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Abstract 

The growth and disaggregation of hydrogen-bonded layer-by-layer (LbL) multilayers 

based on poly(methacrylic acid) (PMAA) and poly(N-vinyl caprolactam) (PVCL) are 

studied depending on pH, NaCl concentration and PVCL molar mass. Whereas 

multilayer growth is essentially insensitive to salt and PVCL molar mass, the critical 

pH for disaggregation strongly depends on salt concentration. The PMAA/PVCL 

multilayers are then used as sacrificial compartments for the release of LbL 

nanostructures in biocompatible close-to-neutral 0.15 M NaCl aqueous conditions. We 

particularly demonstrate the liberation of LbL nanotubes grown inside the nanopores 

of templating polymer membranes without having to dissolve the membrane template 
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in non-biocompatible organic solvents, and show that the amount of released nanotubes 

is close to the amount of non-crossing nanopores in the membrane. 

 

Introduction 

Layer-by-layer (LbL) assembly is an efficient methodology to create functional 

coatings on a variety of substrates.1-11 When performing LbL inside the pores of a 

nanoporous membrane, LbL assembly provides access to in-template nanostructures 

replicating the porosity of the membrane.12-16 Dissolution of the membrane then leads 

to free nanostructures of cylindrical shape, i.e., nanotubes (NTs)17 and nanowires 

(Scheme 1a),18 which can be used for a variety of applications. Among these, biological 

applications such as delivery carriers,19-22 porous enzymatic nanotube mats,23-26 or 

bacterial patches27 have been proposed. For applications that involve sensitive 

biomacromolecules or living organisms, the dissolution step of the templating 

membrane is a significant issue, as it often occurs in conditions that may denature or 

kill the biological components. 

For instance, when using nanoporous track-etched polycarbonate (PC) membranes as 

templates, the dissolution step is typically done in an organic solvent such as 

dichloromethane,28 which is especially adverse for biological applications and creates 

safety issues (Scheme 1a). Here, we propose and study an alternative methodology of 

NT liberation, based on the fabrication in the nanopores of PC membranes of bi-

compartmentalized NTs having a sacrificial outer compartment that can be erased to 

liberate the inner NT compartment in biologically-compatible conditions (Scheme 1b). 

The erasable compartment is stable up to pH 6 in 0.15 M NaCl aqueous solution and 

can be erased at a slightly higher, close to neutral pH. These conditions are compatible 
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with the inclusion of living organisms such as viruses or bacteria in the templated tubes 

and fully eliminates the need to use organic solvents for tube recovery. 

 

 

Scheme 1. (a) Scheme of the standard LbL process of NT fabrication in the pores of a 

membrane, requiring the dissolution of the templating membrane in non-biocompatible 

solvents to recover the NTs. (b) Schematic illustration of the fabrication of bi-

compartmentalized (PVCL/PMAA)m.5(PSS/PAH)n NTs, and of the release of the inner 

NTs in biologically-compatible conditions. (c) The release and collection of the inner 

(PSS/PAH)n NT compartments is performed by disaggregating the sacrificial outer 

(PVCL/PMAA)m.5 compartment in a pH 6.5 aqueous solution while pushing the inner 

compartments outside the pores of the membrane. 
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Previous work on erasable LbL compartments focused on hydrogen-bonded (H-

bonded) flat multilayers, providing a good starting point for the development of a water-

based liberation method of NTs.29-35 Such systems can be grown at pH values for which 

the H-bond-donating polymeric component is protonated; at higher pH, the degree of 

ionization of this component is increased, resulting in a weakening of its H-bond-

donating capability with a simultaneous increase of electrostatic repulsions, leading to 

the disaggregation of the multilayers. Different systems are characterized by different 

values of critical pH at which the multilayer starts to become unstable. In particular, 

Sukhishvili et al. extensively studied H-bonded LbL systems with critical pHs ranging 

from 3.3 to 9.5. For instance, poly(acrylic acid)/poly(ethylene oxide) (PAA/PEO) 

multilayers have a low critical pH of 3.3 because of the weak H-bonds established 

between PAA and PEO.36 The use of polyacids of higher pKa value, for example 

poly(methacrylic acid) (PMAA, pKa ca. 4.5) and poly(ethacrylic acid) PEAA 

(pKa ca. 7), and/or of more hydrophobic neutral polymers such as poly(N-isopropyl 

acrylamide) (PNIPAAm), results in an increase of the critical pH of multilayers to 

ca. 6.0.37 These authors also succeeded in reaching even higher critical pH values (8.0-

9.5) by depositing tannic acid (TA), whose pKa is ca. 8.5, with several neutral H-bond 

accepting polymers.38 

We therefore screened the literature, aiming at identifying the most promising system 

for biocompatible release of LbL NTs, i.e., a system that would be stable in 150 mM 

NaCl solution at ca. pH 6 and would dissolve at ca. pH 7, which would be optimal for 

biological applications. No system was exactly fitting these requirements; nevertheless, 

we identified (PMAA/poly(N-vinyl caprolactam) (PVCL)) systems as promising 

(Scheme 2), since they were reported to disintegrate at pH 6.5 in 10 mM phosphate 

buffer.37 
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Scheme 2. Chemical structure of the H-bonding polymers of this study. 

