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Abstract: Polyelectrolyte multilayers (PEM) of poly(L-glutamic acid) (PGA) and poly(L-lysine) (PLL) with
an initial layer of polyethyleneimine (PEI) were built on silica and titanium surfaces using the layer-by-layer
(LbL) technique. The stability of the film during drying/rewetting, temperature cycles, and pH shifts was
studied in situ by means of ellipsometry. The film thickness was found to decrease significantly
(approximately 70%) upon drying, but the original film thickness was regained upon rewetting, and the
buildup could be continued. The thickness in the dry state was found to be extremely sensitive to ambient
humidity, needing several hours to equilibrate. Changes in temperature and pH were also found to influence
the multilayer thickness, leading to swelling and deswelling of as much as 8% and 10—20% respectively.
The film does not necessarily regain its original thickness as the pH is shifted back, but instead shows
clear signs of hysteresis.

1. Introduction and hence a variety of possible applications within the biotech
and biomaterials area, such as tissue engineétiagd con-
struction of hollow capsules for drug delivetyhave been
suggested. PEM buildup of the biocompatible and biodegradable
e polypeptides PGA and PLL used in this study have been
h investigated previoush?1314and are thought to be of great

leading to surface charge reversal, thereby facilitating adsorptionNt€rest for use as coatings for biomaterials within implant
of the next oppositely charged polymer from solution. The t€chnology.
overcompensation and charge reversal have been illustrated by The buildup of PEM films has been studied both ex situ in
¢-potential measurementsind by direct force measuremefts.  air*®1517and in situ in solutior?:%1314.18A number of papers
The LbL process is relatively easy to perform and can be have investigated how the dipping solution pH changes the
applied to materials of virtually any size and shageurther- charge density and charge matching of weak polyelectrolytes,
more, this technique makes it possible to fine-tune and control thereby affecting the buildup:® Some investigations have also
the thickness and structure of the coating by changing a variety been concerned with the effects of temperature on the buildup
of processing parameters, such as the polymers used, numbebehavior!>® On the other hand, only a few papers have

The buildup of polyelectrolyte multilayer (PEM) coatings
using the layer-by-layer (LbL) deposition technique was first
described by Decher et al. in the early 19904iis is a technique
in which a PEM film is created by exposing a charged surfac
to alternately positively and negatively charged polymers, eac

of layers deposited, the ionic strength at depositiand in the investigated how the PEM film reacts to post buildup changes
case of weak polyelectrolytes the depositionJfilt has also in temperature?® and pH>821 Hiller et al?! proved that it is
been shown that it is possible to incorporate and immobilize

peptides, proteins, and biomacromolecfiiéswithin the film, (10) Ladam, G.; Schaaf, P.; Cuisinier, F. J. G.; Decher, G.; Voegel, J. C.

Langmuir2001, 17, 878-882.
(11) Lvov, Y. Electrostatic Layer-by-Layer Assembly of Proteins and Polyions.

TYKI, Institute for Surface Chemistry. Protein architecture: Interfacing molecular assemblies and immobilization
*Royal Institute of Technology. biotechnology Marcel Dekker: New York, 2000.
(1) Decher, G.; Hong, J. D.; Schmitt, Dhin Solid Films1992 210211, 831— (12) Johansson, J.-A.; Halthur, T.; Herranen, M.d&terg, L.; Elofsson, U.;
835. Hilborn, J. B|omacr0moleculessubmltted for publication.
(2) Caruso, FChem.-Eur. J200Q 6, 413-419. (13) Lavalle, P.; Gergely, C.; Cuisinier, F. J. G.; Decher, G.; Schaaf, P.; Voegel,
(3) Blomberg, E.; Poptoshev, E.; Claesson, P. M.; Carusbafgmuir2004 J. C.; Picart, CMacromolecule2002 35, 4458-4465.
20, 5432-5438. (14) Halthur, T. J.; Elofsson, U. M.angmuir2004 20, 1739-1745.
(4) McAIoney, R. A.; Sinyor, M.; Dudnik, V.; Goh, CLangmuir 2001, 17, (15) Tan, H. L.; McMurdo, M. J.; Pan, G.; van Patten, P.L@&ngmuir2003
6655-6663 19, 9311-9314.
(5) Boulmedeus F.; Bozonnet, M.; Schwinte.; Voegel, J. C.; Schaaf, P. (16) Kugler, R.; Schmitt, J.; Knoll, WMacromol. Chem. Phy2002 203 413—
Langmuir2003 19, 440-445. 419.
(6) Burke, S. E.; Barrett, C. Biomacromolecule2003 4, 1773-1783. (17) Cheng, Y.; Corn, R. MJ. Phys. Chem. B999 103 8726-8731.
(7) Shiratori, S. S.; Rubner, M. ®Macromoleculesl999 33, 4213-4219. (18) Picart, C.; Mutterer, J.; Richert, L.; Luo, Y.; Prestwich, P.; Schaaf, P.;
(8) Schoeler B.; Poptoshev E.; CarusoMacromolecule2003 36, 5258— Voegel, J. C.; Lavalle, FProc. Natl. Acad. Sci. U.S.£002 99, 12531
5264 12535.

