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Abstract:

The experiment is to determine the degree of penetration of two model proteins into mesoporous porous carbons, with a
view to possible use in haemoperfusion or other clinical applications. Until now this therapy has been limited to small toxin
molecules, which are readily adsorbed by microporous carbons. For proteins, carbons with larger pore sizes are needed.
The good contrast match between the carbon substrate and D20 ensures high visibility for the SANS signal from the
protein. Use of two types of carbon of different pore structure, and the inclusion of one of these carbons with modified
surface chemistry (activated carbon), will contribute in discriminating between the steric and chemical effects of this
adsorption. It is also important to compare the adsorption of the same molecule (albumin) under two different
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Introduction

Activated carbons have been widely employed for many
centuries as general adsorbents. More recently they have
been used notably for purifying various bio-fluids, including
the treatment of acute poisoning by removing toxins from
the bloodstream by adsorption. In such processes the size of
the pores relative to that of the proteins to be removed is of
crucial importance, since many toxins are large molecules
that cannot penetrate into micropores [1].

Here we report measurements of the adsorption of proteins
on two porous carbons of different pore size distributions, a
resorcinol-formaldehyde based carbon aerogel (Cl1),
possessing a very open structure [2, 3], and a porous MAST
carbon made from phenolic resin (C2) [4]. The probe
proteins, aprotinin (6.7 kDa, size ca 2.9 x 1.9 nm, Sigma-
Aldrich) and bovine serum albumin BSA (67 kDa, ca 14 x 6
x 4 nm Calbiochem) are globular proteins and soluble in
water at ambient temperature. Measurements using small
angle neutron scattering (SANS) were made with the
powdered carbon in contact with solutions of these proteins
in D,O, in the absence of any salt in order to reveal the
distribution of these proteins in the liquid/carbon interface.

Experimental

The adsorption characteristics of the two dry carbons were
obtained by nitrogen adsorption at 77 K. The pH of these
carbons was also determined in aqueous solution with a
standard method [5]. Table 1 lists the results of these
experiments. In this table Sgpt is the BET surface area, Vi

is the total pore volume, V, is the micropore volume and w
is the average micropore width.

Table 1. Characteristics from nitrogen adsorption (77 K)

and pH
SBET Viot V, V- | wA pH
m%/ g cm’/ g cmg/g V.
Cl 847 1.69 0.34 | 1.35 15 | 6.6£0.3
C2 1248 | 1.27 0.50 | 0.77 16 | 9.6£0.3

Protein adsorption

The adsorption isotherms of the two proteins were measured
from their aqueous solutions (MilliQ water) at 20 °C. The
equilibrium concentrations were detected by Ultra
Performance Liquid Chromatography (UPLC) (Waters)
using a photodiode array (PDA) detector at 280 nm.

SANS

The SANS measurements were made on the small angle
scattering D11 instrument at the Institut Laue-Langevin,
Grenoble, at incident wavelength A=7.8A, and wavelength
spread AA/A=0.1. Measurements were also made at wider
angles on the D16 instrument at wavelength 4.74A. The
carbon samples were ground to powder and placed in flat
quartz cells with a 2 mm path length (for the solutions and
carbons containing D,O solution). Owing to the lower
density of the aerogel powder, the mass of carbon contained
in the cells was 5 times smaller for C1 (20 mg) than for C2
(100 mg). The resulting loss in scattering intensity from the
adsorbed proteins in C1 is thus partially compensated by its
greater adsorption capacity for proteins.

Results and discussion
Protein adsorption isotherms
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Figure 1: Adsorption isotherms from aqueous solutions of
a) aprotinin, and b) BSA on carbon aerogel C1 (0) and on
carbon C2 ().

Figure 1 shows the adsorption isotherms from unbuffered
aqueous solutions of the two proteins for each carbon. At
saturation C1 adsorbs ca. 1.1 g/g aprotinin and 0.41 g/g
BSA. In C2, the corresponding values are 0.27 and 0.09 g/g,
respectively. The shape of these isotherms reflects a much
stronger interaction between proteins and C1 than with C2
carbon. The steric hindrance encountered by large molecules
in microporous systems is illustrated by the fact that
although the BET surface area of C2 is about 50% greater
than that of C1, its adsorption capacity for either of the two
proteins is less than one quarter of that of C1.