 

Additionally, the effect on multilayer stability of a biological concentration of NaCl 

was rarely considered in the literature. Previous work on polyphenol/neutral polymer 

systems such as TA/PEO, TA/PNIPAAm, and TA/PVPON showed that the critical pH 

for film disintegration decreases by 0.5 pH units in 150 mM NaCl for these systems.38 

A similar phenomenon is to be expected for PMAA/PVCL, but was not studied so far. 

Therefore, in this article, we focus on the growth and disintegration of PMAA/PVCL 

LbL multilayers depending on pH, NaCl concentration and PVCL molar mass, 

parameters which have not been studied in depth before. We then use PMAA/PVCL 

multilayers to build sacrificial compartments below flat LbL films and as external 

compartments in templated LbL NTs, and demonstrate the floating-off of flat films and 

the release of NTs in biocompatible conditions. 

 

Experimental section 

Materials. Poly(methacrylic acid) (PMAA, Mw 100 kg/mol) was obtained from 

Polysciences, and poly(N-vinyl caprolactam)s (PVCL, Mw 1.8, 32 and 240 kg/mol) 

were purchased from Polymer Source Inc. Poly(vinyl pyrrolidone) (PVPON, 

Mw 1 300 kg/mol), branched polyethylenimine (bPEI, Mw 750 kg/mol), 2-(N-

morpholino)ethanesulfonic acid (MES) and sodium alginate (ALG) were purchased 
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from Sigma-Aldrich. Poly(styrenesulfonate) (PSS, Mw 70 kg/mol), and NaCl (ACS 

reagent) were obtained from Acros. Poly(allylamine hydrochloride) (PAH, Mw 120-

200 kg/mol) was obtained from Alfa Aesar. Rhodamine-labeled PAH (PAH-Rh, 

Mw 15 kg/mol, 1:392 mol:mol monomer ratio in dye) was purchased from Surflay 

Nanotec GmbH. Chitosan (CHI, Mw 50-150 kg/mol, deacetylation degree > 90%) was 

from NovaMatrix. 

Polymer solutions of varying NaCl concentration were prepared at 1 mg/mL except for 

PAH-Rh (0.5 mg/mL) and bPEI (0.5 mg/mL). Track-etched polycarbonate membranes 

(PC membranes of 800 nm pore diameter, 24 µm thickness, with either 4×107 pores cm-

2 or 1×107 pores cm-2) and polyethylene terephthalate membranes (PET membranes) 

were provided by it4ip (Belgium) and used as received. Silicon wafers obtained from 

Topsil Germany were cleaned in acetone then isopropanol and MilliQ water, and treated 

by air plasma (ETMITECH K1050X) before LbL deposition. MilliQ water with a 

resistivity of 18.2 MΩ.cm was obtained from a Merck Millipore system and used in all 

experiments. 

Fabrication of flat LbL films (PMAA/PVCL, PMAA/PVPON, PSS/PAH, 

ALG/CHI). PMAA/PVCL and PMAA/PVPON multilayers were deposited at pH 2.0, 

conditions in which PMAA is fully protonated, on Si wafers. To enhance polymer 

adsorption, a precursor layer was first deposited by dipping clean Si wafers in a bPEI 

solution (pH 2.0; 0, 50 or 150 mM in NaCl) for 10 min followed by triple rinsing in 

solutions of same pH and NaCl concentration as the bPEI solution (30 s each). Si wafers 

were then alternately immersed in PMAA and PVCL solutions for 5 min. Between each 

adsorption, Si wafers were rinsed three times (30 s each). 

PSS/PAH deposition was carried out at pH 4.0 using a similar procedure as above, and 

0.5 mg/mL PAH-Rh was used to label the films in the last five cycles. PSS/PAH 
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multilayers were either directly deposited on Si wafers (with a precursor bPEI layer), 

leading to PEI/(PSS/PAH)n films, or deposited on top of PEI/(PMAA/PVCL)m films to 

obtain bi-compartmentalized PEI/(PMAA/PVCL)m/(PSS/PAH)n films. The same 

procedure as for PSS/PAH was followed for ALG/CHI deposition at pH 4.0, leading to 

PEI/(ALG/CHI)n films and PEI/(PMAA/PVCL)m/(ALG/CHI)n films. For all LbL 

assemblies, no intermediate drying was performed until the desired number of bilayers 

was obtained, after which coated Si wafers were rinsed with MilliQ water (3 s), then 

carefully dried with a stream of nitrogen for thickness measurement. 

Fabrication of bi-compartmentalized LbL NTs  

Track-etched PC membranes were used as received to prepare core-shell NTs 

comprising a PVCL/(PMAA/PVCL)m external compartment (hereafter noted 

(PVCL/PMAA)m.5) and a (PSS/PAH)n inner compartment (Scheme 1b), deposited at 

pH 2.0 and 4.0, respectively; the NaCl concentration was fixed at 150 mM for all steps. 