9) Chluba J.; Voegel, J. C.; Decher, G.; Erbacher, P.; Schaaf, P.; Ogier, J. (19) Bischer, K.; Graf, K.; Ahrens, H.; Helm, C. Aangmuir2002 18, 3585—
BlomacromoleculeQOOl 2 800-805. 3591.
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possible to reversibly tune the refractive index of a PAH/PAA approximately 1500 A of titanium. The surfaces were kindly provided
system in the range 1.58.15 (in dry state). This is ac- by Dr. Stefan Welin-Klintstfon and Bo Thuner (Linkping University,
complished by creating a nanoporous swollen structure by meansSweden), res_pe_ctiva_aly. The silica surfaces were cleaned by first boiling
of a pH cycling treatment, and this was proposed as a techniquetn®m for 5 min in Milli-Q/NH(25%)/H02(30%) (5:1:1), followed by

for creating antireflection coatings. Steitz et%teport that PEM rinsing in Mili-Q, and th?".‘ boiling for 5 min in M'""Q/HC|(25.%)/ )
films built using a diblock copolymer with a thermosensitive H»0,(30%) (5:1:1). The silica surfaces were then thoroughly rinsed in

| . | lamide) block d di ibly i Milli-Q and ethanol (99.7%) and finally stored in ethanol (99.7%) at
poly(N-isopropyl-acrylamide) block decreased irreversibly in room temperature. The titanium-coated silicon surfaces were passivated

thickness when the temperature was increased. Burke andg at least 20 h in HN@(50%¥* and were stored in ethanol (99.7%).
Barretf report that dry PLL/hylaluronic acid PEM films swell  The passivated titanium-coated surfaces had a spontaneously formed
1-8 times when immersed in solutions of different pH, and oxide layer of approximately 40 A (as determined by ellipsometry).
Boulmedais et at.have measured small changes in the second- All substrate surfaces were rinsed with ethanol and Milli-Q and then
ary structure of a PLL/PGA film caused by post buildup changes treated in a plasma cleaner (Harrick Scientific Corp., model PDC-3XG,
in both pH and temperature. Ossining, NY) in low-pressure at 30 W for 5 min immediately before
Although PEM structures are often systematically dried and YS¢- _ _ _
rewetted, especialy for measurements in air, the number of , %L BRI E R T ey saace
reports investigating how this treatment affects the PEM '

. o The instrument used in this study was a Rudolph thin film ellipsometer,
structure and its water content are surprisingly small. However, type 436 (Rudolph Research, Fairfield, NJ), equipped with a xenon

Farhat et af? have reported that a poly(styrenesulfonate)/poly- arc lamp and high-precision step motors, controlled by a personal
(diallyldimethylammonium chloride) film contains up to 18%  computer. Measurements were performed at a wavelength of 4015 A
of water when dried at 28C and a relative humidity of 30%  and an angle of incidence of 67.7A more detailed description of the
and that the water content varies with the ambient humidity. In setup of the instrument is given by Landgren afids3or?® Prior to
addition, Tanchak and Barréttrecently concluded that a poly- multi]ayer adsorpt_ion, four-zone_ measurements were perfgrmed in air
(acrylic acid)/poly(allylamine hydrochloride) film that has been and in buffer solution, to determine the complex refractive indéx=(
dried at a relative humidity of 45% swells by 2@0% n — ik) of the substrate bulk material as well as the refractive index
(depending on the pH at which they were assembled) When(n") and thicknessd,) of the outermost oxide layer. Polyelectrolytes
rewetted and that the ambient humidity. when dried. stronal were then injected into the cuvette, and the ellipsometric anglesd

. . y’. S 9V A were recorded in situ every 10 s. When the optical properties of the
influences the rate of the swelling, needing a minimum of 3 s

