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Abstract.

Spontaneous adsorption of poly(lysine)-g-poly(ethyleneglycol) comb-like copolymers (PLL-g-
PEQG) is a versatile mean to coat substrates with polymer layers that resist cell adhesion. We
prepared redox cleavable PLL-g-PEG to switch adhesion on demand. Redox sensitivity was
obtained by introducing disulfide linkers between the PLL backbone and PEG strands. This
modification was done alone or in combination with an azide-end on the PEG strands that
enabled in situ conjugations of adhesion peptides or fluorescent labels (by simple application of
commercially available molecules for copper-free click chemistry compatible with cell survival).
To balance the functional (adhesion-promoting) vs cell-repellent copolymers, mixed layers of
adjusted compositions were obtained by coadsorption from mixed solutions of the cleavable
copolymer with non-cleavable and repellant PLL-g-PEG. The deposition of copolymers and
quantitative cleavage as triggered by reductive conditions (application of solutions of
tris(carboxyethyl)phosphine, dithiothreitol or gluthatione) were characterized by QCM-D, XPS,
and fluorescence microscopy. In cell culture conditions, redox-triggered cleavage was obtained
by non toxic application of TCEP for a few minutes, enabling either to release cell attachment
points (i.e. cleavage of RGD-presenting areas) or to "open" non-specific adherent areas (i.e.

transition from PEG-presenting areas to adherent PLL-like coatings).

keywords. redox responsive, dynamic coatings, micropatterns, disulfide, PLL-PEG antifouling,

cell adhesion.



Introduction.

Deposition of a soft polymer layer on the top of substrates provides a versatile control on the
interface between cells and surface for in vitro cultures. These coatings can either diminish non-
specific adhesion (e.g. poly(ethyleneglycol), PEG) or facilitate cell binding (poly(lysine), PLL).
They are easily micropatterned to guide cell growth or migration, enabling investigation on how
cells adapt to complex interfacial constraints." Typical applications include studies of cell-cell
communication (e.g. neuron networks,™ control of stem cell fate,* co-cultures for tissue
engineering, etc.” Recently, dynamic interfacial layers were introduced in order to modulate cell-
surface interaction with temporal control. The typically goal is to switch substrates between a

. 10,11
repellent and an adhesive state 7% 1

). Changing adhesiveness in a time-controlled manner is
key to recapitulate or mimic the spatio-temporal variations occurring in the interactions between
cells and the natural extracellular matrix. It has been shown that a single in situ on/off switch can
affect cell fate (e.g. gene expression pattern depends on the delay of peptide display after cell
deposition on a substrate)'”. Providing a robust in situ and on-demand switch between cell-
repellency and cell binding is however challenging. Robustness refers here to 1) preservation of
the interfacial response during cell growth, in cell culture media, i1) providing high contrast
between specific vs non-specific binding, and iii) the absence of toxicity. To reach this goal it is
key to coat the substrates with a dense array of cell-repellent (antifouling) polymer strands such
as PEG, in order to minimize both non-specific interactions and adsorption of contaminants (e.g.
biomolecules present in culture media). Points i1) and iii) can be fulfilled by bioorthogonal or
non-toxic, covalent attachment or detachment of adhesion-controlling chemical moieties. For
instance, click chemistries have been reported for mild attachment of adhesion cues (e.g. peptides

13,14,15

onto functional PEG strands ). On the other hand, light-triggered cleavages of photo-labile



linkers have been implemented to release either PEG strands or adhesion peptides.'®'"'®!? UV
irradiation is however required to cleave these photocages. Possible toxicity on fragile cell lines,
together with interferences with imaging by optical microscopy introduces significant constraints

. . 20 21
that motivates active researches of new photocages.”,

Mild variation of the redox potential is an interesting alternative trigger that does not suffer the
same constraints as photo-cleavage. A few examples of redox-triggered adhesion/deadhesion of
cells are reported: coating with PEDOTS,**, > ** use of metalized substrates to trigger desorption
or reductive cleavage by variation of surface potential as for instance of thiol-based self-
assembled monolayers on gold,”,” electrochemical change of the charge of ferrocene in
multilayers,”” swelling of surface-bound host:guest complexes.”® The examples above are useful
for cell harvesting, but they all require macromolecule-decorated electrodes. The need for
electron-conductive surfaces and specialized chemistry skills may hamper a broad adoption of
such technologies. It is on the other hand possible to rely on changes in redox potential in
solution, e.g. by injection of reductive agents. In this line, redox sensitive assemblies and
capsules used as drug-delivery systems in nanomedicine were designed by introduction of key
labile linkers (in particular disulfide bonds).”,***!,** A few reports also suggest their use for on-
demand deadhesion.>

The implementation of redox-cleavable and biocompatible layers by easy-to-handle and
versatile surface chemistries has however not been reported to our knowledge. Of particular
importance, adjustment of surface properties must be manageable by end-users, using bench-top

facilities available in biology laboratories, and ideally both the attachment and detachment of

cells have to be controlled. We propose here a redox control of adlayers made of functionalized
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poly(lysine)-g-poly(ethyleneoxide). PLL-g-PEG copolymers were first proposed and developed

by Textor et al***

as one of the more versatile tools to obtain biocompatible and protein-
repellent coatings by straightforward adsorption on a large diversity of materials. An adlayer of
PLL-g-PEG can achieve antifouling on plastics, ceramics, metal oxydes, etc. Surface protection

