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ABSTRACT: Using a layer-by-layer (LbL) sequential adsorption technique, we studied the construction of
hydrogen-bonded multilayers of a weak polycarboxybetaine (Nely-carboxypentyl-4-vinylpyridinium bromide
(PCB5)) with poly{-vinylcaprolactam) (PVCL). Self-assembly occurred at low pH values where carboxylic
groups of PCB5 units were protonated and capable of binding with hydrogen-accepting groups of PVCL.
Multilayers could not be constructed, however, in 0.01 M buffer solutions at pH 2.5, and potassium halide salts
were required to promote multilayer deposition. Concentrations of halide salts at which deposition of PCB5/
PVCL multilayers occurred decreased in the series K®&Br > KI, following the Hofmeister series for binding

of anions with PCB5 chains. Using vinylcaprolactam copolymer which contained amino groups (PVCL-
NH,), PCB5/PVCL-NH multilayers were constructed and covalently cross-linked, producing surface-attached
hydrogels. The hydrogels showed typical polyelectrolyte salt-induced contraction at pH 2.5, where PCB5 units
were cationic, but “antipolyelectrolyte” behavior, i.e., swelling in salt solutions at pH 7.5, where PCB5 units
were zwitterionic. PCB5/PVCL-NKsurface hydrogels were resistant to adsorption of negatively charged proteins
and heparin at pH 7.4 in 0.15 M NaCl solutions. The produced PCB5/PVCL films and cross-linked PCB5/
PVCL-NH; surface hydrogels might find applications as erasable films or as zwitterion-containing bioinert coatings,

respectively.
Introduction Scheme 1. Hydrogen Bonding between PCB5 and PVCL Units
Nature shows many examples of self-assembly of highly »+CHCH:+
functional structures such as membranes, proteins, or nucleic z
acids using noncovalent interactions. In DNA, the negatively N I
charged sugafrphosphate backbones are bound via hydrogen T;
bonding between the base pairs, which is additionally stabilized (CH,), Q
by hydrophobic or stacking ipteractions. Using approaches COOH--0” "N
learned from nature, cooperative self-assembly through com- [ é_c +-
bined hydrogen-bonding, stacking, and hydrophobic interactions H H,"

has been recently used to produce non-covalently-linked syn-

thetic helical structurespanotubeg,and supramolecular mem- at surfaces based on DNA hybridization driven by hydrogen
brane3 using non-polymeric building blocks. Synthetic polymers  1onding!7 Note also that earlier attempts to assemble positively
have also been self-assembled by means of hydrophobiccharged polyelectrolytes resulted in very limited film growth if
interactions and hydrogen bonding in aqueous solutions 0 hygrogen bonding was not involved in the asseniBlyery
produce conducting polymer aggregates in soldtion at recently, Schlenoff and co-workers studied LbL deposition of
surfaces. In the latter case, sequential alternating adsorption gjmjjarly charged hydrogen-bonding homopolynucleotides (poly-

of polymers from solution (or layer-by-layer (LbL) technique)  (adenylic acid) and poly(uridylic acid)) and found that these
to produce ultrathin films has recently received much attention. yvo molecules failed to produce films, unless they were

Hydrogen-bonded LbL films were first reported by Stockton gassembled into films with a polycatiéh.

