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Polypeptide Adsorption on a Synthetic Montmorillonite: A Combined
Solid-State NMR Spectroscopy, X-ray Diffraction, Thermal Analysis and
N, Adsorption Study
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Jean-Michel Chézeau,” Ronan Le Dred,”! Richard Marchal,!®! and Philippe Jeandet*I?!

Keywords: Peptides / Adsorption / Clays / NMR spectroscopy / X-ray diffraction

Two homopolypeptides, polylysine and polyglutamic acid,
were adsorbed on a synthetic montmorillonite clay, in acidic
medium. These organic-inorganic complexes can be heated
up to 110 °C without any degradation of the polypeptide. H-
BC CP-MAS NMR spectra show that these polypeptides,
which exhibit a mixture of o-helical and random coil con-
formations in the bulk, tend to unfold and adopt a more ex-
tended random coil structure on adsorption on the phyllo-
silicate. The values of the basal spacing measured by X-ray

diffraction on dehydrated samples clearly indicate that in the
presence of adsorbed polypeptide, the silicate layers do not
collapse. The incorporation of polypeptide fragments within
the interlayer space is also revealed by the decrease in the
specific surface areas measured by N,-adsorption BET ex-
periments.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Introduction

Specific interactions between polymers or proteins and
clay mineral solid surfaces are at the basis of both natural
processes and technological applications. In soil chemistry
for instance, such organic-inorganic interactions are consid-
ered to be of prime importance in the regulation of the mi-
crobially mediated decomposition processes of soil organic
matter.['l Alternatively, membrane filtration® or advanced
hybrid materials®# are examples of the efficient use of the
macromolecule-clay mineral interactions for new industri-
ally relevant techniques. On the other hand, bentonites have
been used for more than 60 years as adsorbents in wine-
making, to remove proteins from musts and wines.[! This
particular affinity of proteins for phyllosilicates is based on
the commonly high specific-surface areas associated with
swelling and cation-exchange properties of the latter. Due
to intralayer octahedral and/or tetrahedral substitutions,
montmorillonites exhibit an overall negative surface charge
that is balanced by hydrated cations such as sodium or cal-
cium which are located within the interlayer spaces.) At
pH values below their isoelectric points (i.e.p.), proteins are
positively charged and their adsorption is basically seen as
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a cation-exchange process based on electrostatic, hydro-
phobic and/or hydrophilic interactions.[”)

To characterize the way in which proteins interact with
solid surfaces, several studies have pointed out the import-
ant features arising from the modification of the conforma-
tion of interacting macromolecules. In particular, FTIR and
enzymatic activity studies have emphasized the pH-depend-
ent modification® and/or pH-dependent orientation!®! ef-
fects on the adsorbed enzymes, characterized by structural
unfolding due to electrostatic interactions with montmoril-
lonite. However, the mechanisms by which proteins are ad-
sorbed on clay minerals are still subject to many ques-
tions.' A detailed description of the part of the protein
that interacts with the mineral surface and the distance of
interaction is required to understand the proteins/solid sur-
face interactions.'!!

The aim of this study is to investigate model samples that
can be considered as representative of protein—clay mineral
complexes. This is accomplished through the analysis of the
adsorption of two homopolypeptides, polylysine and poly-
glutamic acid (Scheme 1), on a synthetic montmorillonite,!?!
using complementary approaches.
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Scheme 1. Lysine (left) and glutamic acid (right) units

1434—1948/03/0407—1366 $ 20.00+.50/0 ~ Eur. J. Inorg. Chem. 2003, 1366—1372



Investigation of Polypeptide Adsorption on a Synthetic Montmorillonite

FULL PAPER

Thermal analyses (TG-DTA) can provide a rather accu-
rate determination of the amount of adsorbed polypeptides
on the solid surfaces,[!*! and can also afford useful indirect
information about the strength of the organic-inorganic in-
teraction, from the decomposition temperature of the or-
ganic matter.['4]

Despite its low sensitivity, solid-state NMR spectroscopy
has been successfully applied to the study of interfaces. In
particular, this technique does not require any mechanical
treatment and can provide, under certain circumstances, a
direct three-dimensional picture of polypeptides in the bulk
or in the adsorbed state.['3!3] Solid-state NMR spectros-
copy has already been applied to the qualitative and/or
quantitative characterization of soil organic matter,'° but
rarely to the characterization of adsorbed proteins on clay
minerals.['7]