SANS low q response

Penetration of the proteins from aqueous solution into the
two nanoporous carbons was measured by SANS. In both
systems the D,0 solvent matched the signal of the carbon in
the micro- and mesoporous ¢ range. At small ¢ (<0.01
A™"), however, the signal of the D,O-filled samples
displayed strong residual scattering with power law
behavior, I(q)xq™, where m=4.8 in C1 (Figure 2) and m=3.1
in C2 (Figure 3). These responses are the signature of
surface scattering. (The finding that m>4 could be due to a
concentration gradient normal to the surface.) The intensity
of this surface scattering feature stems from a discontinuity
in contrast at the carbon interface of the largest pores due to
a layer of low scattering length density, either a material
layer with high proton density, or a void layer due to poor



wetting of the carbon by the D,O. In the present case, where
the surface of C1 is strongly hydrophobic (the basic
behavior stems from the delocalized electrons [6]), the latter
interpretation is physically more plausible. When proteins
are present in the solution, this scattering feature disappears
or is diminished: by acting as surfactants and adhering to the
walls of the larger pores, the proteins reduce the contrast
discontinuity at the interface. With the reduced scattering
length density contrast, the power law behavior shifts to
lower ¢, out of the SANS observation range. With BSA
(Figure 2b), however, some surface scattering persists (slope
steeper than -3), suggesting that not all the carbon surface is
accessible to the larger BSA molecules.
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Figure 2. SANS signals from carbon aerogel C1 with D,O
alone (o) and same sample with D,O and protein (+): (a)
aprotinin, (b) BSA.
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Figure 3. SANS response of sample C2 containing pure
D,0 (+), aprotinin in D,O (0), and BSA in D,0 (x).

Figure 3 shows the corresponding scattering responses for
the C2 carbon. In this case the low g behaviour of C2 in
D,0 alone also displays surface scattering, but the slope (-
3.1) is the sign of a high degree of surface roughness. It is
noticeable that the same curve also exhibits weak residual
scattering from the micropores, which appears as a deviation
from the power law behavior with extra intensity at ¢ > 0.01
A’". These findings imply that 1) not only do the large-scale
interfaces remain unaltered by the D,0, but 2) also that the
density of the D,O in the micropores is slightly smaller than
that of the bulk liquid. The low g responses of the samples
with either aprotinin or BSA also differ qualitatively from
those of sample C1: the protein signal simply adds to that of
the carbon-water system. Thus, unlike C1, the scattering
length density mismatch at low ¢ in C2 is not due to poor
wetting, but rather to the presence of surface chemical
groups. The surface composition of the two carbons is
therefore different, as is confirmed by their notable
difference in pH (Table 1). This conclusion is further
supported by the substantially larger incoherent scattering
intensity at high ¢ in the dry C2 sample (0.011 cm™), which
reflects the hydrogen content of the functional groups.

SANS intermediate q response
Figure 4 shows the SANS responses of the free solutions of

the protein in D,0. For BSA, ionization of the dissolved
polymers in the absence of added salt causes electrostatic
repulsion between the molecules that gives rise to the
correlation peak at around 0.05 A”', similar to that found in
polyelectrolyte solutions [7]. No such peak is observed in
the case of aprotinin under these conditions. The continuous
line through the 10 mg/mL aprotinin data is the Debye
expression for the scattering intensity of particles with
radius of gyration Rg,
1(g)=A exp[-(qRc)"/3] M
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Figure 4. SANS responses of the protein solutions in D,0.
The maxima in the signals from the BSA solutions are due
to residual electrostatic repulsion in the salt free solutions.
Continuous line through the 10 mg/mL aprotinin data is the
fitto eq 1.
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Figure 5. SANS analysis of (a) aprotinin in carbon (after
subtraction of wet carbon background); (+): aprotinin in C1,
(o) aprotinin in C2, and aprotinin in free solution (x), (b)
BSA in carbon; (0): BSA in C1, (+) BSA in C2, and BSA in
free solution (x).

with Rg=9.4 A. An identical result is obtained for R in the
4 mg/mL solution. This value is about 1 A smaller than that
measured by Appavou et al [8]. For the BSA solutions, the
values of the radius of gyration, measured beyond the
correlation peak, were found to be identical in both samples,
Rc=27.6 A. This value is consistent with those found in the
literature, which range, for example, from 26.6A [9] to
28.5A [10]. (In the latter measurement, from SAXS, the
contribution from the hydration shell has been removed.)