- ; . - - . substrate and the ambient media are known, the mean thickaiess (
(low humidity) up to 30 min (high humidity) to equilibrate in 4 refractive indexrg) of the growing film can be solved numerically

solution. from the change in the optical anglgsand A.?” The thickness and

In this paper, we have investigated how the biomedically the refractive index were then used to calculate the adsorbed amount,
interesting PLL/PGA polypeptide multilayer film reacts to T (mg/n?), according to the de Feijter formuté:
ambient changes such as drying/rewetting, and temperature and
pH cycling. This was done by continuously measuring the r:dfnf_—nbuffer (1)
thickness, refractive index, and adsorbed mass of the PEM film dn/dc

using in situ ellipsometry. The stability of the PEM film is of A dn/dc value of 0.15 mL/g for PGA and PLL was obtained from

importance not only in terms of construction and storage, but refractometer measurements (Wyatt Technology Optilab DSP inter-
also for understanding how the PEM film reacts when in contact ferometric refractometer). Thenttic value was found to be constant,

with various environments in vivo. within experimental errors, over the whole pH range. Errors in the
) calculated thickness and refractive index co-variate, and, as a result,
2. Materials and Methods the adsorbed mass can be calculated with a much higher ac&racy.
2.1. Materials. Poly(-glutamic acid) (PGA), Mw= 50 000- The_ meas_urement cell system, where the substra_te surface is_emerged
100 000 g/mOI (Cat no. P'4886), pod_yWSIne) (PLL), Mw= 30 000~ Vertlca"y in a 5 mLthermostated qUartZ cuvette, is a noncontinuous

70 000 g/mol (cat no. P-2636); polyethyleneimine (PEI), M#50 000 flow system with contir_1uous stirring, allowing the substrate to be rinsed
g/mol (cat no. 18 1978): and buffer salts tris[hydroxymethyl]- and the cuvettg_ solution to be exchanged between subsequent poly-
aminomethane (TRIS; cat no. T-1503) andNerhorpholinojethane- ~ €l€ctrolyte additions.

sulfonic acid (MES; cat no. M-8250) were all purchased from Sigma-  2-3- PEM Preparation and MeasurementsPolyelectrolytes were
Aldrich. Sodium chioride (pro analysis grade) was purchased from deposited directly in the ellipsometry measurement cell at the following

Merck. All chemicals of commercial origin were used as received, and concentrations: PEI'5 mg/mL, PGA 1 mg/mL, and PLL 1 mg/mL in
solutions were prepared using ultrapure water (Milli-Q) (Milli-Q plus & MES/TRIS_ buffer at PH 7.4.The polyele_ctr_olytes were added directly
system, Millipore). Polyelectrolytes were dissolved in a MES/TRIS into the continuously stirred cuvette, and rinsing was performed between
buffer (25 mM MES, 25 mM TRIS, and 100 mM NaCl), pH 7.4. additions by continuously exchanging the medium for pure buffer. A

Polyelectrolyte solutions and buffers were stored %€ 4nd used within ~ More detailed description of the buildup procedure can be found
24 h. elsewheré?#

Ellipsometry measurements were performed both on silicon surfaces (24) Brunett, . Tengvall, P.: Textor, M. Thomsen, Tanium in Medicine:

with a silica layer of approximately 300 A (specified by manufacturer Material science, Surface science, Engineering, Biological responses and

and determined by ellipsometry) and on silicon surfaces coated with Medical applications Engineering Materials Springer: Berlin, 2001.
(25) Azzam, R. M. A.; Bashara, N. MEllipsometry and polarized lightJorth-
26

)
Holland Publisher Co.: Amsterdam, 1977.
(20) Steitz, R.; Leiner, V.; Tauer, K.; Khrenov, V.; von Klitzign, Rppl. Phys. ) Landgren, M.; Jasson, B.J. Phys. Chem1993 97, 1656-1660.
A 2002 74, 519-521. (27) McCrackin, F. L.; Passaglia, E.; Stromberg, R. R.; Steinberg, H. Res.
(21) Hiller, J.-A.; Mendelsohn, J. D.; Rubner, M. Rat. Mater.2002 1, 59— Natl. Bur. Stand. (U.S.1963 67A 363-377.
63 (28) De Feijter, J. A.; Benjamins, J.; Veer, F.Biopolymersl978 17, 1759~
)