A 4×107 pores cm-2 PC membrane was used to prepare the NTs unless otherwise 

indicated. Since most material surfaces are negatively-charged in water unless the pH 

is low, the deposition of the second compartment always started with the negatively-

charged PSS to decrease the trend of liberated (PSS/PAH)n NTs to stick on solid 

surfaces after dissolution of the sacrificial PVCL/PMAA compartment. Therefore, the 

deposition of the external PVCL/PMAA compartment always started and ended with 

PVCL. A 6×6 cm2
 membrane was dipped in polymer solutions for 20 min in the first 

PVCL/PMAA adsorption cycle, then for 10 min from the second deposition cycle on. 

Each adsorption was followed by two rinsing steps (2 min each) with a 150 mM NaCl 

solution of same pH as used for polymer adsorption. To label NTs, PAH and PAH-Rh 

(0.5 mg/mL) was alternately deposited in PSS/PAH deposition cycles. Both sides of the 

membrane were decrusted with a cotton swab every second cycle during PVCL/PMAA 



8 

deposition and every fourth cycle during PSS/PAH deposition, to prevent nanopore 

blockage. When the desired number of bilayers was obtained, the membranes were 

decrusted, rinsed with MilliQ water and stored in a fridge. 

When (ALG/CHI) was used instead of (PSS/PAH) to prepare bi-compartmentalized 

(PVCL/PMAA)5.5(ALG/CHI)12 NTs, the same procedure was followed, except that the 

membranes were decrusted every second cycle and that PAH-Rh was used to form two 

(ALG/PAH-Rh) bilayers during the fifth and sixth cycles of deposition in order to 

fluorescently-tag the NTs. 

Collection of NTs at pH 6.5  

A circular (PVCL/PMAA)5.5/(PSS/PAH)12 membrane (12 mm diameter) was placed in 

a Swinny filtration unit, and 120 mL of pH 6.5 buffer (20 mM MES and 150 mM NaCl) 

was pushed through the membrane (Scheme 1c) to disaggregate the (PVCL/PMAA)5.5 

external compartment and release the (PSS/PAH)12 NTs which were collected in MES 

buffer. For microscopy observation, the released NTs were filtered onto a blank PC 

membrane covered with 20 nm of gold (for scanning electron microscopy), then rinsed 

three times with 4 mL MilliQ water to remove salt traces (Scheme 1c). (ALG/CHI)12 

NTs were released and collected in the same way by treating 

(PVCL/PMAA)5.5/(ALG/CHI)12 membrane with pH 6.5 MES/150 mM NaCl buffer. 

After pH 6.5 MES treatment, the NTs remaining in the pores were also collected. For 

this purpose, the MES-treated LbL membrane was placed in 3 mL dichloromethane and 

shaken for 10 min to fully dissolve the PC template. The NTs were filtered onto a blank 

PET membrane (200 nm pore diameter) and rinsed three times (5 mL each) with fresh 

dichloromethane to remove PC traces. 
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Characterization of the thickness of flat LbL films 

The thickness of dry LbL films was measured in air by spectroscopic ellipsometry 

(Jobin-Yvon UVisel) at an incidence angle of ca. 65˚, with wavelengths ranging from 

400 to 700 nm. The refractive index of the dry film (including the ca. 1.5 nm of native 

silicon oxide thickness) was fixed to 1.50, and the refractive index of Si was taken from 

the literature.39 To monitor the thickness change of the film in solution, we used 

spectroscopic in-situ ellipsometry at ca. 65° incidence angle and wavelengths varying 

from 400 to 700 nm. The film was placed in an Accurion temperature-controlled liquid 

cell (volume 0.7 mL) aligned on a home-made multi-axis sample stage. Then 20 mM 

MES buffer (20˚C) at a fixed pH and NaCl concentration was added into the cell and 

circulated at ca. 1 mL/min. The film thickness was obtained by fitting the data with a 

two-layer model, using the tabulated refractive index for Si and a fitted Cauchy 

transparent model for the film. The refractive index of water and its temperature-, 

wavelength-, and NaCl concentration-dependence were obtained from literature.40,41 

Characterization of NTs 

Measurement of the thickness of the compartments in pores. The thickness of 

(PVCL/PMAA)m.5 and (PSS/PAH)n compartments deposited in the pores of PC 

membranes was determined by calculating the average pore diameter after gas flow 

porometry measurements performed before and after LbL assembly. For the 

measurement, a dry PC membrane was firmly held inside a membrane holder with an 

effective section area of 0.137 cm2. Filtered air gas at room temperature was flown 

upstream with a pressure ranging from 0.35 to 4 bar. The gas flow rate (mL/min) 

downstream from the sample was measured with a calibrated GFM Pro Gas Flowmeter 

from Thermofisher Scientific. The inner diameter of the pores was calculated by using 

Knudsen diffusion and the Hagen-Posieuille flow relationship, as described 
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elsewhere.42 

Morphology of NTs in membrane. The membranes filled with LbL NTs were coated 

by 20 nm of sputtered gold and their flat faces were imaged with a scanning electron 

microscope SEM (JSM-7600F, JEOL Ltd) at 5 kV. Non-coated membranes containing 

fluorescently-tagged NTs were additionally imaged by epifluorescence microscopy 

(red channel, Olympus IX71). Since this only provides images of the tips of the NTs, 

the filled membranes were embedded in paraffin43 and microtomed, and 5 µm thick 

sections were imaged by a Zeiss LSM 710 confocal microscope. 