Several features can be obtained from powder X-ray dif-
fraction patterns of smectites, e.g. the basal spacing, which
is equal to the sum of the interlayer spacing and the thick-
ness of the silicate layer, and which is given by the measure-
ment of the (001) peak position.['®] Numerous studies have
reported the dyg; values of clay minerals onto which organic
molecules such as amino acids!!” or alkylammonium
ions?% were adsorbed. These results provide a good basis
for the comparison of values measured for polypeptide-
adsorbed montmorillonite, either under controlled humid-
ity or after dehydration.

Finally, one of the most interesting properties to explore
when dealing with porous solids is the specific surface area
and its variation resulting from the adsorption of organic
molecules. However, measuring the actual specific surface
area of montmorillonites corresponds to the determination
of the surface area between the silicate layers which, in the
absence of any adsorbed molecule, is theoretically equal to
760 m?/g.[>!1 Such a result is classically obtained by the ad-
sorption of a probe molecule such as methylene blue,??
which can displace some interlayer species, and therefore
cannot be used in the presence of previously adsorbed poly-
peptides. Consequently, nitrogen was used to determine the
BET surface areas. It must be noted that the whole in-
terlayer microporous surface of montmorillonites is theoret-
ically not accessible to nitrogen molecules owing to the re-
versible collapse of the silicate layers on outgassing.

Results and Discussion

Thermal Analyses

The DTA curve (Figure 1, a) of the synthetic montmoril-
lonite (M) is characterized by a major endothermic peak at
100 °C, which corresponds to interlayer dehydration, fol-
lowed by a second weaker and broader endothermic peak,
with a minimum at 650 °C, for the dehydroxylation of the
layer.'”) On adsorption of polypeptides, the DTA curves
(Figure 1, a) show additional exothermic signals in the
range 260—700 °C, which correspond to the oxidative de-
gradation of the adsorbed organic molecules. For M/PL, a
strong exothermic peak occurs at 320 °C, and is followed

Eur. J. Inorg. Chem. 2003, 1366—1372

Heat Flow (arbitrary units)

0 200 400 600 800
Teo

Figure 1. (a) DTA and (b) TG curves of M (plain line), M/PL
(dashed dotted line) and M/PG (dotted line)

by a second weaker exothermic peak at 600 °C. Two
broader peaks are also observed for M/PG, but with weaker
intensities and with the first peak occurring at a higher tem-
perature than that for M/PL.

The amounts of adsorbed polypeptide were determined
from the analysis of the TG curves (Figure 1, b), since the
distinct exothermic peaks are solely due to the combustion
of the organic matter. However, weight losses recorded at
higher temperatures include the dehydroxylation process.
The latter can be quantified from the experiment on M
alone, and then subtracted from the weight losses deter-
mined for the organic-inorganic complexes. Table 1 gathers
the calculated amounts of PL, PG and PL/PG adsorbed on
M. For each separate adsorption (M/PL and M/PG), nearly
all the polypeptide introduced is adsorbed. When both
polypeptides are simultaneously introduced, and in higher
quantities (M/PL/PG), they are also almost completely
adsorbed (Table 1). In the case of M/PL/PG, the amount of
PL introduced was set to present approximately 100
mequiv. of side chain NH;™ charges per 100 g of calcined

Table 1. Weight-percent amount, relative to dehydrated montmoril-
lonite, of polypeptide introduced and adsorbed, from TG analyses;
errors are = (0.2

M/PL M/PG M/PL/PG
Introduced 7.0 5.0 12.0 + 12.0
Adsorbed 7.0 4.7 21.0
After outgassing 4.6 33 20.3
1367
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montmorillonite, i.e. the initial cation exchange capacity of
M.U2 Therefore, if PL is adsorbed via an electrostatic
mechanism, in order to replace the Na* cations and bal-
ance the negative charge of M, PG, which does not bear
positively charged side chains, is adsorbed via a different
mechanism.