(22) Férhat, T.; Yassin, G.; Dubas, S. T.; Schlenoff, JL&gmuir1999 15, 1772.
6621-6623. (29) Cuypers, P. A; Corsel, J. W.; Janssen, M. P.; Kop, J. M. M.; Hermens,
(23) Tanchak, O. M.; Barrett, C. Lhem. Mater2004 16, 2734-2739. W. T.; Hemker, H. CJ. Biol. Chem.1983 258 2426-2431.
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The PEM film was dried by first building the desired number of T T T T T

layers while measuring in situ in liquid in the ellipsometer. The PEM 500 |- © 4”.3”:?%_
film was then rinsed by exchanging the liquid in the cuvette with water & w
to drain the film of excess salt ions. The measurements were then 400 1 S ]
stopped, the cuvette was emptied, and the surface was gently blown
dry with a stream of nitrogen gas. The surface was re-aligned to -ﬁ{’m
compensate for the lower index of refraction in air before in situ < 0 A~ T*‘ 7
measurements were restarted in air. After completed air measurements  © . W
(2—16 h), the surface was rewetted and re-aligned in buffer solution, 200 [ o o -
and in situ measurements and buildup were commenced. Drying was . 8 het oo
performed either after 4, 8, and 12, or 6 and 10 layers of buildup. 100 L ° A °o |
A temperature cycle was achieved by increasing or decreasing the . o :%Z”Q;’ _— a
temperature of the water bath controlling the cuvette temperature, while o g@“ﬂ?’mw
measuring in situ in the ellipsometer. Different rates of temperature 0 pon SRy l l l ? 1
elevation were tested (fronv0.12 to~2 °C/min). The temperature 18f ° ° §
was measured with a small thermo element inserted in the cuvette as @E
close to the surface as possible.
L . . . 17F° o o 8 o Wet, layer 1-4 -
The bulk refractive index of the ambient media changes with S o o After rewetting, layer 4-8
temperatureAny,o(25—37 °C) = 0.00158 (value interpolated for a ° 00090% o After rewetting, layer 8-12
wavelength of 401.5 nnif. To compensate for this change, the c 16l © . Sﬁ;ﬂ'i‘ﬁi’:;g;'ff;&z
ellipsometry result file was calculated separately for two different bulk o ' '
refractive indices. A modified thickness, refractive index, and adsorbed S ° o o°o Bedh
mass were then calculated by giving the two files a weight relative to 151 o % 7
the measured temperature.
A pH shift was created by continuoushkr815uL/min) exchanging 1al °
the MES/TRIS buffer pH 7.4 in the cuvette for either pure MES pH o
3.9 or TRIS pH 10.1, with the same ionic strength, while measuring in *‘ *‘ *‘ *‘ ’ ‘
situ in the ellipsometer. Because the pH in the cuvette is changed by 30 - S,
a pumping dilution process, the rate of change is much faster at the
beginning of the pumping with an average speed of 0.25 pH units/min 25 |- i .
during the first pH unit. However, the rate rapidly slows and has an
average speed of 0.035 pH units/min for the remainder of the pH o 20F Lt .
change. With these relatively low rates, the highly hydrated PEM film ?E,, 00
should at least be close to equilibrium during most of the pH cycling. E 15} .
[ S,
The pH was measured and logged gv2rs on apersonal computer. had
No differences in the bulk refractive index of the buffers MES, TRIS, 10 - o~ q
and MES/TRIS were found. el
51 el 4
P
3. Results . b | | . c
0 1000 2000 3000 4000 5000 6000
3.1. Drying and Rewetting.Each addition of polyelectrolytes Time (s)
to the cuvette could be followed as a clear change in thickness, rigyre 1. Time evolution of the (a) calculated thickness(b) refractive
refractive index, and adsorbed mass (Figure 1). indexn, and (c) adsorbed magsduring the PEI-(PGA-PLL)-PGA-water-

; ; ; (W)-air-(PLL- PGA)-water(W)-air-(PLL-PGA)-water(W)-air buildup on
The adsorbed mass increases more than linearly with thea titanium surface. The buildup was performed in three cycle®(<),

number of deposited layers, which is characteristic for buildup  each consisting of 4 layers with intermediate rinsing with water (W) prior
of this PEM system at physiological pH and ionic strength and to each drying sequence. The film was subsequently rewetted in buffer;
has been explained by a net diffusion of adsorbing polypeptidesthe ﬁ'?ar'] rewetting after 12 layers of buildu®) was performed after "
; : Qg . . : overnight measurements in air. Dry measurements in air are represented in
into underlying Iayeré' Itis eV|d_ent that Fhe PEM film thICk_neSS . the figure byd (the actual time for the air measurements has been omitted
decreases somewhat when rinsed with water, as indicated ino give a more illustrative presentation of the rewetting and buildup
the figure by the arrows. Furthermore, a considerable decreaseehavior).

in the PEM film thickness occurred when the surface was dried

in air, also reflected in a significantly higher refractive index ) .
(Figures 1 and 2). It was also found that the PEM film measured in air collapsed

even further by “jumping” from thicker, more scattered thickness
to thinner, more stable values (Figures 3 and 4); the thickness
and refractive index given in Figures 1 and 2 are the final values
after equilibration.