Morphology of liberated NTs and trapped NTs. The NTs liberated under buffer 

treatment were collected over a gold-coated PC membrane, and observed by SEM 

(5 kV) and epifluorescence microscopy. The trapped NTs (i.e., NTs which remained in 

the nanopores of PC membranes after buffer treatment were collected on a PET 

membrane after dissolution of the PC membrane template and observed directly by 

epifluorescence microscopy or SEM (in which case the samples were coated with 

20 nm of gold). 

Quantification of the amount of liberated NTs. The amount of rhodamine-labeled 

NTs liberated after buffer treatment was measured by fluorescence spectroscopy. The 

total amount of NTs was obtained by dissolving 0.5 cm2 of filled membrane in 1 mL 

dichloromethane, and by measuring the fluorescence at 590 nm of the NTs suspension 

with a Varian Cary Eclipse fluorescence spectrophotometer (550 nm excitation 

wavelength). A blank was subtracted using as reference the same membrane filled with 

non-fluorescent NTs. The amount of NTs trapped in the membrane after disaggregation 

of the outer sacrificial compartment was measured similarly, by dissolving the 

membrane obtained after pH 6.5 treatment and expulsion of the trapped NTs. The 

proportion of NTs liberated from the membrane was obtained by comparing the 
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fluorescence intensity of the total number of NTs and the one of the trapped NTs. 

 

Results and discussion 

Effect of pH and salt concentration on the growth and disintegration of 

PMAA/PVCL LbL films 

The lower critical solution temperature (LCST) of PVCL was previously shown to 

decrease in the presence of SO4
2−, H2PO4

− or Cl− in aqueous solution, suggesting strong 

salt effects on the hydrophobicity of the chain.44 Therefore, we monitored the growth 

and stability of (PMAA/PVCL)m films depending on ionic strength, having in mind 

biological applications for which a background NaCl concentration of 150 mM is 

typical. (PMAA/PVCL)m films were thus deposited on PEI-modified Si wafers at 

pH 2.0 in 0, 50 or 150 mM NaCl solutions, using a low molar mass PVCL 

(Mw 1.8 kg/mol). The dry thickness of PEI/(PMAA/PVCL)m films versus number of 

deposited bilayers is shown in Figure 1a. A linear growth is observed with an average 

thickness increment per bilayer of 4.1 nm and no significant influence of salt 

concentration on film growth, showing that PMAA/PVCL multilayers do not have a 

significant electrostatic contribution to stability at pH 2.0. This is in marked contrast 

compared to a weakly H-bonded LbL system such as PAA/PEO, whose film growth 

was reported to be completely inhibited in 500 mM NaCl.45 

The stability of a thick PEI/(PMAA/PVCL)20 film (starting dry thickness d0 = 85 nm) 

was then assessed in solutions of increasing pH. The films were immersed in 20 mM 

MES buffer at a given pH for 1 min, rinsed with water to remove the adsorbed salt, 

dried, and their dry thickness (d) was measured again by ellipsometry. For all 

experiments, the stability of LbL multilayers was tested at the same NaCl concentration 
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as the one used for film growth. The relative film thickness, d/d0, is plotted versus 

immersion pH in Figure 1b, from which the critical pH for disintegration, pHcrit, can be 

obtained as the pH corresponding to half-disintegration. The pHcrit of 

PEI/(PMAA/PVCL)20 films decreased with the salt concentration, being 7.1, 6.6, and 

6.1 for 0, 50, and 150 mM NaCl, respectively. Simultaneously, the disintegration curves 

were steeper at higher salt concentrations: for instance, at 150 mM NaCl, a 0.1 

increment in pH units (from 6.0 to 6.1) resulted in the full disintegration in 1 min of the 

initially-stable film, whereas an increment of 0.5 pH units (from 7.0 to 7.5) was required 

to have the same effect in the absence of salt. The differences of steepness of the 

disintegration curves depending on salt content probably arise from the more 

homogeneous electrostatic environment existing at higher ionic. pHcrit is decreased and 

H-bonds are weakened in the presence of salts because of, e.g., promotion of polymer 

ionization and change of polymer solubility and hydration. 
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Figure 1. (a) Dry thickness of PEI/(PMAA/PVCL)m LbL films grown at pH 2.0, in 

0 (triangles), 50 (circles), or 150 mM (squares) NaCl. The line is a fit to the data. (b) 

Relative dry thickness (d/d0) of PEI/(PMAA/PVCL)20 films (d0 ca. 85 nm, corresponds 

to the initial dry thickness of the film) grown in 0 (triangles), 50 (circles), or 

150 mM (squares) NaCl and subsequently immersed for 1 min in 20 mM MES buffers 

of different pH as indicated. The curves are sigmoidal fits. (c) In-situ measurements of 

the thickness of PEI/(PMAA/PVCL)20 films initially grown in 150 mM NaCl at pH 2.0, 
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and subsequently immersed in 20 mM MES buffer (150 mM NaCl) at pH 5.7 (hollow 

squares) and 6.0 (filled squares). The MES buffer was flown at the constant rate of 

1 mL/min during the measurements. The curves are drawn to guide the eye. 