and Rubnérand Wang et . (see recent feature article for In this work, we explore hydrogen-bonded LbL self-assembly
detaild). We have earlier demonst_rated that water-soluble f 5 weak zwitterionic polybetaine (PB) with a neutral polymer
uncharged molecules capable of intermolecular hydrogen-n aqueous environment. Interest to incorporate PBs into thin
bonding interactions can be self-assembled at surfaces usingayers is greatly due to PBs’ improved biocompatibiffy,
the LBL approach and then controllably dissolved at a higher gpiinacterial propertied, and their utility for building bioinert
pH value®® Routes to stgblllze hydrolgen-bonde.d ;elf-assembly coatings223 The unique properties of PBs are often explained
via thermal, photochemicét,or chemical cross-linking~*as by the zwitterionic nature of the PB head group which mimics
well as the ability to de_posn and stabilize hydrogen-bonded naturally existing phosphorylcholine groups commonly found
polymer layers on spherical substrate$® have been recently i, cell membranes. We have recently studied electrostatic self-
reported by several groups. Stabilized hydrogen-bonded Capsme%ssembly of a weak polycarboxybetaine (pblys-carboxy-
are being explored for encapsulating various chemicals and pentyl-4-vinylpyridinium bromide (PCB5)) within LbL films
controlled release of encapsulated caty¥. with polyanions and/or polycations at slightly acidic and neutral
Hydrogen bonding has also been used to promote LbL growth pH values* Here, we focus on hydrogen-bonding self-assembly
of like-charged polyelectrolytes. Recently, Caruso’'s group of 3 PCB5 at low pH values where carboxylic groups of PCB5
reported LbL deposition of negatively charged polynucleotides ynits are protonated and are able to interact with hydrogen-
accepting units of a neutral polymer, such as those of pbly(
* To whom correspondence should be addressed. vinylcaprolactam) (PVCL) shown in Scheme 1. Because of the
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cationic charge of PCB5 chains in these conditions, deposition

of PCB5/PVCL multilayers did not occur at low concentrations
of small ions, unless poly(styrenesulfonate) (PSS) was intro-

duced as a third component in self-assembly, and increased
concentrations of salts were required to promote successful

multilayer growth. We also found that, similar to hydrogen-
bonded films of poly(carboxylic acid)s and a neutral polymer,

the produced films can be erased from a solid surface by
exposure to solutions with higher pH values due to deprotonation

of carboxylic groups of PCB5 units. However, using an amino-
group-containingN-vinylcaprolactam copolymer, hydrogen-
bonded PCB5/PVCL films can be covalently cross-linked,

producing surface-attached hydrogels which did not desorb at
neutral and basic pH values. Here, we explore the effect of salt

on swelling of PCB5-containing surface hydrogels at low or
neutral/basic pH values, where PCB5 units are cationic or

zwitterionic, respectively, and show that the salt has opposite

effect on hydrogel swelling in these two different pH ranges.

Experimental Section
Materials. PVCL (MW 1800) and PSS (MW 500 000) were

purchased from Polymer Source and Scientific Polymer Products,

Inc., respectively. PCB5 with five methylene groups separatihg N
and COO was synthesized by reaction of poly(4-vinylpyridine)
(P4VP, Aldrich, MW 200 000) withw-bromocarboxylic acid
(Aldrich) as described elsewheteHalide salts (KCI, KBr, and
Kl) were obtained from Alfa Aesar, Co. Millipore (Milli-Q system)
filtered water with a resistivity 18.2 K was used in all experi-
ments. DO with 99.9% isotope content was purchased from
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Figure 1. (A) Evolution of total integrated ATR-FTIR intensities in
the 1536-1800 cn1? range (see Experimental Section) during in situ
monitoring of deposition of (PCB5/PVCL)films from 0.15 M KBr
(open circles) and 0.05 M KBr (filled circles) df® M KBr (open stars)
solutions at pH 2.5. (BIntegrated 15361800 cmt! ATR-FTIR
intensities measured in situ (left axis) and ellipsometric thicknesses of
dry films (right axis) per PCB5/PVCL bilayer within (PCB5/PVGL)
films deposited from Kl (triangles), KBr (circles), and KCI (squares)
solutions at pH 2.5.

ATR-FTIR Measurements. In situ ATR-FTIR experiments
were done with a Bruker Equinox-55 Fourier transform infrared

Cambridge Isotope Laboratories and was used as received. Forspectrometer equipped with a narrow-band mercury cadmium

pH > 4.5, 0.01 M KHPQO, and KH,PO, buffer solutions (Fisher
Scientific) were used. For lower pH values, 0.01 M 0,
solution was adjusted with HCI.