36,37, 38

by PLL-g-PEG is now applied in micropatterning methods for mammal cell cultures and is

394041 e added two functions into

used in commercial biosensors and biomedical microdevices.
PLL-g-PEG derivatives: first, a disulfide linker between the PLL backbone and PEG side chains
(PLL-g-SSPEG) made it redox cleavable. Second, introduction of azide-ended PEG strands
(PLL-g-SSPEGN3) enabled copper-free click conjugation with adhesion peptides.** We explored
different combinations and adjustments of the functional PLL-g-PEG derivatives to switch
substrates either from repellency to adhesiveness, or adhesiveness to repellency. The deposition
of modified PLL-g-SSPEG was monitored by quartz crystal microbalance (QCM-D) and surface
composition was assessed by XPS. Study of cleavage and release of PEG strands in the presence
of reducing agents (tris(2-carboxyethyl)phosphine, dithiothreitol, glutathione) was evidenced by
QCM-D complemented by epifluorescence. Mixed adlayers of various compositions were
obtained by co-adsorption of repellent (PLL-g-PEG) and disulfide-containing copolymers, which
was key to optimize interaction with cells. An important outcome of the study is that depending
on the layer composition, transient exposure (including in cell culture medium) with a mild

reducing agent enables either redox-triggered transitions from a cell-adhesive to a non-adhesive

layer, or the reverse transition from non-adhesive toward adhesiveness (Fig. 1).
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Figure 1. Schematic principle of a redox cleavable coating of PLL-g-PEG comblike copolymer
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derivatives. A) Structure of the cleavable PLL-g-SSPEGN; and non-cleavable, cell-repellant,
PLL-g-PEG ; B) co-deposition of a mixed adlayer made of redox cleavable, azide-ended,
polymers and non-cleavable ones and "click" post-attachment of RGD peptide or a fluorophore;

specific release upon redox stimulation of adhesion-promoting strands.

Materials and Methods.

Polymer synthesis. Materials, synthesis and NMR characterizations are provided in supporting
information parts 1-5 and Fig. S1-S3). Synthesis was completed in two steps. Briefly, the lysine
residue of poly(lysine) (20 000 g/mol) was modified by conjugation with 3-(2-
pyridyldithio)propionate (SPDP) to yield a reactive parent chain, PLL-PDP. In the second step,
a-thio-poly(ethyleneglycol) (with either a methoxy or an azido end group at ® position) were
reacted with the PLL-PDP to obtain comb-like derivatives by disulfide bond formation (Figure

S1 in supporting information).



Synthesis of PLL-PDP. PLL ( 20 kDa, 11.4mg of the hydrobromide form, 1Eq Lysine) was
dissolved in 0.5mL sodium tetraborate-HCI buffer (50 mM, pH= 8.4). After complete dissolution,
SPDP in 0.3 mL of anhydrous DMSO (5.9 mg, 0.019mmol, 0.33Eq Lysine) was added. The
mixture was stirred overnight under inert atmosphere at 35°C. Dialyzis against water for one day
(five changes of the bath, Slide-A-Lyzer Thermo Scientific, MWCO 7 kDa) and freeze-drying
yielded PLL-PDP as a white powder with a yield of 75%. The percentage of 29 mol% of
modified lysine residue was determined by "H-NMR analysis in D,O (see supporting data).

"H-.NMR (D,0, 300 MHz): & (ppm) 8.4 (m, pyridyl, 1H) 7.8 (m, pyridyl 1.9H), 7.25 (m,
pyridyl, 1H), 4.3(m, PLL backbone's proton, 3.3H), 3.14-3.0 (m, CH2-SS-pyridyl, o-amide
grafted residue, a-amine free residue, 9.1H), 2.65 (m, CH2-CH2-SS-pyridyl, 2.1H), 1.7 (m,

aliphatic PLL side chains, 22.2H) (Figure S3)

Synthesis of PLL-g-SSPEG derivatives. PLL-PDP (6.6 mg, 1Eq PDP) was dissolved in 1.5mL
of PBS pH 7.4 under inert atmosphere. To obtain the repellent, methoxy-ended derivative, a-
thio,m-OMe-poly(ethylene glycol) (MeO-PEG2000-SH from Sigma-Aldrich, 16.5mg, 1.25Eq
PDP) was added. The mixture was stirred overnight under inert atmosphere at room temperature,
prior to dialysis against water (Slide-A-Lyzer Thermo Scientific, MWCO 7kDa, five changes of
bath). Freeze-drying yielded PLL-g-SSPEG as a white powder. The percentage of 27 mol% PEG-
grafted lysine was determined by 'H-NMR analysis in D,O (see Fig. S3 in supporting
information). The final PLL-g-SSPEG is recovered by dialyzing against water and then by freeze
drying. A similar procedure was used to prepare PLL-g-SSPEG (PEG Mw = 5000 g/mol). The

percentage of 31 mol% PEG grafted lysine was determined by 'H-NMR analysis in D,0). To
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assure the removal of all residual PDP, cysteamine is added in presence of the grafted polymer in
PBS solution.