The time it took for the film to collapse to its minimum
thickness varied from 1 to 8 h. The thickness of the thickest
"films was often seen to “jump” back and forth between two
values before finally stabilizing on the thinner thickness (Figures
3 and 4). These “jumps” are reflected not only in the calculated

(30) CRC Handbook of Chemistry and Physigath ed.; Lide, D. R, Ed.; crc 1M thickness, but also in the primary dafaandA, and occur
Press: Boca Raton, FL, 2082004; Chapter 10, p 218. on a time-scale of 20 min (Figure 3 &L h (Figure 4).

However, upon rewetting of the film, it swelled back to its
original thickness and refractive index, and the buildup could
be continued as before (Figure 1).

The thickness measured in air increased with increasing
number of layers; however, the relative difference between the
wet and the dry thickness decreased slightly for each new layer
which is also indicated by the decreasing refractive index in air
(Figure 2).

J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004 17011
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Figure 2. PEM film in the wet (circles) and dry (diamonds) state. Thickness
(a) and refractive index (b) of films, built on silica and titanium surfaces
(unfilled and filled symbols, respectively). The lines in (a) are the thickness
calculated with a constant refractive index (1.52). The lines associated with
the refractive index in air do not represent any data, but are only intended
as guides for the eye.
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Figure 3. In situ measurements on a PEI-(PGA-PL-PGA (12 layers)

multilayer film built on a silica surface. (a) Changes of the ellipsometric
anglesy (O) andA (<) measured in air. (b) Changes in the film thickness
calculated fromy andA in liquid (®), and during overnight drying in air
(©). (b, inset) Close-up of the first “jump”.

3.2. Temperature Cycling.The film lost as much as 25%

Figure 4. In situ measurements on a PEI-(PGA-PLBGA (10 layers)
multilayer film built on a titanium surface. (a) Changes of the ellipsometric
anglesy (O) andA (<) measured in air. (b) Changes in the film thickness
calculated fromy during overnight drying in air@®).

rapidly (2 °C/min) directly from 25 to 37C and cooled back
down to 25°C. By heating rapidly but in small intervals of
3—4°C at a time, this mass loss could be diminished to below
10% (data for these two runs are not shown). On the other hand,
as can be seen in Figure 5, heating the film slowly (C.C2
min) from 25 to 37°C, the adsorbed mass stays constant (Figure
5a), while the thickness and refractive index changes in a way
suggesting that it first swells by approximately 8% at °Z8

and then deswells slowly during the remaining heating period,
ending up at a swelling of approximately 4% of its original
thickness at 37C (Figure 5b and c). In Figure 6, it can be
seen that once the highest temperature°@yis reached, the
thickness and refractive index stay constant.

The film collapsed considerably-6%) to values just below
its original thickness when cooled from 37 to 3€. The
thickness was then more or less constant, finally ending up at
approximately the original thickness. When a second faster
temperature cycle was commenced directly after the slower
cycle, the film swelled in a somewhat sinusoidal manner, ending
up at approximately the same swelling of 4% at’&7 without
showing any significant changes in adsorbed mass. During the
somewhat slower cooling period that followed (0@/min),
the thickness and refractive index retraced the data from the
previous cooling.

3.3. pH Shifts. When lowering the pH of the ambient
solution, the PEM film thickness decreased to a minimum of
approximately 86-90% of its original thickness at pH 5
(representative data can be seen in Figure 7b).

When continuing to lower the pH, the film typically swelled
again and approached its original thickness at pH 4. Upon
increasing the pH, the thickness once again went through a
minima at pH 5, before it swelled to 13A20% of its original

of its mass and decreased even more in thickness when heatethickness back at pH 7.4. Raising the pH from 7.4 to 10.1

17012 J. AM. CHEM. SOC. = VOL. 126, NO. 51, 2004
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Figure 6. Evolution of the relative thicknes®j of a PEI-(PGA-PLL}-