In order to assess the thermal stability of these organic-
inorganic complexes, similar TG-DTA measurements were
performed on the samples which had previously been out-
gassed under vacuum to a temperature of 110 or 150 °C, as
required for nitrogen adsorption experiments. The corres-
ponding weight losses are also given in Table 1. On outgass-
ing at 150 °C under vacuum, both M/PL and M/PG have
lost part of the initial amount of adsorbed organic matter.
This loss of matter is higher for M/PL than for M/PG. In
contrast, the total amount of adsorbed PL and PG is kept
unchanged after having heated M/PL/PG to 110 °C, under
vacuum. Furthermore, as shown below by '3C NMR spec-
troscopy, the structure of the remaining adsorbed poly-
peptides is kept unchanged, which indicates that outgassing
has basically lowered the amount of adsorbed matter, and
that any decomposition products, volatile or not, have
been outgassed.
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Figure 2. '"H-'3C CP-MAS spectra of: (a) PL, (b) M/PL, (c) M/PL
outgassed, (d) PG, (e) M/PG, (f) M/PG outgassed, (g) M/PL/PG
and (h) M/PL/PG outgassed; contact time of 1 ms; only the peak
regions are displayed

13C NMR Chemical Shifts and Line Widths

'H-13C CP-MAS spectra of the bulk PL and PG samples,
and the three polypeptide-adsorbed samples (M/PL, M/PG
and M/PL/PG) are presented in Figure 2, with peak assign-
ments taken from the literature.”3) The chemical shifts for
the different resolved peaks along with their corresponding
line widths are given in Table 2, and an example of decon-
volution, for PL is given in Figure 3.
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Figure 3. Deconvolution of the 'H-'*C CP-MAS spectrum of PL:
(a) experimental spectrum, (b) simulated spectrum and (c) indi-
vidual components

The 'H-'3C CP-MAS spectra of bulk PL (Figure 2, a)
shows four distinct signals, which are composed of eight
components (Figure 3 and Table 2): the backbone carbonyl
(6 = 176.1 and 174.7 ppm), the backbone o-CH (6 = 58.3
and 55.8 ppm), the side chain &-CH, (6 = 40.8 ppm), and
the three remaining side chain methylene carbon atoms
(6 = 31.3, 28.0 and 23.4 ppm) corresponding to the v,
and 6-CH, carbon atoms, respectively. The distribution of
the chemical shifts for both the carbonyl and the a-CH car-
bon atom clearly indicates the heterogeneous secondary
structure of bulk PL. This is based on the well-established
rule that the a-helix to B-sheet transformation in polypep-
tides is accompanied by a shift towards lower frequencies
of the backbone a- and carbonyl carbon atoms, and a shift
towards higher frequencies of the side chain PB-carbon
atom.?*! Intermediate shifts between these two extremes re-
flect the presence of random coils. For the a-CH group of
PL, literature values of 6 = 57.6 and 57.4 ppm are given
for a helical conformation, and values of 6 = 51.4 and 52.3
ppm for the B-sheet conformation.[>3*23¢ Likewise, for the
carbonyl group, literature values of 6 = 175.7 and 171.5
ppm or & = 170.4 ppm are given for the a-helix and the
B-sheet, respectively.?*#] This indicates that PL displays a
mixture of a-helical and random coil secondary structures

Table 2. '3C chemical shifts (8) and line widths (A) in ppm, of the different resolved peaks in the 'H-'3C CP-MAS spectra; where possible,

proportions of populations are indicated

COO~ NC=0 o-CH S-CHz ’Y-CHZ ﬁ-CHz S-CHZ
) A Yo ) A Y ) A ) A d A ) A ) A
PL 28 176.1 2.6 22 58.3 2.9 40.8 4.9 31.3 7.7 28.0 5.8 234 5.7
72 174.7 6.8 78 55.8 6.1
M/PL 173.0 5.9 54.1 4.3 40.8 2.2 30.5 6.3 27.5 2.7 233 5.6
PG 181.3 5.0 50 176.1 3.7 50 57.3 4.2 34.3 6.1 27.7 5.4
50 173.3 4.1 50 53.5 4.5
M/PG 176.9 4.6 172.3 4.0 20 57.4 3.4 29.6 6.7 26.5 7.4
181.1 5.4 80 53.3 4.1
M/PL/PG 181.0 5.8 176.5 3.2 57.4 3.4 40.7 3.0
173 59 53.3 4.1
1368 Eur. J. Inorg. Chem. 2003, 1366—1372
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with proportions of about 25 and 75%, respectively
(Table 2).