In Figure 5a the scattering responses of aprotinin in free
solution is compared with that in the two carbon matrices,
i.e., the difference signal betwee{n the protein-containing
carbons and that of the wet carbon. The appearance of a
plateau at low ¢ in the C1 carbon is an artefact due to the
subtraction of the wet carbon signal, which, as noted earlier,
displays extra scattering from interfaces that are not contrast
matched. The maximum in this signal at g~0.05 A™ is the
polyelectrolyte peak of the aprotinin solution inside the
pores of the carbon. In C2, a similar peak, located at g~
0.015 A”, is an order of magnitude more intense. Analogous
behaviour is found with BSA (Figure 5b), but the correlation
peak is poorly resolved. In C1 both aprotinin and BSA
display a pronounced shoulder at ¢=0.05 A™', while in C2



the corresponding shoulder occurs for both at ¢g=0.015 A™".
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Figure 6. Guinier plots of the scattering intensity in the g-
region beyond the correlation peak. (a) BSA and aprotinin in
the aerogel carbon C1, (b) the two proteins in the C2 carbon.

Figure 6 shows the same difference signals as in Figure 5,
plotted in the Guinier representation log[/(q)] vs ¢°, where
the data are taken from the ¢ region just beyond the
correlation peak. The radius of gyration R of both proteins
in C1 is practically identical (25 A), while in C2, Rg is two
or three times larger. The intensity of the signal of both
proteins in C2 is correspondingly an order of magnitude
greater than in the carbon aerogel C1, which is consistent
with their greater size. This finding implies that the
correlation peak is determined by the carbon matrix rather
than by the protein. In the free solutions, a correlation peak
is observed only for BSA, and its position (at g=0.03 A™! for
polymer concentration c¢=10 mg/mL) is intermediate
between that in C1 and in C2. The different pH of the two
carbons reflects the different chemical environments at the
interface.

In the open aerogel structure of C1, the concentration of
both proteins is enhanced with respect to the free solution,
as indicated by the appearance of a correlation peak in the
aprotinin signal and by the shift to larger ¢ in the position of
the correlation peak of BSA. Furthermore, the radius of
gyration of aprotinin in C1 increases significantly over that
in dilute solution (from 9.4 A to 24.4 A), showing that the
small molecules form oligomers. For BSA, on the other
hand, the size of the molecule decreased marginally with
respect to the free solution (from 27.6 A to 25.3 A). The
change in concentration of the BSA in the gel with respect
to the free solution can be estimated by comparing the
position of the correlation peak: it moves from ¢~0.027A™"
in free solution to ~0.050 A" in the acrogel, which implies
an increase in concentration by a factor of roughly
(0.05/0.027) = 6. (At low polymer concentrations, the
position of the correlation peak varies as the one-third power
of the concentration [11].) In the more predominantly
microporous carbon, C2, large protein oligomers form,
which, owing to their size, scatter strongly. This result is
striking, since the clusters are significantly larger than the
micropore width in this material (w=16 A), from which they
are therefore excluded, thereby limiting the adsorption
capacity of this carbon. It seems unlikely that the weak
correlation feature at g=0.015 A™ is of electrostatic origin; it
probably corresponds to separation distances between
mesopores of approximately d=2m/q ~ 400A.

Conclusions

Aprotinin and BSA are both readily adsorbed by the carbon
aerogel C1, which has higher mesopore content. The SANS
data indicate that both proteins adhere to the walls, and the
concentration of BSA in the pores of this carbon is enhanced
over that in free solution at concentration 10 mg/mL by a
factor of about 6. Importantly, the radius of gyration of both
proteins inside this carbon (about 25 A) is greater than the

micropore width (15 A) determined by nitrogen adsorption.
In the commercial MAST carbon, in which the large scale
surfaces are rough and have neutral pH, proteins form
oligomers with a radius of gyration of 50-70 A, which is
very much larger than the micropore width (16 A) of this
carbon. The comparison of these two systems suggests that
the greater proficiency of C1 in adsorbing these proteins is
attributable to its broader pore size distribution. The
increased adsorption capacity of C1 with respect to C2 is
almost the same for both proteins. The shape of the adsorbed
protein however is strongly influenced by its own pH
sensitivity and the acid/base properties of the surface.
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