 

The long term stability of PEI/(PMAA/PVCL)20 films was also studied at pH 5.7 and 

6.0 (just below the pHcrit measured for a 1 min immersion time) in 20 mM MES 

(150 mM NaCl) buffer (Figure 1c). At pH 5.7, a PEI/(PMAA/PVCL)20 film of 85 nm 

dry thickness swelled to 100 nm upon immersion; its thickness then remained 

essentially constant over the next 8 h, with only a very slight increase over time 

indicating limited reorganization. This film was then rinsed, dried, and its dry thickness 

was measured again by ellipsometry, providing a value of 86 nm, very close to its 

original dry thickness. At pH 6.0, the PEI/(PMAA/PVCL)20 film also rapidly swelled 

to 100 nm when immersed in MES buffer; however, contrasting with the case of pH 5.7, 

the film slowly disaggregated with 80% of the film removed in 1 h and a complete 

disintegration in 2 h. This illustrates that the pHcrit is a time-dependent parameter and 

that the kinetics of film disaggregation vary substantially around pHcrit. When farther 

below pHcrit as at pH 5.7, the film is stable for extended periods of time. 

Similar experiments were performed on the PMAA/PVPON LbL system, in which the 

H-bond acceptor component is of increased polarity compared to PVCL (Supporting 

Information). The pHcrit of these PMAA/PVPON multilayers was significantly lower 

than for the PMAA/PVCL system; in the sequel, we thus concentrate on PMAA/PVCL 

multilayers fabricated from 150 mM NaCl, since they meet our stability criteria for 

biological work. 
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Effect of PVCL molar mass on the growth and disintegration of PMAA/PVCL 

films 

Previous studies have shown that polymer molar mass as well as the difference of molar 

mass between components in H-bonded multilayers can lead to different film 

thickness.46 Weakly H-bonded LbL systems, such as PAA/PEO and PMAA/PEO, were 

especially shown to be very sensitive to PEO molar mass: when the PEO molar mass 

increased from 1.5 to 20 kg/mol, the film thickness increased by a factor of seven.45 

Additionally, one might expect that larger molar masses would be conducive to more 

stable multilayers, due to the increased number of H-bonds per chain. Therefore, films 

comprising PVCL of Mw 1.8, 32 and 240 kg/mol were grown in conditions identical to 

before (i.e., pH 2.0 and 150 mM NaCl), and their stability was assessed versus pH. The 

average thickness increment per bilayer was 4.2 nm for the three types of 

PEI/(PMAA/PVCL)m films, independent of PVCL molar mass (Figure 2a). This molar 

mass independence again hints to strong H-bonds in the PMAA/PVCL system. 

Accordingly, when the stability of PEI/(PMAA/PVCL)20 films deposited from PVCL 

of different molar masses was measured in solutions of increasing pH (Figure 2b), the 

pHcrit was found to be independent of molar mass (6.1, 6.1 and 6.2, for PVCL of Mw 

1.8, 32 and 240 kg/mol, respectively). 
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Figure 2. (a) Dry thickness of PEI/(PMAA/PVCL)m films comprising PVCL of 

different molar masses, grown at pH 2.0 in150 mM NaCl. The lines are fits to the data. 

(b) Relative dry thickness (d0/d) of PEI/(PMAA/PVCL)20 films grown at pH 2.0 then 

immersed in 20 mM MES buffer (150 mM NaCl) for 1 min. The curves are sigmoidal 

fits. (c) In-situ thickness of PEI/(PMAA/PVCL)20 films initially grown in 150 mM 

NaCl at pH 2.0, and subsequently immersed in pH 6.0, 20 mM MES buffer (150 mM 

NaCl). The curves are drawn to guide the eye. Molar mass of PVCL: 1.8 (triangles), 32 
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(circles), or 240 kg/mol (squares). 

 

The long term stability of these films was also measured at pH 6.0 (Figure 2c). The film 

comprising the low molar mass PVCL (Mw 1.8 kg/mol) directly swelled from 85 to 

100 nm upon immersion in the MES buffer, and fully disaggregated in 2 h. In contrast, 

PEI/(PMAA/PVCL)20 films comprising PVCL of higher molar mass swelled more 

slowly, then gradually disaggregated at a slower rate. The higher the molar mass of 

PVCL, the longer the time for full film disaggregation (3 and 7 h for 32 and 240 kg/mol, 

respectively). Hence, although the three films have a similar pHcrit when measured for 

short immersion times (1 min), their disaggregation kinetics depends on the molar mass 

of the PVCL component when probed at a pH just below the critical one, probably 

resulting from the molar mass dependence of disentanglement kinetics. By increasing 

the PVCL molar mass, a slight increase of dynamic stability can thus be obtained. 