Similar observations can be made with regard to the PG
13C chemical shifts (Figure 2, d). The backbone a-carbon
resonance is clearly composed of two peaks at 6 = 57.3 and
53.5 ppm, indicating the simultaneous a-helical and ran-
dom coil secondary structures.[3*23"1 Likewise, two com-
ponents are observed for the carbonyl resonance. From the
deconvolutions of both the a-CH and the carbonyl reson-
ances of PG, the o-helical and random coil conformations
are in equal proportions (Table 2). As for PL, the hetero-
geneous nature of the PG secondary structure is in good
agreement with the fact that the molecular weights of PL
and PG are intermediate in value between low values, which
favor B-sheet conformations and high values, which favor
a-helices. The resonance of the carboxylic group at § =
181.3 ppm is in the expected region for the Na salt form of
the PG side chains.**

On adsorption of polylysine (sample M/PL, Figure 2, b),
both the backbone carbonyl and a-CH peaks give rise to
more symmetrical signals, shifted to lower frequencies at
d = 173.0 and 54.1 ppm, respectively. This directly reflects
an overall loss of helicity of polylysine, and the adoption of
a single more extended conformation. The a-helices are no
longer detected. Besides, three different resolved signals are
now observed for the v, B and § side chain methylene car-
bon atoms, which are shifted to lower frequencies (Table 2).
This discrepancy is characterized by an apparent shielding
of the three side chain —CH— carbon atoms, whereas the
B-carbon peak, which should have shifted towards higher
frequencies with the loss of helicity,!*¥ can be directly cor-
related to the simultaneous approach of these carbon atoms
near the negatively charged clay layer surface.[*>! Further-
more, for M/PL, the three signals are narrower than for PL.
The more significant narrowing occurs for the side chain -
CH, peak, whose line width at half height (A) halves on
adsorption (Table 2). This general line narrowing suggests
an increase in the conformational order of these adsorbed
polylysine side chain carbons within the clay interlayer
space.

For M/PG (Figure 2, e), both the carbonyl and the o-CH
peaks are shifted to lower frequencies (Table 2), indicating
a similar loss of helicity. However, for the latter, a shoulder
representing 20% of the signal is still observed at 6 = 57.4
ppm, which indicates that the change in conformation is
not complete, in contrast with M/PL. The side chain carb-
oxylic peak shifts to lower frequencies, but a shoulder also
remains at 6 = 181.1 ppm, as in bulk PG. A shift to lower
frequencies of the carboxylic isotropic chemical shift is in
good agreement with the protonation of the side chain
group.?! Hence, on adsorption of PG onto M, most of the
polyglutamic acid side chains are protonated, though a mi-
nor part remains unprotonated. Taken together with the
conclusion drawn from the a-CH chemical shifts, these re-
sults confirm that PG side chains are directly involved in
the adsorption process. However, unlike PL side chains,
they do not have any positive charges at pH = 3.4. There-
fore, to overcome the repulsion from the negative charges
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of the clay, carboxylic groups have to be protonated, as al-
ready shown for BSA adsorbed onto clays.®® Furthermore,
the broadening of the —CH,— peaks (Figure 2, ) indicates
that unlike for polylysine, adsorption of polyglutamic acid
is not accompanied by an apparent increased ordering of
the side chains.

The 'H-13C CP-MAS spectrum of M/PL/PG (Figure 2,
g) displays both the characteristic e-CH, signal (6 = 40.7
ppm) of M/PL and the characteristic carboxylic signal (6 =
181 ppm) of M/PG, indicating that the two polypeptides
have been adsorbed. From the deconvolution of the carb-
oxylic and carbonyl peaks and on the basis of the results of
the deconvolutions on the spectra of M/PL and M/PG, an
estimated ratio of 50:50 for the proportions of adsorbed PL
and PG is found, which is consistent with the TG results.
As for M/PL and M/PG, the carboxylic, the carbonyl and
the a-CH peaks of M/PL/PG shift towards lower frequen-
cies (Table 2). A part of the PG molecules retain the bulk
secondary structure, as revealed by the carboxylic signal at
& = 181 ppm, and the a-CH signal is narrower than in bulk
PL. Therefore, it seems that in terms of conformation, each
polypeptide has been adsorbed as if the other one was not
present.