PGA (12 layers) multilayer film built on a silica surface and the temperature

in the cuvette (line) with time, during the last degree of temperature elevation

(36—36.9 °C, negative time) and at the constant temperature of 36.9
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Figure 5. Changes in the relative adsorbed mass (a), relative thickness 00 %W
(b), and refractive index (c) during temperature cycling from 25 to 37 to T b ]
25 °C, first slowly (filled symbols) and then rapidly (open symbols), of a . ) . ) ) . )
PEI-(PGA-PLL)-PGA (12 layers) multilayer film built on a silica surface. 3 4 5 6 7 8 9 10 11

pH
swelled the film by approximately 10% regardless of whether Figure 7. Relative changes in the adsorbed mass (a) and thickness (b)
the PEM film had first been exposed to lower pH values or not V‘{:Fh pH gf a PE:]'(P%A'PLLIQ'PGAd(}z 'a%ezsz mxug“(ay_er g'ft‘” tl"é”i :;‘ a
. . Sllica surtace. € ph was lowered from /.4 10 ,(ralsed to . ,
(e_xp. 1 and 2, respectively, Flgure_ 7b). In both cases, the and lowered back to 7.40). In a second experiment, the pH was first
thickness collapses back to values just above those measureghised from 7.4 to 10.14) and then lowered back to 7.9}

before the pH was raised. The adsorbed mass varied by as mucréontinuous buildup. This should be of practical interest in terms
as+5% during the pH cycling (Figure 7a). P. P

. of both buildup procedure and measurements, as well as for
In one experiment, a slow-temperature cycle was performed

after the pH cycling had finished. In this run, it was found that storage PUTPOSES. - .
. . . . The multilayer buildup presented in Figure 1 is more or less
the 15% swelling resulting from the pH cycling disappeared . . - -
. . . . identical to those published previously for the same polyelec-
when cycling the temperature and the film once again regained

its original thickness as measured prior to changing the pH (datatrOIyte system measured with in situ eII|p.soméi‘i'yt'therefor.e
not shown) seems reasonable to assume that the intermediate drying and

_ ) measurements in air does not affect the continuation of the
4. Discussion buildup. This is clearly indicated in Figure 1c, where no mass
4.1. Drying. As mentioned in the Introduction, there are loss can be seen, and even more so by the fact that both the
several studies that have measured the PEM buildup in the drythickness and the refractive index resumed its original values,
state?6.15-17 some that have followed the buildup in situ in the measured prior to drying, when rewetted (Figure 1a and b).
wet state; 131418yt in this paper we focus on what actually Hence, drying of the film does not result in any irreversible
happens to the film when it is dried, and how this affects the changes in the layer structure. Noteworthy is that this holds
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true even when the film has been left in air overnight6 h) refractive index is 1.82 with a corresponding thickness of 30.4
(Figures 1 and 3). It should be pointed out that the PEM film A as compared to 39.7 A calculated with the lower index of
needs to be drained from excess salt ions prior to drying to refraction 1.52. This indicates that the thickness for the thin
avoid precipitation of salt crystals which otherwise would disturb dry film can be measured with reasonably good accuracy, even
the measurements in air as well as the ability of the film to though the refractive index calculated, presented in Figure 2, is
regain its original values when rewetted. The deswelling and probably unreasonably high for the thinnest films.
the small decrease in mass (8% and 3%, respectively, Figure The fact that the relative difference between the dry and the
1) that occurred when the buffer solution in the cuvette was wet film appears to be decreasing as more layers are added
exchanged for water might be related to the fact that the pH of (~80% for four layers and-70% for 12 layers) correlates well
the deionized water is very easily influenced and will probably, with the changes in water content75% for four layers and
at least locally, be dominated by the top layer of PGK{p- ~60% for 12 layersy and is suspected to be related to the
5.130). It is likely that the K, of the PEM film is influenced hypothesis that there may be a net diffusion of polypeptides
also by the underlaying layers, and is therefore somewhat higherinto the film during the buildup, rendering the film more dense
than for the pure PGA, as has been shown for a PLL/hyaluronic as more layers are addédindicated by the increasing refractive
acid PEM® The deswelling and mass decrease correspond withindex seen in Figure 1b). Thus, the layers are expected to
the changes seen at around pH values of 6.5 the pH cycling collapse to a smaller extent when the number of deposited layers
experiment, which would be a reasonable local pH for the film. increases.
Hence, the changes can probably be explained by the loss of 4.2. Temperature Cycling. The PEM film also proved to
counterions at lower pH, which is further discussed in section be remarkably stable to slow temperature changes in terms of
4.3. adsorbed mass (once the ellipsometrical result file was corrected
The substantial decrease in thickness in combination with the for the changing ambient bulk refractive index, no real change
increase in refractive index upon drying indicate that the PEM could be seen in the adsorbed mass) (Figure 5a). On the other
film definitely undergoes a reversible collapse when dried (these hand, in terms of thickness and refractive index, the film seems
data are corrected for the lower refractive index of ambient air) to be sensitive even to small changes in temperature, responding
(Figures 1-4). The dry thicknesses presented in Figure 2 are within seconds with a swelling/deswelling behavior (Figure 5b
somewhat lower than what has previously been published for and c).
the same PEM system by Cheng et'&ll35 and 85 A on silica However, ellipsometry measurements are very sensitive to
and titanium, respectively, as compared to 200 A on a modified small temperature gradients and tension in the cuvette walls,
gold surface published by Cheng et al. after 10 layers of buildup. which may lead to errors in the valuespfandA. For instance,
On the other hand, as can be seen in Figures 3 and 4, the |n|t|als|m||ar Changes |n/) and A could also be seen when continu-
thickness measured in air starts at relatively high values thatous|y changing the temperature while measuring on a silica/
later collapse to its final much thinner value after as much as 8 sijlicon surface, thereby indicating that it is not possible to
h in air. After 10 layers of buildup, the initial thickness was correctly calculate the thickness and refractive index of a PEM
~120 A on titanium (Figure 4) and 230 A on silica (data not  film while the temperature is continuously changing. This would
shown) before the collapse, which in the case of the silica glsp explain the sinusoidal changes during the fast temperature
surface is close to what was published by Cheng ét @he elevation, which could also be repeated on a silica/silicon
reason for this delayed final collapse and for the fact that the syrface. On the other hand, the final thicknesses measured at
film thickness seems to be able to “jump” back and forth 37 °C should be correct because the gradients disappear once
between two thicknesses is probably that the film is sensitive the temperature is constant, which is probably why no further
to the ambient humidity. This has been established Bgl&u  changes can be seen once the final temperature is reached
et al.18 stating that the PEM thickness increases with increasing (Figure 6). In other words, the in situ changes in thickness and
humidity, and that the equilibration of the swelling and refractive index during the temperature elevation and cooling
deswelling occurs over a time-scale of hours. In other words, it cannot be trusted; however, it can still be concluded that the
is possible that the data previously reported were measured onPEM thickness swells and collapses by as much as ap-