Summing up, PMAA/PVCL multilayers growth is independent of NaCl concentration 

and PVCL molar mass these H-bonded films can be disaggregated by a pH trigger, with 

pHcrit strongly depending on salt concentration and very weakly on PVCL molar mass. 

The transition between stable and unstable films occurs over a narrow range of pH 

values, with the critical pH being generally compatible with sensitive biological 

components. In the sequel, we thus concentrate on utilizing PMAA/PVCL multilayers 

as sacrificial compartments for the release of flat LbL films and of LbL NTs, essentially 

using the lower molar mass PVCL (1.8 kg/mol) and films grown in 150 mM NaCl 

unless otherwise indicated. 
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Use of (PMAA/PVCL)m as sacrificial compartment for the release of flat LbL films 

PEI/(PMAA/PVCL)20(PSS/PAH)n bi-compartmentalized films were prepared by the 

LbL deposition at pH 4.0 of (PSS/PAH)n films over a PEI/(PMAA/PVCL)20 

compartment of 85 nm dry thickness, initially grown at pH 2.0. As shown in Figure 3a, 

the thickness of the (PSS/PAH)n film was insensitive to whether it was grown over a 

PEI-coated Si wafer or over a PEI/(PMAA/PVCL)20 compartment, with an average 

thickness increment per bilayer of 2.5 nm. The long term stability of this 

PEI/(PMAA/PVCL)20(PSS/PAH)20 film was then monitored at pH 6.0 in 20 mM MES 

buffer (150 mM NaCl) by in-situ ellipsometry. Single PEI/(PMAA/PVCL)20 and 

PEI/(PSS/PAH)20 films were also tested in the same conditions (Figure 3b). The single 

PEI/(PMAA/PVCL)20 film fully disaggregated in 2 h, whereas the single 

PEI/(PSS/PAH)20 compartment was stable at pH 6.0 for 8 h. In contrast, the bi-

compartmentalized film immediately swelled from 125 nm (dry film total thickness) to 

150 nm upon immersion, then gradually swelled to 200 nm and started to erode after 

4 h, until the film fully detached after 8 h. Obviously, the upper pH-stable (PSS/PAH)20 

compartment acted as a barrier delaying but not preventing the disaggregation of the 

buried PMAA/PVCL compartment. 
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Figure 3. (a) Dry thickness of bi-compartmentalized 

PEI/(PMAA/PVCL)20/(PSS/PAH)n films (squares, left axis) and of PEI/(PSS/PAH)n 

films (triangles, right axis) versus number of PSS/PAH bilayers. The (PSS/PAH)n films 

were deposited at pH 4.0 in 150 mM NaCl. The line is a fit to the data. (b) In-situ 

thickness of PEI/(PMAA/PVCL)20/(PSS/PAH)20 (squares), PEI/(PMAA/PVCL)20 

(triangles) and PEI/(PSS/PAH)20 (circles) films immersed in pH 6.0, 20 mM MES 

buffer (150 mM NaCl). The MES buffer was flown at the constant rate of 1 mL/min 

during the measurements. The curves are drawn to guide the eye. 

 

We then tested whether the upper (PSS/PAH)n films could be freely released from Si 

wafers by disaggregation of the underlying PMAA/PVCL compartments in such 

PEI/(PMAA/PVCL)m/(PSS/PAH)n films. Three bi-compartmentalized films 
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comprising m = 5, 10, and 20 PMAA/PVCL bilayers were prepared, followed by 

n = 40 bilayers of PSS/PAH, with LbL deposition performed at pH 2.0 and 4.0 for 

(PVCL/PMAA)m and (PSS/PAH)40 compartments, respectively. The floating-off of the 

(PSS/PAH)40 films was tested at pH 6.5 in 20 mM MES buffer (150 mM NaCl). After 

immersion for 10 min, the films were fully released from the Si wafers for all the 

systems tested (Supporting information, Figure S2), but broke into several smaller 

pieces because of the low mechanical strength of (PSS/PAH)40 films. The floating film 

fragments were collected on clean Si wafers, rinsed and dried to check their thickness, 

which was ca. 100 nm, corresponding to the initial dry thickness of the (PSS/PAH)40 

compartment. This demonstrates that H-bonded (PMAA/PVCL)m films are proper 

sacrificial compartments for the release of overgrown electrostatic LbL multilayers. 

 

Use of (PVCL/PMAA)m.5 as sacrificial compartment for the liberation of LbL NTs. 