When the samples were outgassed under vacuum, the 'H-
13C CP-MAS spectra still exhibit comparable chemical
shifts with those of the unheated samples (Figure 2 c, f, h),
thus confirming that this high temperature treatment has
not significantly modified the secondary structure of the
adsorbed PL and PG molecules. This is more clearly seen
for the M/PL/PG sample, which exhibits the highest
amount of adsorbed organic matter. Only a weak modifica-
tion of the conformation of some of the side chain —CH,—
carbon atoms is observed, as suggested by the narrow peak
at & = 32 ppm (Figure 2, h). It must be noted that owing
to the small quantities of samples left, spectra in Figure 2
¢, f, h were recorded with a Bruker 2.5-mm probe, thus
explaining the poor signal-to-noise ratio, particularly for
M/PG.

X-ray Diffraction

The dyy, peak region of each sample was recorded under
controlled humidity (P/P, = 0.79) and after dehydration at
110 °C under vacuum (Figure 4). Unfortunately, we did not
succeed in recording the diffractogram of M/PG after de-
hydration due to the lack of sample. The corresponding dy,
values, which directly reflect the basal spacing of the
samples, are presented in Table 3. This spacing is equal to
the sum of the interlayer distance and the thickness of the
layer, which is about 9.6 A for a 2:1 phyllosilicate. As al-
ready reported, under a relative humidity of P/P, = 0.79,
M exhibits a doo; value of 16.1 A (Table 3).I' On dehydra-
tion, the value falls to 10.5 A, indicating the almost com-
plete collapse of the layers, with interlayer cations partially
inserted into hexagonal openings formed by the silicon tet-
rahedra.

Under a relative humidity of P/P, = 0.79, the dyg, value
of the two PL-containing samples (M/PL and M/PL/PG)
is slightly higher (16.4 and 16.5 A, respectively) than that
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Figure 4. XRD patterns showing the dy,; region for M/PL (top),
M/PL/PG (center) and M/PG (bottom), under a relative humidity
of 79% (black) and after dehydration (gray)

Table 3. XRD djy; values [/D\]

M M/PL M/PG M/PL/PG
PIPy = 79% 16.1 16.4 15.4 16.5
Dehydrated 10.5 13.7 13.9

of M, whereas the dy, value of M/PG is slightly lower (15.4
A), suggesting that the cumulative volume of adsorbed
water molecules and polypeptide moieties is higher for PL
than for PG. However, the highest value of 16.5 A indicates
that, in any case, only one layer of polypeptide moieties is
intercalated within the interlayer space, which is consistent
with the short length of the side chains of both PL and
PG.*l On dehydration, the dyy, values for M/PL and M/
PL/PG (13.7 and 13.9 A, respectively) remain significantly
higher than the thickness of the layers, and are conversely,
in very good agreement with those reported for the mono-
layer adsorption of short chain length alkylammonium cat-
ions.?l Therefore, only the polypeptide side chains appear
to be adsorbed within the interlayer space of M.I!!

Nitrogen Adsorption

Nitrogen adsorption-desorption isotherms are given for
samples M and M/PL/PG in Figure 5, a and are represent-
ative of the other samples. They both exhibit an important
hysterisis loop, which is a mixing of type H3 and H4, char-
acteristic of adsorbents containing slit-shaped pores.?”! The
first part of these isotherms (P/P, between 0 and 0.2) cle-
arly indicates a higher microporous character for M (type I
isotherm) relative to M/PL/PG (type 11b isotherm), whereas
the last part (P/P, above 0.7) reflects a higher swelling abil-
ity of M relative to M/PL/PG.