A similar procedure was used to prepare the azide-ended copolymer by reacting a-thio,m-
azido-poly(ethylene glycol) with PLL-PDP. The azido-ended PEG was synthesized from Ni-
PEG-NH, (Rapp Polymere, Mw of 3kDa, 50.3 mg). N3-PEG-NH, was dissolved in SmL of
chloroform in presence of trimethylamine (4.3 pL, 2Eq) and stirred overnight under argon
atmosphere at room temperature with SPDP (10.6 mg, 2.1Eq). After evaporation of the solvent,
the crude was dissolved in ImL milliQ water for dialysis (cut off 0.5-1kDa) overnight and freeze-
dried to yield the PDP-PEGazido polymer. Then the PDP-PEGazido polymer was stirred 3h in a
solution of dithiothreitol (from Sigma Aldrich, 20mM) and finally dialyzed (cut off 0.5-1kDa)
overnight and freeze-dried to yield the a-thio,w-azido-poly(ethylene glycol). Yield 92%. The
presence of thiol group was confirmed by 'H-NMR (Figure S4). Finally, a similar procedure as
for PLL-g-SSPEG was used to prepare PLL-g-SSPEGNj; The percentage of 28 mol% PEG-

grafted lysine was determined by "H-NMR analysis in D,O (see supporting data Fig. S4).

PLL-g-SSPEG (ratio of PEG:lysine units of ~1:3) 'H-NMR (D,0, 300 MHz): & (ppm) 4.3(m,
PLL backbone's proton, 3.7H), 3.7 (m, PEG, ~200H), 3.39 (s, methoxy group, 3H) 3.2 (m, CH2-
SS, 2.3H), 3 (m, a-amide grafted residue, a-amine free residue 10.8H), 2.68 (m, CH2-CH2-SS
,2H), 2-1.2 (m, aliphatic PLL side chains, 29.3H) (Figure S3).

PLL-g-SSPEGN; (grafting ratio of ~1:4) '"H-NMR (D,0, 300 MHz): & (ppm) 4.3 (m, PLL
backbone's proton, 2.7H) 3.7(m, PEG, ~200H), 3.2 (m, CH2 -SS, 2H),3 (m, a-amide grafted
residue, a-amine free residue 5.9H), 2.68 (m, CH2-CH2-SS, 3H), 2-1.2 (m, aliphatic PLL side

chains, 15.5H) (Figure S4).



Synthesis of PLL-g-PEGN3:

The synthesis of azide ended PLL-g-PEG has been described in previous studies . Briefly, N-
hydrosuccinimide (NHS) was first reacted with glutaryl dichloride to yield to di-NHS-glutaric
acid ester. Then, it was added to a solution of a-amino-w-azido-poly(ethylene glycol)s7 in CH,Cl,
to obtain NHS-activated azido PEG. Finally, NHS-activated azido PEG was finally mixed in a

solution of PLL, HBr in a sodium tetraborate buffer (pH=8.5) to yield the PLL-g-PEGN3.

OCM-D measurements.

QCM-D analysis were performed using QSense Explorer 401 with a QSense Flow Module 401
from Biolin Scientific. Quartz sensors QSensor QSX 303 SiO2 are also provided by Biolin
Scientific and top coated with silicon dioxide. Before measurements the Si02 quartz sensor was
rinsed inside the chamber with NaOH (1M) and SDS (2%v) solution. Then the cell was rinsed
continuously with PBS buffer untill signal stabilization at 25°C is reached. Solutions of PLL,
PLL-g-PEGN;3;, and PLL-gSSPEGN; were prepared in PBS buffer (0.1 g/L). TCEP reducing
agent was dissolved in PBS and pH was adjusted at 7.2 with aliquot of 1M NaOH. Solutions were

injected at a flow-rate of 0.2 mL/min.

XPS measurements.

XPS analyses were performed using an Omicron Argus spectrometer (Taunusstein, Germany)
equipped with a monochromated AlKa radiation source (hv = 1486,6 eV) working at an electron
beam power of 300 W. Photoelectrons emission was analyzed at a takeoff angle of 90°; the

analyses were carried out under ultra-high vacuum conditions (<10 Torr) after introduction via



a load-lock into the main chamber. Spectra were obtained by setting up a 100 eV pass energy for
the survey spectrum and a pass energy of 20 eV was chosen for the high resolutions regions.
Binding energies were calibrated against the Cls binding energy of aliphatic carbon atoms at
284.8 eV. Element peak intensities were corrected by Scofield factors.* Casa XPS v.2.3.15
software (Casa Software Ldt, UK) was utilized to fit the spectra and Gaussian/Lorentzian ration
was applied (G/L ration = 70/30). Sample preparation: silicium wafers were cleaned by 1)
sonicated in acetone for 10 min, ii) acetone:ethanol 50/50 v/v for 10min and rinsing with Milli-Q
water, prior to iii) be plunged for 15 min in pyranha solution, rinsed with Milli-Q water and
dried. Just before polymer deposition, wafers were treated for 2h in UV-ozone cleaner and stored
in Milli-Q water at 4°C before being transferred into a solution of PLL-g-SSPEGN3; in water (1
mg/mL) for 1 h. Treatment by reducing agent consisted of an 1h incubation in a 5 mM solution of
either TCEP or GSH and in a 10 mM solution of DTT. Finally, the samples were rinsed with

Milli-Q water and dried.