Synthesis of PVCL:NH,. Copolymer of N-vinylcaprolactam
(VCL) and glycidyl methacrylate (GMA) was synthesized by free-
radical solution polymerization in dioxane using AIBN as initiator
as described in our recent publicat®nThe produced copolymer,
poly(VCL-co-GMA) (10% GMA, MW 19 000), was reacted with
100-fold excess of ethylenediamine (with respect to molar GMA
content in the copolymer) in water at room temperature for 24 h to
produce an amino-containing copolymer PVCL-NHExcess
ethylenediamine was removed by 72 h dialysis, followed by freeze-
drying of the copolymer.

Deposition of PSS/PCB5/PVCL and PCB5/PVCL Multilay-
ers. Multilayers were prepared on surfaces of silicon wafers or onto
a Ge or Si attenuated total reflection (ATR) crystal by sequential
deposition from polymer solutions at pH 2.5. The ATR crystals
were precleaned throb@ h exposure to UV radiation, rinsed with
deionized water, copiously rinsed with Milli-Q water, dried in
nitrogen stream, and finally oxygen plasma-treated for 2 min. For
ellipsometry studies, deposition of multilayers was performed from

aqueous polymer solutions onto flat silicon wafers using a home-

telluride detector. The ATR Si or Ge crystal was installed within
a flow-through stainless steel cell. The ATR crystals were rectan-
gular with dimension of 50 mmx 20 mm x 2 mm (Harrick
Scientific) whose beam entrance and exit surfaces were cufat 45
PCB5/PVCL and PSS/PCB5/PVCL multilayer deposition was
inferred from integrated intensities in the region 153@00 cnm'?,
which correspond to stretching vibrational bands of carboxylic
groups (centered at 1700 chy and pyridinium ring in PCB5
(centered at 1640 crd) as well as to the 1640 crh amide
stretching band of the caprolactam ring. In the case of PSS/PCB5/
PVCL films, Ge crystal instead of Si crystal was used to enable
observation of PSS-related vibrational bands at 1126, 1036, and
1009 cntl. Although ATR-FTIR measurements of thin films allow
determining the amounts adsorbed after appropriate calibration of
signal intensity using solutions of nonadsorbing polynféisere

we did not follow this procedure, and the amounts adsorbed were
determined by ellipsometry.

Phase-Modulated Ellipsometry. Ellipsometry measurements
were performed using a home-built, single-wavelength, phase-
modulated ellipsometer at 6&ngle of incidencé® Ellipsometry
substrates were low-dopant Si wafers (Virginia Semiconductor, Inc.)
with naturally grown Si@layer. Optical properties of the substrates

built robotic system. In a typical experiment, the substrates were and oxide layer thicknesses were determined prior to polymer

alternately exposed to 0.1 mg/mL polymer-buffered solutions at
pH 2.5 for 10 min followed by two 30 s intermediate rinsing steps
with water at pH 2.5. Before the measurements, films were blow-
dried with ultrapure nitrogen. For in situ ATR-FTIR (Fourier

transform infrared spectroscopy in ATR mode) studies, multilayers

deposition. During analysis the refractive index of all dry polymer
films was fixed at a value of 1.5.

For salt concentrations higher than 0.1 M, ellipsometric measure-
ments of dry film thicknesses could not be performed because of
light scattering from the surface, caused by deposition of salt after

were prepared using a procedure similar to that described above drying of solutions. However, in the case of KI, when PCB5/PVCL
except that multilayers were constructed on the surface of an films could be deposited from low Kl concentrations10 mM),

oxidized Ge or Si ATR crystal installed within a flow-through ATR-

ellipsometric measurements of dry films were obtained and cor-

FTIR stainless steel cell. The deposition was performed in situ using related to integral absobances in the 153800 cm! range

D,0O polymer solutions.
Deposition of PCB5/PVCL and PSS/PCB5/PVCL films was

performed at surfaces of oxidized Si or Ge crystals, respectively.

obtained by ATR-FTIR. Specifically, the integrated ATR-FTIR
intensity value of 0.6 in this region corresponded-d nm of dry
film thickness (assuming refractive index of 1.5). The correlation

In both cases, PCB5 was allowed to adsorb at the crystal surfacewas used to reconstruct ellipsometric thicknesses for films deposited
at pH 6. After that, the pH was changed to 2.5, and deposition was from KBr and KCI solutions (shown in Figure 1).

continued at this lower pH value starting from PVCL or PSS for
PCB5/PVCL or PSS/PCB5/PVCL films, respectively.

