogen-bonded films will be used to functionalize an AFM tip in order to grasp, move,

and release object of different sizes and different chemical natures.
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