Epifluorescence imaging of cleavage.

For epifluorescence microscopy, glass coverslips were coated with microstripes of PLL-g-PEG
(25pum width) separating stripes of Cy3-conjugated PLL-g-SSPEGN; (6 pum). Coating and
micropatterning was obtain by 1) bath application for 30 min. in 0.1 g/ PLL-PEG of a clean
glass coverslip (preconditioning: wash with HPLC grade ethanol, cleaning by N, plasma cleaner
during 1 min), ii) rinsing with water and drying under a flush of dust-filtered compressed air , iii)
UV etching using a chromium quartz photomask (Delta ask, Enschede, The Netherlands/Toppan
product types 57 QZ M1X , deep UV light for 15 min) pressed onto a ~2ulL drop of water, iv)

bath application of 0.1 g/LL PLL-g-SSPEGNj3 aqueous solution (20 pL, 30 min.) and final rinsing
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with water. Fluorescence labelling was obtained by application for 60 min. of a drop (20uL) of
50 uM DBCO-Cy3 in water, sandwiched between a PARAFILM® and the coverslip. Extensive
washing with 150mM NaCl and water was used to remove unbound fluorophore. The final
pattern was observed by epifluorescence microscopy (excitation at 525 nm, 1s exposure/image)
with coverslips mounted in a flow cell under a constant flow of aqueous solution of the reducing

agent.

Cell adhesion on mixed PLL-g-PEG:PLL-g-SSPEG.

Cleaned and preconditioned microscope coverslip (rinsed with HPLC grade ethanol, 15 min
sonication in 1M NaOH, and rinsing with milli-Q water) were coated (same conditions as above)
by application for 30 min of a mixed solution of PLL-g-SSPEG and PLL-PEG at a total
concentration of 1 g/L and varying the weight ratio of the two polymers. Another coating made
with a solution of poly(lysine), PLL, was used as a reference for highly adhesive layer. Plates
were rinsed with water and dried under dust-filtered compressed air. Half of this set of coated
coverslips was DTT-treated (resp. TCEP) by plunging the plates in a solution of 10mM DTT for
10min (resp. Smin for TCEP), then rinsing with water. Redox-treated, or non-treated coverslips
were immersed in 24-well plates containing cell culture medium (DMEM high glucose, Sigma,
calf serum 10%). 30 000 HeLa cells were seeded on each well, and incubated at 37°C under CO,
atmosphere. Average numbers of deposited round-like and of spread cells were determined by

random picking of 0.16 mm? areas to reach a total number of 100-120 cells.

Cell detachment from mixed PLL-PEG:PLL-g-SSPEGN; post-conjugated with RGD.
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Cleaned and preconditioned microscope coverslips were coated by application of a mixed
solution of PLL-g-SSPEGNj3 : PLL-PEG (total polymer concentration of 1 g/L) as described
above. The coverslips were rinsed with water, prior to application for 1 hour of a 100 mM BCN-
RGD Synaffix, Netherland) to "click" the adhesion promoting peptide. After extensive water
rinse, coverslips were immersed in DMEM high glucose (Sigma), calf serum 10%, and HelLa
cells were seeded (30 000 cells per well), incubated at 37°C under CO, atmosphere for 4 h. At
time 4 h, the medium was gently removed by aspiration, and replaced by fresh DMEM. Random
observation of the plates confirmed that cells were predominantly adherent and spread on the
coated glass. The wells were supplemented with TCEP stock solution to reach a final TCEP
concentration of 2 mM. After 4h of incubation with TCEP, the medium was smoothly aspirated

and replaced by fresh DMEM.

Cell escape from disk patterns.

Cleaned and preconditioned coverslips were coated by application of 0.1 g/L solution of PLL-
g-SSPEG as described above, rinsed with water and dried. The coverslips wetted with ~2uL
water were pressed on a chromium quartz photomask and exposed to deep UV light for 15 min
(similar procedure as describe above for fluorescence imaging) to etch microdisk of 35um of
diameter. Bath application of 0.1 g/L mixed solution of PLL-g-SSPEGNj3 : PLL-PEG (5:95
wt/wt) was used to deposit the cleavable copolymer layer on the etched disks. The coverslips
were rinsed with water, prior to bath application for 1 hour of a 100 mM BCN-RGD to conjugate
the adhesion promoting peptide. To deposit cells, coverslips were immersed in DMEM high
glucose (Sigma), without calf serum, and HeLa cells were seeded (200 000 cells per well),

incubated at 37°C under CO2 atmosphere. After 30 min., the medium was gently removed by
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aspiration, and replaced by fresh DMEM. At time 4h, observation of the plates confirmed that
cells were predominantly adherent on patterned disks. Then a solution of TCEP in phosphate
buffer was added in the medium to reach a final concentration of 2 mM. After 30 min at 37 °C,

the medium was smoothly removed and replaced by fresh DMEM with calf serum 10%.

Results.

Synthesis of comb-like cleavable PLL copolymers.