Measurements of swelling of PCB5/PVCL-NHydrogels were
performed in situ using a custom-made cylindrical flow-through
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glass cell. To obtain the swollen film thickness, the cell was filled  Figure 1B shows that deposition of PCB5/PVCL films was
with 10 mM potassium phosphate buffer at different pH values also strongly controlled by the type of anion. In KCI solution,
and ionic strength, and measurements were taken after the hydrogetoncentrations larger than 0.3 M (corresponding to Debye
was allowed to equmbrgte fo_r 3 min. The procedure_for determi- screening length smaller than 6 A) were required to promote
nation of the swollen film thickness and refractive indexes was p-gs/pvCL film deposition, while film self-assembly occurred
described in our earlier publicatiddTo check the consistency of at much smaller Concentrat,ions of KBr. In Kl solutions. films

the in situ ellipsometry data interpretation, measured values of . .
refractive index of a swollen filrmg were used to calculate the could be deposited at very small concentrations of salt-

polymer content; using the equatidfi n = (ng — ns)/(p dn/dc), 10 mM.

where ai/dc is the average refractive index increment for the surface  The salt effect shown in Figure 1 reflects stronger condensa-
hydrogel film, p is the density of dry polymer film, taken as 1 g/mL,  tjon of chaotropic, less hydrated anions on the PCB5 chains
andns is solution refractive index depending on the potassium halide (as compared to kosmotropic, more hydrated anions) and is
concentratio®? The dvdc for the swollen PCBS/PVCL-NE  gimjjar o reported order of specific binding of anionic coun-

multilayers was estimated to be 0.20 mL/g using reported values __ . . - : . . .
for refractive index increments of aqueous solutions of polymer terions with synthetic polycations or synthetic proteins which

film componentsi.e., dr/dc of 0.2131 0.1713 and 0.21 ML/ follows the Hofmeister serie’§539 An alternative explanation
for PVCL, PAA, and quaternized P4VP solutions, respectively (all Of the effect of salt on solubility of a neutral polymer can be
values reported for 25C). Then dry film thickness was compared ~suggested, as the salt effect on the lower critical solution
with the product of swollen film thickness and swollen film polymer temperature (LCST) of PNIPAR“*and PVCI#? also follows
content. For all measurements performed at pH below 6 and all the anion Hofmeister seriéd® with kosmotropic anions
potassium halide concentrations, the results were in a good decreasing the LCS®42 Specifically, I- was found to increase
agreement, with a discrepancy less than 10%. the solubility and raise the LCST of PVCL solutions, so as Br
Cross-Linking of PCB5/PVCL-NH, Films. To enhance the at concentrations lower than 0.3 mg/rfillHowever, this effect
surface adhesion of PCB5/PVCL-NHilms to the substrate, a  acted in an opposite direction than the one found for PCB5/
precursor layer of two bilayers of PAH/PMAA was deposited and  pyCL multilayers and was very smah-(—2 °C) for concen-
stabilized by thermal cross-linking in an oven at T&for 1 h3* trations of halide salts shown in Figure 1B. Consequently, the
(PCBS/PVCL-NH)s films were then deposited from 0.2 M KBr 516 scenario could not explain the strong ionic specificity of
solution at pH 2.5. Cross-linking was performed via standard multilayer deposition. Instead, specific ionic binding to a

carbodiimide chemistry by adding 1-ethyl-3-(3-(dimethylamino)- . . A :
propyl)carbodiimide hi//drc);chlorid% (EDg) ar(nsi-%ydroxy)gulfo- ) polycation agrees well with the data in Figure 1B. In this work,

succinimide sodium salt (5 mg/mL of each) at pH 4.5. The cross- Stronger binding of less hydrated and more polarizable anions
linking time was 12 h. To remove activation agents, cross-linked With PCB5 was also illustrated by the following concentrations