Encouraged by these results on flat films, we then evaluated the possibility to release 

by the same mechanism LbL NTs grown in templating track-etched nanoporous PC 

membranes. The growth of the sacrificial PVCL/PMAA compartment was first 

assessed in the pores of a PC membrane of 800 nm nominal pore diameter (750 nm 

measured pore diameter) with 4×107 pores cm2 (Scheme 1b). The PVCL/PMAA 

growth was linear after two bilayers, with an average thickness increment per bilayer 

of 35 nm (Supporting information, Figure S3). This is much larger than the growth 

increment measured for flat multilayers (4.1 nm/bilayer, Figure 1a), which is typical 

for LbL assembly in nanopores as extensively reported before for electrostatic 

multilayers;23,27,42,47-49 apparently, the same phenomena (crowding of chains leading to 

gel formation, bridging of chains between opposite pore walls, etc.) happen for H-

bonded multilayers as well. Since this hints at a possible change of multilayer structure, 
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we checked that the disaggregation of the nano-confined (PVCL/PMAA)m.5 multilayers 

was not hindered at physiological pH. A PC membrane filled with (PVCL/PMAA)8.5 

multilayers of 210 nm residual average dry pore diameter was thus immersed in 20 mM 

MES buffer (150 mM NaCl) at pH 6.5, rinsed, dried, and the pore diameter of the 

membrane was measured again by gas flow porometry. A value of 750 nm was found, 

which is identical to that of the starting unfilled PC membrane, indicating quantitative 

disintegration of the LbL NTs in the membrane. 

Therefore, bi-compartmentalized (PVCL/PMAA)5.5/(PSS/PAH)12 NTs were grown in 

the same type of PC membrane, at pH 2.0 and 4.0 for (PVCL/PMAA)5.5 and 

(PSS/PAH)12 compartments, respectively. The thickness of the two compartments was 

65-75 nm and 210-240 nm, respectively. Unfortunately, subsequent immersion of the 

bi-compartmentalized NTs-filled PC membrane in pH 6.5 MES buffer did not lead to 

any collection of NTs. We suspected that this resulted from the (PSS/PAH)12 inner NTs 

compartment adhering on the nanopore walls after dissolution of the sacrificial 

compartment. Therefore, we used a forced expulsion process to release and collect the 

NTs (Scheme 1c). 120 mL of pH 6.5, 20 mM MES buffer (150 mM NaCl) was flown 

through the filled membrane to disaggregate the sacrificial compartment and expel the 

liberated (PSS/PAH)12 inner NT compartment. The liberated NTs and trapped NTs 

were collected by filtration and imaged by microscopy (Figure 4a-d). The SEM image 

shows that the liberated NTs are ca. 24 µm long, which corresponds to pore length, and 

1 µm wide, which is larger than the expected outer diameter of the (PSS/PAH)12 

compartment and is due to the swelling and flattening of the NTs during collection. 

This demonstrates the possibility to directly release NTs in bio-compatible aqueous 

solution without using organic solvent or dissolving the template. The NTs still trapped 

in the membrane after the treatment at pH 6.5 were also collected on a porous PET 
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membrane, by dissolving the PC membrane in dichloromethane (Figure 4c,d); these 

trapped NTs have the same size as liberated ones. 

 

 

Figure 4. SEM (left column) and epifluorescence microscopy images (right column) of 

NTs. (a,b) Liberated (PSS/PAH)12 NTs obtained by dissolving at pH 6.5 the sacrificial 

compartment of bi-compartmentalized (PVCL/PMAA)5.5/(PSS/PAH)12 NTs in 

membranes. (c,d) The remaining NTs trapped in the membrane after pH 6.5 treatment, 

recovered by dissolving the membrane in dichloromethane. (e,f) Same as (a,b), except 

for the molar mass of PVCL which was 240 kg/mol. (g,h) Liberated (ALG/CHI)12 NTs 

obtained by dissolving at pH 6.5 the sacrificial compartment of bi-compartmentalized 

(PVCL/PMAA)5.5/(ALG/CHI)12 NTs in membranes. Scale bars: 20 µm. 
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The PC membranes were also observed by SEM, epifluorescence microscopy and 

confocal microscopy before and after the liberation of (PSS/PAH)12 NTs (Figure 5). 

Although many pores were opened by the release process as shown in the SEM images 

(Figure 5c), a substantial amount of NTs was not liberated (Figure 5f). The 3D 

reconstruction of confocal microscopy images of microtomed membranes also 

demonstrates the partial liberation of NTs at pH 6.5 (Figure 5i). Since rhodamine-

tagged PAH (PAH-Rh) was used to label NTs, the fluorescence of the collected 

suspensions of NTs can be used to quantify their amount. The fluorescence of PAH-Rh 

solutions of varying concentration was measured in pH 4.0/6.5 MES buffer (Supporting 

information, Figure S4), showing that the fluorescence intensity at 590 nm is 

proportional to PAH-Rh concentration regardless of the pH value. In order to quantify 

the fraction of liberated NTs, the fluorescence of suspensions containing all NTs or 

only trapped NTs was measured, by dissolving the initially filled membrane and the 

membrane after pH 6.5 treatment in dichloromethane, respectively. An average fraction 

of liberated NTs of 51±6% was thereby obtained (Supporting information, Figure S5a). 



24 

 

Figure 5. Microscopy images of (a,d) the virgin unfilled PC membrane, (b,e,h) a 

membrane filled with (PVCL/PMAA)5.5/(PSS/PAH)12 NTs, and (c,f,i) a membrane 

after the liberation of the NTs at pH 6.5. (a-c) Top-view SEM images; scale bars: 

20 µm, scale bars of insets: 1 µm. (d-f) Top-view epifluorescence microscopy images; 

scale bars: 20 µm. (g,h,i) Scheme of the sample and tridimensional reconstruction of 

confocal microscopy images of microtomed membrane cuts (5 µm thickness); scale 

bars: 10 µm. 