Seeking for a straightforward preparation of redox-responsive polymer layers, we introduced
disulfide bonds into derivatives of comblike poly(ethyleneoxide)-grafted poly(lysine). As
established by Textor and colleagues PLL-g-PEG adlayers circumvents to non-specific adhesion

36,34

onto materials that are commonly used as cell substrates and implants. In addition,

modifications on the PEG strands with adhesion-promoting peptide mediate specific cell:polymer
attachment points. *2,* #° Following this tracks, disulfide linkers were positioned between the
PLL backbone and PEG side chains. PEG strands were either methoxy terminated (to obtain
antifouling properties) or azide-terminated for copper-free cycloaddition post-conjugation with
adhesion peptides (Fig.1). To this end, a parent thiol-reactive PLL chain was prepared by reaction
of up to 30 mol% of the amine groups of poly(lysine) (Mw 20 000 g/mol) with succinimidyl 3-(2-
pyridyldithio) propionate (see material section and supporting data). The purified thiol-reactive
parent chain was reacted in water, either with o-thio,-methoxy-poly(ethyleneglycol)
(MeOPEG-SH, MW 2000 or 5000 g/mol) to yield the PLL-g-SSPEG, or with a-thio,m-azido-

poly(ethyleneglycol) (N;PEG-SH, MW 3000 g/mol) to prepare PLL-g-SSPEGN; (see

experimental section and supporting data). Grafting percentages of respectively, 27 mol%, 31
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mol% and 28 mol% PEG-grafted lysine were obtained. A reference, non-cleavable PLL-g-

PEGN; was similarly synthesized.

Cleavage assessment from measurement of adsorbed mass.

Adsorption and reductive cleavage were assessed by quartz crystal microbalance
measurements. As a consequence of their cationic backbone, comb-like PLLs adsorb tightly onto
anionic surfaces. In PBS buffer of pH 7.2 the deposition of either PLL, or PLL-g-SSPEGN3, or
PLL-g-PEGN;3, onto plasma cleaned silica-coated quartz started immediately upon flushing
polymer solutions (Figure 2). By application of the Sauerbrey model, the apparent (hydrated)
masses of deposited layers were estimated at time 10 minutes (when frequency shift reached a
plateau) to about 12 mg/m® (PLL-g-PEG derivatives) and 7 mg/m® (bare PLL). Effective
thickness may be calculated from the model, but is in practice highly sensitive to estimates of the
specific density of the adlayer. Using common values of 1000 - 1050 g/L, the estimated thickness
of all layers were <15 nm, typically of about 1-5 nm for the PLL and of the order of 5 - 15 nm for
PEG-grafted PLLs. It is of similar order of magnitude than the diameter of a PEG chain of Mw of
5000 g/mol, and is also comparable to layer thickness of 5-6 nm for PLL-g-PEG as measured by
AFM.* The layer properties reached a quasi plateau within about one minute (Figure 2B). With
PLL-g-SSPEG an additional flushing of either polymer-free buffer or polymer solution did not
significantly change the plateau, suggesting that the layer was stable to rinsing (in Fig. 2A). In the
case of PLL-g-PEG, a minor additional decrease of the frequency during the second flush of
polymer was possibly - but not always- observed and is illustrated in Fig 2A. The magnitude of
this second contribution was however always weak if not negligible. It may betray the presence

of minor contaminants in some solutions. Eventually, as a control experiment made on non-
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cleavable PLL-g-PEGN3 layer (Fig 2A), application of 5 mM TCEP as the reducing agent did not
affect the adsorbed mass by more than uncertainty. In contrast, application of reducing agents on
PLL-g-SSPEGN; layers resulted in significant increase of the frequency, i.e. a decrease of the
adsorbed mass and release of adsorbed chains (Fig. 2A & B). After a few minutes of exposure to
anyone of the reducing agents TCEP, GSH, or DTT, the frequency reached a plateau value that
was close to the value measured by deposition of bare PLL, suggesting that most of the PEG
chains were released. Differences in the rate of mass release (Fig. 2B) suggested that in PBS at
pH 7.0-7.5, the TCEP provides the fastest cleavage (< 3 min.), whereas in the same buffer GSH
was almost unable to change significantly the adsorbed mass at time 10 min. Of note in the case
of the thiol reducing agents such as DTT and GSH, the thiol-disulfide exchange reaction is
reported to primarily proceed via thiolate (having a markedly higher nucleophilicity than thiol)
and thus is dramatically affected by pH even far below the thiol pKa.*” To illustrate that marked
acceleration of cleavage can be achieved by increasing the pH, Fig. 2B displays the case of GSH

at pH 8.5.
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Figure 2. QCM-D characterization of polymer adsorption on silica and exposure to reductive
conditions. A) frequency shifts during application of a solution of 0.1 g/L copolymer in 20 mM
PBS buffer pH 7.2 (at time zero), followed by rinsing steps including exposure to SmM TCEP
solution in PBS; the complete sequence as quoted by arrows was: polymer in PBS / PBS buffer /
polymer in PBS / PBS buffer / TCEP in PBS / PBS buffer. B) Variation of the apparent adsorbed
amount of PLL-g-SSPEGN; (calculated as % of the frequency variation recovery, with 100%
corresponding to bare silica) that was deposited as in fig. 2A and rinsed at time quoted zero with
a 5 mM solution of reductive agent (GSH, TCEP, and DTT in PBS buffer with pH adjusted at 7 -

7.5, or pH 8.5 as quoted)