films that had not been dried long enough to equilibrate and proximately 4% between 25 and 3T, while the mass of the
hence still contained a rather large amount of water. There wasfjjm stays constant.

substantial difference in outdoor humidity at the times that the |t has been established that PEM buildup at elevated
two experiments presented in Figures 3 and 4 were CO”dUCtedtemperatures yields thicker films due to changes in polymer
(90% and 45%, respectively, data received from the Swedish go|ytion interactior’§ and probably even more so due to the
Meteorological and Hydrological Institute, SMHI). This might  t5¢t that polyelectorlytes have a higher internal mobility at
explain why the former neede8 h toequilibrate as compared  higher temperatures, which enables them to swell into confor-
to 2 h for the latter. mations that are unfavorable at lower temperatfigowever,

In Figure 2a, it can be seen that the final dry thickness does qye to the nature of the polypeptides used for this PEM film,
not change much when calculated with a constant refractive there are two more temperature-dependent factors to consider,

index of 1.52 (the same as was used by Cheng ¥tfal.the  ¢ross-linking between amine and carboxylic gréisand
same PEM system) as compared to when the thickness antthanges in the secondary structfi@ross-linking is favored at
effective film refractive index were both generated frgnand elevated temperatures and should not occur to a large extent

A, which is the more accurate way to evaluate the data. In the yynen raising the temperature to only 32. On the other hand,
most extreme case (6 layers on titanium), the calculated

(32) Harris, J. J.; DeRose, P. M.; Bruening, M. L.Am. Chem. Sod999
(31) Venyaminov, S. Y.; Kalnin, N. NBiopolymers199Q 30, 1259-1271. 121, 1978-1979.
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it is likely that the thickness is influenced by temperature- PLL®). The thickness of the film after pH cycling 740-7.4
induced changes in the secondary structure. In the temperaturelid not attain its original value, further indicating that not all
range 26-89 °C, Boulmedais et & reported increasing second- interpolymer links were regained.
ary structure (increasing-helix and decreasing-sheet) with During the pH cycling, the adsorbed mass changed by as
increasing temperature. much ast5%. Some of that mass change might be explained
When the PEM film is cooled back to 2%C, it almost considering that removing the charge of one PGA or PLL
resumes its original thickness, indicating that the temperature- monomer (removing one sodium counterion and adding a
induced conformational swelling and changes in secondary hydrogen ion or removing both one chloride counterion and a
structure are more or less reversible. Boulmedais &tegorted ~ hydrogen ion) would decrease the mass of that monomer by as
that the changes in secondary structure were mostly reversible much as 15% and 22%, respectively. A change in the counterion
a|though there was a small increase inﬁq@eet content after concentration within the PEM film would in the eIIipsometry
a completed temperature cycle. They also reportedisiieets measurements be sensed as a change in the film refractive index,
have a stabilizing effect on the multilayer structure, which might Which in turn affects the calculated adsorbed mass. This
exp|ain Why no mass is lost during the second much faster reasoning is in line with the assump'[ion that some of the Charges
temperature cycle, contrary to the 25% mass loss measured whefégained during pH cycling are no longer bound to other
the temperature was rapidly elevated to°@Awithout the initial polymer charges, but are instead compensated by counterions,
slower temperature cycle (data not shown). It should be notedand thereby the mass of the adsorbed film increases.
that the multilayer structure could also be stabilized by cross- On an additional note, we can report that when performing a
links formed during the first temperature cycle, Johansson et temperature cycling (as discussed in the previous section) after
al. report that the pH-sensitive PEM collagen/hyaluronic acid @ PH cycle has been conducted, the thickness deswelled back
could be stabilized to restrain physiological pH by a chemical to the original value measured prior to the pH cycling. This
cross-linking treatmeri¢ On the other hand, as mentioned May indicate that most of the charges that become compensated