The specific surface areas calculated from the BET
method are presented in Table 4, along with the corres-
ponding proportions of microporous and external surfaces,
as determined from the analyses of the #-plot (Figure 5, b).
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Figure 5. (a) Adsorption (+)-desorption (0) isotherms of nitrogen
at 77 K on M and M/PL/PG; (b) t-plot representations for the
same samples; triangles represent the experimental points consid-
ered for the analysis and the straight line represents the correspond-
ing linear fit

Table 4. Specific surface areas determined from the BET measure-
ments and proportions of external and microporous surface ob-
tained from the 7-plot analyses; values are expressed in m? per gram
of dry montmorillonite and corrected for the mass of polypeptide
adsorbed

M M/PL M/PG M/PL/PG
BET 128 110 92 41
External 72 63 63 37
Microporous 56 47 29 4

In the #-plots, the volume of nitrogen adsorbed is repres-
ented vs. the mean thickness of the adsorbed layer of nitro-
gen molecules,?®! and a positive intercept of the fitted linear
region between ca. 5 and 10 A directly reflects and quanti-
fies the presence of micropores. Cumulative histogram plots
(Figure 6) represent, for each sample, the sum of the micro-
porous and external specific surface areas, which equals to
the BET surface area. The above-mentioned microporosity
has been attributed to the broken edge face of the particles
due to the irregular stacking of the layers, which gives rise
to slit-shaped pores.*”) Hence, this microporosity has been
shown to be more accessible to hydration, for instance, than
interlamellar porosity.?”) Therefore, although being ex-
ternal, this microporosity can be seen basically as interme-
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Figure 6. Cumulative histogram representing the microporous (bot-
tom) and external (top) specific surface areas of the different
samples; their sum corresponds to the BET surface for each sample

diate between the external surface of particles and the in-
terlayer porosity.

Adsorption of polypeptides clearly leads to a decrease in
the BET specific surface area of M, with the microporous
component being the major contributor to this decrease
(Figure 5, b and Figure 6). The higher BET value of M/PL
compared with that of M/PG is in agreement with the ther-
mal analyses, which have shown that on dehydration, M/PL
has lost a more important proportion of the polypeptide
than M/PG. In the case of M/PL/PG, where more polypep-
tides were initially adsorbed, nearly all the microporosity is
lost. The external specific surface area also decreases on
adsorption of the polypeptides, which indicates that the in-
terparticle surface decreases.

Therefore, adsorption of these polypeptides can be de-
scribed as a plugging process, more specifically, at the
broken edges of the M particles, with side chains incorpor-
ated within the interlayer spaces (Scheme 2). This descrip-
tion agrees with all our results and explains the decrease in
both the microporous character and the swelling ability of
M on adsorption of polypeptides (Figure 5, a).

Broken edges

Scheme 2. Proposed description for the plugging of an unfolded
polypeptide fragment at the broken edges of the M particles, with
side chains pointing into the interlayer spaces

Conclusion

Understanding the mechanisms by which polypeptides
and proteins adsorb on clay minerals is of major import-
ance for several scientific areas, particularly in areas where
this organic-inorganic interaction is at the basis of ad-
vanced composite materials. In this study, the use of com-
plementary approaches has led to a more detailed descrip-
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tion of the interaction between polylysine and polyglutamic
acid with a synthetic montmorillonite. '*C NMR chemical
shifts of the backbone o- and carbonyl carbon atoms have
shown that both polypeptides, which exhibit a mixture of
a-helical and random coil conformations in the bulk, tend
to unfold and adopt a more extended random coil structure
on adsorption. Furthermore, analysis of the *C NMR line
widths has shown that adsorption of the basic polylysine is
accompanied by an increased ordering of the side chains,
which is not the case for polyglutamic acid. However, in
agreement with thermal analyses, the secondary structure
of the adsorbed polypeptides is not significantly modified
by heating at temperatures of up to 150 °C under vacuum.
Based on this observation, we were able to compare the
basal spacing of the polypeptide-adsorbed samples kept un-
der controlled humidity (P/P, = 0.79) with that measured
after dehydration under vacuum. The montmorillonite
sheets collapse in the absence of adsorbed polypeptides,
whereas they remain about 3.5 A apart in their presence.
Finally, nitrogen adsorption experiments, which are also
based on dehydration under vacuum of the samples, were
run to compare the accessible specific surface areas of the
different samples. We observed that the higher the amount
of polypeptide adsorbed, the lower the BET surface. The
major contribution to this decrease in measured specific
surface area is attributed to the microporous component of
the external surface, as deduced from the analyses of the #-
plots. All together, our results lead to the hypothesis that
polypeptides are adsorbed at the periphery of the montmor-
illonite particles through specific interaction between the
polypeptide side chains and the silicate sheets, whereas the
polypeptide backbones do not enter the interlayer space.