Cleavage assessment from surface chemistry analysis

To assess that treatment with reductive agents specifically detached PEG strands, we performed
the analysis of elemental composition of films by X-ray photoelectron spectroscopy (XPS). XPS
is probing the thin upper layer (10 nm) deposited on silica wafers (see experimental section). In
the Cls spectrum (Fig. 3A), peaks characterizing contributions from carbon atoms can be
deconvoluted into three components: one peak at 284.8 eV corresponding to carbon-carbon and
carbon-hydrogen contributions (C-C/C-H), one peak at 286.3 eV from ether and amine groups
predominantly present in the PEG chains but also in PLL backbone, and a third peak at 288 eV
from carbon belonging to amide groups and present in similar amount in the PEG strands and in
the PLL backbone. The peak corresponding to ether groups from the PEG strands was markedly
diminished upon treatment with reductive solutions of either TCEP, DTT, or GSH (respectively
5, 10 and 5 mM for one hour, Fig. 3). The degree of cleavage was calculated from emission at
286.3 eV due to "non amine" carbons. To this aim, all peaks were normalized by the emission

intensity from silica, and contribution from the amine groups of PLL was subtracted (using
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emission at 288 eV). The resulting index shown in fig. 3B indicates that before redox cleavage
the emission from ether groups is well above background (the background is due to contact with
ambient air). It is significantly decreased down to a value similar to background after treatment
with TCEP.

Analysis of surface composition was completed by microscopy imaging using fluorescently-
labeled PEG strands. To assess PEG cleavage by fluorescence, stripes of PLL-g-SSPEGNj3 (of
6um width) were patterned on glass coverslips. The PEGazide ends were labeled by click
conjugation of DBCO-Cy3 (see experimental section). The stripes of PLL-g-PEG deposited next
to the PLL-g-SSPEG-Cy3 ones were used as in situ references of non-fluorescent background
(Fig. 4). The coverslips were imaged under a constant flow of a solution of TCEP reducing
agents (200 uL/min.). Loss of labeled PEG strands over time was observed as a rapid decrease of
the contrast between background and fluorescent stripes that leveled down to background
intensity in a few minutes (Fig. 4A&B). It was noticed during the labelling procedure with
DBCO-Cy3 that a rinse with milliQ water could not fully wash out the excess of unconjugated
fluorophore (in particular, the background PLL-g-PEG stripes displayed a weak fluorescence in
these conditions, presumably due to unspecific adsorption of the fluorophore). The use of a
rinsing solution of 300mM NaCl succeeded better to remove unreacted Cy3. For that reason, the
solution of SmM TCEP was flushed either in the presence or absence of NaCl (Fig. 4A). The
decrease of fluorescence of PLL-g-SSPEG-Cy3 was observed in all conditions, though in salt-
free water the kinetics was slower but possibly reflects in part a retention due to interaction of the
Cy3 with the surface. Full cleavage of the disulfide bonds and release of most cleavable PEG
chains was validated in NaCl-containing buffers, indicating that loss of mass observed by QCM-

D can be attributed to the release of PEG chains.
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Figure 3. XPS analysis of silica wafer coated with PLL-g-SSPEG. A) spectra before and after 1h
incubation in 5 mM solutions of TCEP or GSG and 10 mM of DTT . B) intensity of C-O peak

normalized by the contribution of Si from silica.
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Figure 4. Fluorescence of Cy3-labelled PLL-g-SSPEGN;3; microstripes during exposure to
reductive conditions. A) Variation of the average stripe's fluorescence intensity normalized by

intensity at time zero during exposure to 5 mM TCEP in either PBS buffer pH 7.2, or milliQ
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water with or without 300mM NaCl ; lines are guide for the eye. B) epifluorescence measured
along a line orthogonal to the stripes, at increasing time, t, after application of the TCEP solution;

a representative fluorescence image at time zero shown in inset.

Cell adhesion on mixed PLL-g-PEG : PLL-g-SSPEG layers

Conditions for using TCEP as a trigger for non-specific cell adhesion were explored. To this
aim, we switched the accessibility of the PLL backbone by cleavage of PLL-g-SSPEG. The loss
of the PEG protective layer can be used as a non-specific trigger of cell-substrate interactions. In
addition, the objective of controlling specific adhesion onto peptide-displaying layers obviously
requires that non-specific adhesion can be made negligibly low. In practice, the repellency of
layers containing a PLL-g-SSPEG derivative can be modulated by co-deposition of permanently
non-adhesive PLL-g-PEG. Increasing fractions of cleavable PLL-g-SSPEG were mixed with
PLL-g-PEG to prepare mixed coatings (-SSPEG : -PEG weight ratios of 0:100; 10:90 ; 30:70 ;
50:50 ; 100:0). As a proof of concept, we used HeLa cells, a human cell line that is shared
between most laboratories. Adhesion of HelLa cells onto micropatterned substrates has been

compared with other cell lines, sp. fibroblasts,***

showing similarities that makes HelLa an
interesting generic model to assess basic spreading behavior. Cells were seeded on the
homogenous (unpatterned) mixed layers (see experimental section) and the degree of cell
spreading was determined by phase contrast microscopy a few hours after seeding (Fig. 5). Cell
bodies were predominantly round-like, which indicated that most cells lacked adhesion sites. The
surface area of round cells onto PLL-g-PEG, or mixed PLL-g-PEG:PLL-g-SSPEG 90:10 %, or
PLL-g-SSPEG 100 % were respectively of 260+40 um?, 420+130 pm? and 310+£50 pm?