multilayers were then exposed to 10 mM phosphate buffer solution of halide salts required for salting-out of PCB5 from 0.1 mg/

at pH 7.5 for 2 h. mL solutions at pH 2.5: 1.6 M KCI, 0.5 M KBr, and 0.03 M
Kl. Importantly, for all salt types, the onset of film deposition
Results and Discussion occurred at much lower salt concentrations than those required

for salting-out of PCB5 from solution. Strong specificity of
anion binding with cationic polyelectrolytes has been found for
the case of polyelectrolyte complexes (PEC) in solution, where
the capacity of anions to cause PEC dissociation followed the
order I > Br~ > CI~ > F 4547 Such specificity is likely
induced by dispersion forces between the anions and polymer
chains. The importance of dispersion forces in the specificity
of anion binding has been recently demonstrated in a direct
measurement of the degree of disordering of hydrophobic
regions of a monolayer caused by different aniths.

Figure 1 shows that multilayers of PCB5 can be constructed
through alternating adsorption with poly(vinylcaprolactam)
(PVCL) at low pH values and that the deposition is largely
controlled by the concentration and type of small ions. It is
interesting that weakly hydrogen-bonding polymers which
contain ether groups, such as poly(ethylene oxide) (PEO) and
poly(vinyl methyl ether) (PVME), or secondary amide groups,
such as polyi{-isopropylacrylamide) (PNIPAM), did not pro-
duce multilayers with PCB5 even at high concentrations of salts.
On the other hand, self-assembly of PCB5 with poly(vinylpyr- - : )
rolidone) (PVPON), a homologue of PVCL which lacks two A_specmc counterion effect was also obser_ved with electro-
methylene groups in the ring, also failed. These experiments Statically self-assembled polyelectrolyte multilay&fS where
show that both the intrinsic strength of hydrogen-bonding units Multilayer thickness increased in the order NaFNaCl <
and additional hydrophobic stabilization of intermolecular NaBr*®The order reflects stronger condensation of less hydrated
hydrogen bonding were critical for multilayer growth. Even with @nions on the polycation chains, leading to larger amounts of
strongly interacting PVCL, PCB5/PVCL multilayers could not Polymers deposited within the film through a charge-compensa-
be deposited from low salt solutions. Figure 1A shows that tion mechanism. Although the order of the anion effect on
PCBS5/PVCL films could not be deposited in pure@or water multilayer deposition fqund in thls_ work is similar to that_
at pH 2.5, but addition of KBr promoted film deposition, and observgd for electrostatlcal_ly associated PEMs, the counterion
that film growth was linear for various salt concentrations. As effect is much stronger in the case of hydrogen-bonded
directly monitored with in situ ATR-FTIR, carboxylic groups mqltllayers. The arrow in Figure 1B illustrates that a change of
of PCB5 remained completely protonated during deposition at @nion type from Ci to Br- at a constant concentration of ions
pH 2.5, in agreement with typicalka values reported of  (€.g., 0.15 M) results in an “eroff” transition in multilayer
PCBs35-37 For example, McCormick has reportedgof 3.6 growth. Such strong sensitivity of deposition of hydrogep-
for carboxylbetaine with three methylene groups between the bonded multlilayers to the (.:ou'ntenon type and concentration
carboxylic group and the positive charge in the polymer #nit.  "esults from the fact that binding between PCB5 and PVCL
As shown in Figure 1, in a completely cationic state, self- chains occurred through hydrogen bonding, rather than ionic
assembly of PCB5 was still possible through hydrogen bonding P&iring, and electrostatlc repuI.5|ons between cationic PCB5 units
of carboxylic groups with caprolactam rings when electrostatic Which opposed multilayer buildup.
repulsions between PCB5 positive charges were screened by Another way to promote PCB5/PVCL binding at surfaces at
increased concentration of KBr. low pH is to co-self-assemble this polymer pair with a
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Figure 2. Sequential deposition of hybrid (PSS/PCB5/PVELims circles) and after cross-linking (open circles) measured with in situ