Experimental Section

Samples: Poly-D-lysine (HBr salt) of average molecular weight
20900 and polydispersity 1.15, and poly-p-glutamic acid (sodium
salt) of average molecular weight 19900 and polydispersity 1.3,
were purchased from Sigma— Aldrich Chimie and used as received.
Montmorillonite (M), whose synthesis and characterization is de-
tailed elsewhere,['? is a Mg-containing 2:1 dioctahedral clay with
Na* cations in its interlayer space to balance the layer negative
charge. Separate adsorption of each polypeptide was realized by
mixing a solution of poly-Dp-lysine (PL) (ca. 30 mg), or poly-D-
glutamic acid (PG) (ca. 30 mg), dissolved in a 15-mL acidic solu-
tion (pH = 3.4) with a solution of montmorillonite (M) (500 mg),
initially suspended for 5 d in 25 mL of the same acidic buffer, at
10 °C for 6 h. Co-adsorption of the two polypeptides was realized
under similar conditions by adding a solution of PL (50 mg) and
PG (50 mg) dissolved in 50 mL of the acidic buffer to a solution
of M (240 mg), initially suspended in 25 mL of the acidic buffer.
After filtration through 0.45 pm filters and repeated washes with
the buffer and deionized water, the three polypeptide-adsorbed
samples M/PL, M/PG and M/PL/PG were dried overnight at room
temperature in air and stored at 4 °C.

Thermal Analysis: TG-DTA measurements were carried out with a
Setaram Labsys apparatus under air-flow condition, with a heating
rate of 5 °C/min, from 18 to 750 or 800 °C.
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X-ray Powder Diffraction: X-ray diffractograms were recorded with
a STOE STADI-P powder X-ray diffractometer, equipped with a
linear position-sensitive detector (20 = 6°) in Debye—Scherrer geo-
metry and employing Ge-monochromated Cu-K,,; radiation (A =
1.5406 A). Records, in the range 20 = 2—12°, were performed on
samples under controlled humidity (P/P, = 0.79) and on samples
dehydrated at 110 °C under vacuum for 10 h. For the former, capil-
laries were filled with powder kept under controlled humidity, just
before starting the experiment, whereas for the latter, capillaries
were filled in a glove box under argon. In both cases, the capillaries
were sealed immediately after filling up.

N, Adsorption: Complete nitrogen gas adsorption-desorption cycles
were obtained with a Micromeritics ASAP 2001 apparatus. BET
specific surface areas were determined from the initial part of the
adsorption branches (typically in the range P/P, = 0.04—0.2), and
the t-plot analysis of the adsorption permitted the determination
of the microporous and external surface proportions. Prior to ex-
periments, about 100 mg of each sample was outgassed to a resid-
ual pressure of less than 0.8 Pa at 110 or 150 °C for about 15 h.

Solid-State NMR Spectroscopy: '*C NMR spectroscopic experi-
ments were run with a Bruker DSX 400 spectrometer operating at
frequencies of 100.6 MHz, and a Bruker MSL 300 spectrometer
operating at a frequency of 75.4 MHz. 'H-'3C Cross-Polarization-
MAS (CP-MAS) experiments were performed using a Bruker
double-channel 4-mm probe or a Bruker double-channel 2.5-mm
probe. Hartmann—Hahn matching for the 'H-'*C CP-MAS experi-
ments was set on adamantane for 'H and '*C radio-frequency fields
of ca. 60 kHz. Proton 7 spin-lattice relaxation times ranged be-
tween 100 and 500 ms for the different proton species observed in
the "H MAS spectra of mineral/polypeptide products. In the case of
bulk polypeptides, rotors were packed in a glove box under argon in
order to prevent interaction with ambient moisture. This resulted
in higher 'H T values (ca. 1 s), mainly attributed to the absence
of the paramagnetic O, relaxing agent. Chemical shifts for 3C
spectra were referenced to adamantane (8¢ = 29.47 ppm for the
low-frequency peak). Deconvolution of the 'H-13C CP-MAS spec-
tra was performed with the WINFIT software.[*"!
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