However, on layers prepared with PLL-g-SSPEG above 30 wt%, a fraction as large as 30-40% of
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the cells could spread. In addition to change from round to more tortuous shapes, the spread cells
showed a higher average surface area of 530 £180um? (PLL-gSSPEG 100%). This suggests that
PLL-g-SSPEG is not as efficient as the conventional PLL-g-PEG to passivate surfaces (100%
PLL-g-PEG is used as reference antifouling systems showing here no spreading, i.e. percentage
of spread cells <1% at time 8h, in agreement with the literature *°). The reason for a poorer
repellency of PLL-g-SSPEG is unclear but may rely on a lower degree of grafting of the PLL
backbone and/or the use of a slightly shorter PEG (of 3000 g/mol) compared to conventional
PLL-g-PEG (of 5000 g/mol). In practice, it was nevertheless possible to obtain adhesion-resistant
layers, prior to redox stimulation, by using an excess of PLL-g-PEG chains in mixed coating
solutions.

To assess the impact of a reducing agent, cells were seeded on coated coverslips that were pre-
exposed to 10 mM TCEP solution for 5 min (see experimental section). In contrast to the
observations above, the shape of cells was indicative of a significant adhesion. On mixed layers
prepared with more than 30% PLL-g-SSPEG and subjected to redox treatment, the fraction of
spread cells at time 8h was above the values of 30-40% observed in the absence of redox
treatment, and even above the reference fraction of 65 % that was measured on the fully adhesive
PLL layer (Fig. 5B). The contrast between spreading rates before and after redox treatment varied
with the % of cleavable -SSPEG strands. Namely, on layers prepared with 10 wt% of PLL-g-
SSPEG full adhesion cannot be achieved (spreading of ~30% of the cells, Fig 5B), whereas on
layers made with more than 50 wt% PLL-g-SSPEG the maximum of 80-90% spreading was
reached. Observation of a higher % of spread cells compared to the reference PLL indicates that
redox-treated layers were fully adhesive and allowed for fast rate of spreading. Comparison of the

average cell areas confirmed the change of adhesion achieved by redox-triggered cleavage. On
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layers made of non-cleavable PLL-g-PEG, the average surface of cells was not significantly
affected (260+40um? without TCEP treatment and 280+90um? with TCEP treatment). On layers
made with 100 wt% of PLL-g-SSPEG, the average cells surface markedly increased from
380+150 pm? without TCEP treatment to 720+230 um? with TCEP treatment (N.B.: as a
reference for cell area onto an adhesive substrate, we measured the average cell area on PLL of
5004240 pm?). Here, the average values are calculated on the whole cell population, accounting
for both round-like shapes and more elongated ones (which is reflected in the high standard
deviation). Accordingly, on substrates having a shallow contrast in adhesiveness, such as
substrates prepared at 10 wt% PLL-g-SSPEG, the cell's area was not markedly modified by
TCEP treatment (430+130 um? without TCEP and 380 £180pum? with TCEP). Another indication
of weaker adhesion on substrates predominantly covered by PLL-g-PEG is that adherent cells on
the 10 wt% PLL-g-SSPEG layer displayed (after TCEP treatment) a lower area compared to
TCEP-treated 100% PLL-g-SSPEG (560 + 220 um?), confirming that the tightest adhesion was
not reached at low wt% PLL-g-SSPEG. Cleaved PLL-g-SSPEG displays thiol moieties that may
play a role in enhanced adhesion as compared to PLL (e.g. attachment of serum proteins onto free
thiols). Similar trends were observed at incubation time 4h and 24h (Supporting data, Fig. S5 and
Fig S6) as well as with DTT as reducing agent (supporting data, Fig. S7 and Fig S8). From the
present results we can estimate that densities of cleavable strands should not go above 10 wt%

when contributions of non-specific interaction have to be minimized.
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Figure 5. Effect of application of a solution of TCEP on cell adhesiveness. (A) microscopy
images and schematic drawing of cells at time 8h deposited onto a 100% PLL-g-SSPEG layer
with or without treatment with 10mM TCEP solution prior to cell deposition. (B) % spread cells

determined at time 8h onto mixed PLL-g-SSPEG:PLL-g-PEG layers that were (+TCEP) or were
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not (-TCEP) pretreated with TCEP. (C) schematic drawing and microscopy images of cells
deposited on PLL-g-SSPEGN3:PLL-g-PEG mixed layer (10:90 wt/wt ) conjugated with DBCO-
RGD prior (top) and after (bottom) supplementation of the culture medium with SmM TCEP.
Cells are shown at time 12 min after introduction of TCEP (5mM), in DMEM, +10% calf serum,

37°C under CO2 atmosphere. (D) HeLa cells at time 8h deposited onto a 100% PLL.