at pH 2.5 as measured by ellipsometry with dry films at the surfaces ATR-FTIR. The stability of films before and after cross-linking was
of silicon wafers (A) or by in situ ATR-FTIR during film deposition  performed in 0.2 M KBr buffered ED solutions and buffered O
from D,O solutions on a Ge ATR crystal (By= 1, 3, and 5 from solutions without KBr, respectively. (B) Representative ATR-FTIR
bottom to top, respectively). Arrows in panel B point to vibrational spectra of a cross-linked (PCB5/PVCL-Nkifilm at pH 2.5 (dashed
peaks associated with protonated carboxylic group€QOH) and line) and pH 7.5 (solid line). Vibrational peaks associated with
pyridinium rings (NF) of PCB5 centered at 1700 and 1640 &mn protonated carboxylic groups-COOH), ionized carboxylic groups
respectively; an absorption band associated with stretch vibrations of (-~COO") of PCB5, and with PVCL are centered at 1700, 1550, and
C=0 in PVCL at 1610 cm?; and PSS vibrational peaks at 1125, 1035, 1610 cn?, respectively. The arrow points to a vibrational peak of PCB5
and 1008 cm?. pyridinium rings centered at 1640 cfn

polyanion, PSS, which compensates positive charge within the PVCL-NH, chains, which additionally opposes hydrogen-
film. A similar strategy of compensating extra charge of bonded self-assembly. Figure 3A contrasts relative ellipsometric
hydrogen-bonding polymers by introducing oppositely charge thicknesses of dry (PCB5/PVCL-N})4$ non-cross-linked and
polycation was recently employ¥dto introduce similarly cross-linked films. While non-cross-linked (PCB5/PVCL-NH
charged homopolynucleotides into thin films. Figure 2A shows films deposited at pH 2.5 in 0.2 M KBr solutions dissolved
that ellipsometric thickness of dry three-component (PSS/PCB5/ when exposed to 0.2 KBr solutions with higher pH values, cross-
PVCL)s films linearly increased with layer number when a linked (PCB5/PVCL-NH)s films showed negligible mass loss
hybrid film was constructed at pH 2.5 and zero salt concentra- in solutions with high pH values (Figure 3A). The result was
tion. Figure 2B illustrates evolution of ATR-FTIR spectra in also confirmed by the in situ ATR-FTIR technique, which
PSS/PCB5/PVCL system during deposition of such film in situ  showed no mass loss for cross-linked (PCB5/PVCLNHmMs
in DO solutions at pH 2.5. Integrated intensities in 153800 exposed to pH 7.5 (Figure 3B). In addition, cross-linked films
cmt (PCB5 and PVCL) as well as in 105@90 cnt! (PSS) retained a large amount of carboxylic groups which showed
regions also showed a linear increase with the number of reversible protonation (the peak centered at 1550%rand
trilayers. The successful deposition of PCB5 and PVCL at deprotonation (the peak centered at 1700 Ynwhen exposed
surfaces in the presence of PSS is caused by charge compensae lower and higher pH values. A broad band associated with
tion between PCB5 and PSS molecules. Deposition of PCB5 amide | vibrations and usually observed in the 162660 cnt?
on PSS-topped film results in neutralization of positively charged region is not clearly seen in the spectrum of cross-linked films
units of PCB5 with PSS negative charge and enables protonateddue to an overlap with bands of PCB5 and PVCL centered at
carboxylic groups of PCB5 to form hydrogen bonds with PVCL. 1640 and 1610 cni, respectively.
Further adsorption of PSS chains on PVCL-topped film then  Swelling of cross-linked PCB5/PVCL-NHfilms in salt
occurs due to interaction with the underlying PCB5 layer. solutions with various pH values were then explored using in
Similar to other hydrogen-bonded films studied eaffer, situ phase-modulated ellipsometry. The top panel in Figure 4
hydrogen bonds between PCB5 and PVCL dissociate at highshows that, when exposed to low-salt solutions, the cross-linked
pH values due to ionization of PCB5 carboxylic groups. To (PCB5/PVCL-NH);0film swelled from its dry thickness of 39.5
stabilize PCB5/PVCL multilayers at high pH values, covalent nm by a factor of~2.5 at pH 2.5 and by a factor 3.5 at pH
cross-links were introduced within the film. For that purpose, a 7. Similar swelling profiles with swelling ratios were obtained
PVCL-NH, copolymer, which containedt10% of units with for (PCB5/PVCL-NH)s films with a dry thickness of 23 nm.
primary amino groups available for cross-linking with carboxylic The bottom panel in Figure 4 shows that measured values for
groups of PCB5, was employed. (See Experimental Section forthe film refractive index correlate with the degree of film
PVCL-NH; synthesis and cross-linking procedures.) Deposition swelling. The smaller degree of swelling of PCB5/PVCL-NH
of PCB5/PVCL-NH films in 0.2 KBr solutions at pH 2.5 hydrogels at low pH values compared to high pH values is
showed linear growth, with bilayer thickness slightly smaller probably due to partial association of polymer units within the
than that in PCB5/PVCL films deposited in the same conditions hydrogel, i.e., formation of hydrogen-bonded dimers of proto-
(3.5-4 nm vs 6 nm, respectively). The difference is due to the nated carboxylic groups of PCB5 units. The overall high degree
positive charge resulting from protonated amino groups in the of swelling in low-salt solutions is consistent with the absence
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Figure 4. In situ ellipsometry measurements of thickness (top panel)
and refractive index (bottom panel) of swollen (PCB5/PVCLANK
surface hydrogels at various pH values. Dry film thickness was 39.5
nm. 10 mM potassium phosphate buffer was used forpK.5, and