earlier, it seems unlikely that cross-linking would occur at Dy counterions during pH cycling might once again have
ordinary body temperature. connected to its copolymer during the temperature-induced

4.3. pH Cycling. Some papers have investigated the effect Nigher energy state.

of pH on the buildup of weak polyelectrolytés® whereas only 5. Conclusions
a few papers have investigated how the PEM film reacts to  Upon drying, the PGA/PLL PEM film thickness collapsed
changes in pH after the film has been ba#t2! by as much as 70%, but proved to be stable enough to swell

We found that the PLL/PGA PEM film was sensitive to pH back to its original thickness when rewetted without any loss
changes and that it undergoes a nonreversible swelling/deswellin mass, and the buildup could be continued with additional
ing behavior when cycling the pH of the ambient solution. The layers. On the other hand, this highly hydrated PEM system
swelling/deswelling behavior is probably governed mainly by Was found to be very sensitive to the ambient humidity during
two factors: the loss and gain of charge density, and by changesdrying, needing several hours to equilibrate in air.
in the secondary structure, both of which might lead to structural ~ The PEM film was found to be stable to slow changes in
changes in the film. PGA loses some of its charge when temperature in the range 237 °C, showing a constant mass
lowering the pH (fa = 5.1 for PGAY). This might lead to a  and relatively small, mainly reversible changes in thickness. The
higher degree ofi-helix content, which has been reported for fact that a PEM film that had undergone a slow temperature
PGA in solution3! and less internal repulsion within the PEM ~ ¢ycling was able to withstand a second much faster raise in
film. These phenomena might be the explanation for why the temperature without losing any mass indicated that a slow
film deswells by 16-20% at pH 5. Small changes in both temperature cycling has a somewhat stabilizing effect on the
a-helix andB-sheet content related to variations in pH have film, possibly by an accumulation of thesheet content.
been reported for the same PEM system by Boulmedais &t al.; During pH cycling, changes could be seen both in the film
however, only pH changes of films built at pH 4.4 were studied. thickness and in the mass, showing a clear hysteresis when the
By further decreasing the pH from 5 to 3.9, the PEM film PH was lowered and then raised again. These changes are
swelled somewhat. The further decrease in pH leads to asuggested to be related to changes in the charge density within
continued decrease in the PGA charge density, and, thus, Ahe film, affecting the secondary structure, the intramolecular
higher degree of freedom could be expected due to fewer ionic repulsions, and the intermolecular connections, as well as the
bonds with PLL. When the pH is increased back to 7.4, the concentration of counterions within the film. The original
PEM film swelled to 116-120% of its original thickness, thickness could be regained by performing a slow-temperature
indicating that not all of the regained PGA charges are associatedcycling after the pH cycling.
with PLL, but some are now instead compensated by saltions. Clearly, there are substantial possibilities of modifying the

At higher pH values, PLL can form-helix structures? and §tructure, and Fhus the prope_rties_, of polyelectrolyte multilayer
there is also a possibility of changes in thesheet conterfr; ~ IMS by changing exteral stimuli (e.g., pH and temperature).
however, none of these changes seems to have a deswelling* P'OPEr understanding of these effects is of great importance
effect on the PEM film when the pH is raised above 7.4. Instead, 10" tuning multilayer properties to applications.
the PEM film swelled by approximately 10% when the pH was ~ Acknowledgment. This work has been performed as a part
increased from 7.4 to 10.1, both with and without a prior acidic ©f the SIMI project (Surface Improvement of Metal Implants)
pH cycling. It would seem that the main factor governing the funded by the European Commission. We thank Tarbjo
swelling behavior in this case is the increased freedom gainedWarnheim for valuable support and discussions.
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