 

The reason why some NTs are not liberated is that overlapping pores in the membrane 

create fused NTs that are physically blocked in the membrane. According to the 

manufacturer, the proportion of overlapping pores is ca. 55%, close to the 49% of 
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membrane-trapped NTs found by fluorescence spectroscopy. In order to confirm this 

hypothesis, we performed a similar experiment on a PC membrane of four times lower 

pore density (1×107 pores cm2), corresponding to a lower proportion of overlapped 

pores of 18% according to the manufacturer. The proportion of collected NTs logically 

increased to 83±5% (Supporting information, Figure S5b). Note that the trapping of 

fused NTs in the membranes can be seen as a positive outcome of our methodology, 

since it results in the exclusive collection of single NTs, contrarily to what happens 

when dissolving the membranes. 

The effect of PVCL molar mass and (PVCL/PMAA) compartment thickness on the 

efficiency of the release process were also studied. Bi-compartmentalized 

(PVCL/PMAA)5.5/(PSS/PAH)12 NTs were prepared from 32 and 240 kg/mol PVCL and 

their inner (PSS/PAH)12 NTs were liberated at pH 6.5 (Figure 4e,f). The released NT 

fraction was 60±11% and 55 ±13%, respectively, non-significantly different from the 

51±6% obtained with 1.8 kg/mol PVCL. This is in agreement with the almost 

insignificant influence of PVCL molar mass on the critical pH of PVCL/PMAA flat 

films. The effect of the thickness of the sacrificial (PVCL/PMAA) compartment on 

tube release was also studied for a PC membrane of larger pore diameter (Supporting 

information, Figure S6). Although thicker sacrificial compartments resulted in a 

slightly higher fraction of liberated tubes, the amount of liberated tubes always 

remained close to the fraction of non-overlapping pores in the membrane. 

Finally, in order to test the release of more biologically-compatible NTs, ALG/CHI 

LbL multilayers were deposited instead as PSS/PAH for the inner compartment. The 

measurement of the growth of ALG/CHI multilayers over a flat surface provided a 

thickness increment per bilayer of 2.7 nm, close to the 2.5 nm of the PSS/PAH system. 

The floating-off of the ALG/CHI film was also observed when immersing a flat 
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(PVCL/PMAA)20(ALG/CHI)40 film in pH 6.5 MES/NaCl buffer for 1 h. However, 

compared with PSS/PAH films, the higher swelling degree of CHI/ALG films (70% as 

measured by in-situ ellipsometry) resulted in a lower rigidity and mechanical strength 

which prevented to collect the film after floating-off. The liberation of (ALG/CHI)12 

NTs was then carried out on a (PVCL/PMAA)5.5(ALG/CHI)12-filled membrane 

according to the same procedure as for (PSS/PAH)-based NTs. Fluorescence 

spectroscopy provided a fraction of liberated (ALG/CHI)12 NTs of 60±8%, close to 

what was obtained for (PSS/PAH)-based NTs. Additionally, the liberated (ALG/CHI)12 

NTs were intact and exhibited the expected morphology (Figure 4g,h). This 

demonstrates that our biocompatible liberation conditions can be applied to different 

types of systems, and are well-adapted for the production of polysaccharide nanotubes 

at close-to-neutral saline condition. It is therefore suited to the encapsulation of 

sensitive biological components such as enzymes or even living organisms. 

 

Conclusions 

Summing up, we have studied the growth and stability of H-bonded multilayers based 

on PMAA and PVCL. PMAA/PVCL multilayer growth at low pH was independent of 

NaCl concentration and PVCL molar mass, due to strong H-bonding between this pair 

of polymers. The disaggregation of the films was then performed at higher pH values. 

The critical pH for disaggregation was found to depend strongly on salt concentration, 

whereas PVCL molar mass did not play an important role. Interestingly, the 

PVCL/PMAA system is compatible with biologically-sensitive components, as it 

provides multilayers which are stable just below pH 6.0 and can be disaggregated in 

0.15 M NaCl neutral pH conditions. 
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We then demonstrated the liberation of flat PSS/PAH films by disaggregating a 

sacrificial PMAA/PVCL compartment, and implemented the methodology to the 

liberation of PSS/PAH NTs grown in templating PC membranes, then to the liberation 

of bio-compatible ALG/CHI NTs. We showed for the first time the possibility to 

liberate such tubes without having to dissolve the membrane, a methodology that could 

easily be generalized to other types of templating methods. The liberated NTs were 

directly obtained in benign conditions (pH 6.5, 150 mM NaCl) that are fully bio-

compatible and promising for biological applications. The liberation process was close 

to quantitative with respect to the liberation of non-crossing NTs, and offers the 

supplementary advantage to eliminate crossing NTs from the collection process. We 

are now exploring the use of such nano- or micro-tubes for the fabrication of hybrid 

systems comprising biological cells. 
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