for lower pH values, 10 mM KEPO, was adjusted with HCI.
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Figure 5. Effect of potassium halide salts on swelling of (PCB5/PVCL-
NH,)s surface hydrogel films determined by in situ ellipsometry: KBr
at pH 2.5 (circles), KCI at pH 2.5 (squares), and KBr at pH 7.5
(triangles). Dashed lines are guide for the eye only. 10 mM potassium
phosphate buffer was used at pH 7.5; to obtain pH 2.5, 10 mM
KH.PO, was adjusted with HCI.
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of strong intermolecular association between PCB5 and PVCL
chains. At low-salt conditions, such films are predominantly
stabilized by covalent bonds and form high-water-content
surface hydrogels.

Figure 5 illustrates that at pH 2.5 PCB5/PVCL-NR/drogels
deswelled in solutions of potassium halide salts. In these
conditions PCB5 chains are cationic, and a specific anion
binding effect similar to that in Figure 1 is observed. The
hydrogel swelling profile in potassium halide solutions was
dramatically different at pH 7.5, where hydrogels contained
zwitterionic carboxybetaine groups. The observed increase
swelling at pH 7.5 reflects typical “antipolyelectrolyte” behavior,
or chain expansion in high-salt solutions, which was earlier
reported for zwitterionic polymers as indicated by an increase
of solution viscosit§?->4 or dynamic light scattering measure-
ments®® The chain expansion is caused by disruption of inter-

and intramolecular association of positive and negative charges

within PCB5 chain® and weakening of dipoledipole interac-
tions between zwitterionic units in solutions with increased salt
concentrations. Although this behavior is well-known for

polybetaine chains in solutions, here we report that similar salt-

q1e
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NaCl solutions at pH 7.4, (PCB5/PVCL-NM hydrogels were
inert to a variety of negatively charged proteins and biological
molecules, such as heparin, IgG, BSA, and DNA. These data
are consistent with earlier reported inertness of PBs to biological
moleculeg~23

In summary, this study describes LbL self-assembly of weak
zwitterionic polymers at surfaces driven by hydrogen bonding.
The produced films can be erased by lowering ionic strength,
switching the counterion type, or increasing the solution pH
and are potentially useful for release applications when such
films are used as free polyelectrolyte films and separation
membranes. The unique feature not previously observed is that
counterion type might be used as a trigger to dissolve PCB5/
PVCL polymer films. Importantly, hydrogen-bonded films can
be chemically cross-linked, producing surface stable films of a
new type which showed protein and biomolecule resistant
behavior at physiological conditions.
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