Adhesiveness on RGD-conjugated layers

Cell deposition on peptide-conjugated PLL-g-SSPEGNj3 (addition of Arg-Gly-Asp-DBCO) was
then considered to mediate specific binding. Accordingly, PLL-g-SSPEGN;3; (PEG MW = 3000
g.mol™") was mixed with >90 wt% PLL-g-PEG to minimize non-specific interactions, and prepare
RGD-displaying substrates. A representative example of experiment in Fig. 5 C shows HeLa cells
deposited on a layer prepared with 10:90 wt/wt mixed solution of PLL-g-SSPEGN;:PLL-g-PEG
(post-conjugated with BCN-RGD, see experimental section). Supplementation with SmM TCEP
in the DMEM culture medium resulted in transition of those cells from spread to round-like
shapes within a few minutes, suggesting loss/detachment of the RGD-displaying PEG chains. Of
note, when cells were seeded onto a non-cleavable layer of similar composition (i.e. mixed PLL-
g-PEGN;3 : PLL-g-PEG 10:90 wt/wt, post-conjugated with BCN-RGD) their spreading was not
affected by exposure to TCEP (Fig. S9 in supporting data). These observations were confirmed
by the evolution of the average cell surface. On layers containing cleavable PLL-g-SSPEG-RGD,
the average area of cells decreased (from 560+280um? down to 430+240um?) whereas it did not
change when exposed to TCEP (930+£290um? and 910+£260um? respectively) on layers made of
PLL-g-PEG-RGD chains. According to a study by A. Chassepot et. al, application of TCEP is not

cytotoxic up to 30 min incubation time (human gingival fibroblasts cells *'). We checked the
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absence of toxicity of TCEP in the present experimental conditions, confirming that HelLa cells
were kept alive (see supporting data Fig. S10).

Finally, we illustrate that redox triggering enables cell guidance on micropatterned substrates.
We prepared micropatterns made of disk-shaped areas that were UV-etched on a preformed
continuous layers of primarily repellant PLL-g-PEG:PLL-g-SSPEG. The etched disks were
coated by a PLL-g-PEG:PLL-g-SSPEGN3; mixed layer, post-functionalized with DBCO-RGD
peptide in order to adjust the density of (redox cleavable) adhesive strands. A representative
image of HeLa cells seeded onto such patterns is shown in supporting data (Fig. S11), together
with example of the absence of impact of TCEP when the disk areas were coated with non-
cleavable PLL-g-PEGN;. Using redox cleavable coating in the disk (here 5 wt% PLL-g-
SSPEGN;, PEG of Mw 5000 shown in Fig. 6), we could similarly confine the cells on the disk
area until the redox stimulus is applied. As expected, a short exposure to reductive conditions
(2mM TCEP, followed by rinsing with TCEP-free DMEM) rapidly triggered protrusions of
cytoplasmic membranes from the cells, followed at hours-long times by spreading and migration

of cells toward the outermost regions of the patterns (Fig. 6C).
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Figure 6. Redox-triggered cell escape from disk micropatterns. (A) schematic drawing of the
switch from RGD-presenting microdisks to predominantly repellent, (methoxy-ended) PEG-
presenting disks, with concomitant release of the -PEG antifouling strands on the continuous
area. (B) time lapse of cells deposited on a disk micropatterned, supplemented at time zero with
2mM TCEP in DMEM ; the medium was replaced by TCEP-free DMEM + calf serum at time 30

min.. Disks were coated by 5 wt% PLL-g-SSPEGN; mixed with 95% PLL-g-PEG and the
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external continuous area was 100% PLL-g-SSPEG. (C) same as (B) but unzoomed and shown

before (left) and 15h after (right) TCPE treatment.

Conclusion.

The present observations indicate that adlayers of PLL-g-SSPEGNj enable attachment on
surfaces (by copper-free click chemistry) and redox-triggered release of functional groups such as
a fluorescent probes or adhesion peptides. When this copolymer is deposited as a mixed layer
with non-cleavable PLL-g-PEG, it provides a versatile platform to control the surface density of
functional groups. Surface characterizations suggest that a complete cleavage of the disulfide
linkers can be achieved within a few minutes. This clean, in sifu release of an adjustable fraction
of (possibly functionalized) PEG chains is obtained via a straightforward procedure and robust
surface chemistry that only requires basic benchtop equipments, and uses chemicals that are
either commercially available or synthesized in two steps.

When implemented on complex areas, such as micropatterned surfaces, a switch of the
presentation (or release) of peptides may roughly mimic signaling and/or gradients of guidance
cue in the extracellular matrix. The present redox tools bring the possibility to achieve mild
switches both away and below cell bodies. Somewhat arbitrarily and as a proof of feasibility, we
showed the deadhesion from disk micropatterns and concomitant adhesiveness of distant areas.
Our aim was to illustrate that cell can be guided by tools that avoid requirement for specialized
skills or technologies (such as pre-patterned microelectrodes, or copolymer synthesis on surface
by "grafting-from" methods), providing rooms for initiatives and optimizations by non-chemists
(e.g. adjustment of the surface composition to different culture conditions and cell lines). In

addition, PLL has already been adopted as an efficient adhesion-promoting coating on various
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cell substrates. This tool can be useful to cell biologists in several contexts including: to study
how triggered deadhesion affects cell survival (i.e. anoikis, which is a proposed mechanism for
preventing cell growth in "inappropriate" places during embryogenesis), or to trigger
differentiation of stem cells and on demand expression of specific genes, , or to induce cell
growth or cell retraction on selected surfaces (e.g. to prepare and/or study cell networks, to
remodel or establish connections, e.g. between neurons, by opening adhesive paths and removing

other areas).
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