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Hemodialysis fails to remove protein-bound uremic toxins that are
attributed with high cardiovascular risk. Application of adsorption
materials is a viable strategy, but suitable biocompatible adsorbents
are still not available. Here, we demonstrate that adsorbents based
on the bottom-up assembly of the intrinsically biocompatible
protein cage ferritin are applicable for toxin adsorption. Due to
the size-exclusion effect of its pores, only small molecules such as
uremic toxins can enter the protein cage. Protein redesign techni-
ques that target selectively the inner surface were used to intro-
duce anchor sites for chemical modification. Porous crystalline
adsorbents were fabricated by bottom-up assembly of the protein
cage. Linkage of up to 96 phenylic or aliphatic molecules per
container was verified by ESI-MS. Materials based on unmodified
ferritin cages can already adsorb the uremic toxins. The adsorption
capacity could be increased by about 50% through functionaliza-
tion with hydrophobic molecules reaching 458 ng g~ for indoxyl
sulfate. The biohybrid materials show no contamination with endo-
toxins and do not activate blood platelets. These findings demon-
strate the great potential of protein-based adsorbents for the
clearance of uremic toxins: modifications enhance toxin adsorption
without diminishing the biocompatibility of the final protein-based
material.

About 50% of all fatalities in dialysis patients with end-stage
CKD can be attributed to cardiovascular events linked to
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impaired kidney function." In recent years, many risk factors
promoting cardiovascular diseases have been linked to protein-
bound uremic toxins (PBUT).>” In clinical trials, it was
shown that the PBUT p-cresyl sulfate (pCS) is associated with
increased risk for cardiovascular and all-cause mortality in CKD
patients.”® Additionally, pCS and other PBUTS such as indoxyl
sulfate (IS) can induce kidney and renal fibrosis,>” inhibit
endothelial proliferation,® induce oxidative stress,” and vascu-
lar calcification.®"® Due to their hydrophobic character, a high
fraction of the PBUTS is bound to plasma proteins, for example
serum albumin, preventing an efficient diffusion through the
pores of the dialysis membranes.'"'> Therefore, even with
prolonged and more frequent sessions, common membrane-
based dialysis techniques fail to sufficiently clear PBUTs
from the blood." Several techniques for improving hemodia-
lysis are under investigation, including the use of binding
competitors,' oral adsorbents,'® or synbiotika.'® A promising
alternative method is the application of extracorporeal
adsorbents.'” For easy and cost-effective broad-scale applica-
tion, the adsorbent needs to possess a high bio- and hemo-
compatibility, allowing full-blood contact and simple
integration in existing dialysis treatments.'® Some adsorption
materials have been investigated for their ability of binding
PBUTs such as zeolites,'®*° carbon-based materials,** or
zirconium-based metal-organic frameworks (MOF).>> However,
only a few studies address the challenges in bio- and hemo-
compatibility during the application of these materials. Even if
they do, the focus is on increasing the biocompatibility of
conventional adsorption materials as recently demonstrated
for activated charcoal."®** Instead of improving the biocompat-
ibility of conventional adsorbents, starting with intrinsically
biocompatible materials and increasing their binding affinity
towards PBUTs is a promising alternative strategy. Here we
report an unprecedented approach for the fabrication of a
heterogeneous adsorbent for PBUTS. It is based on a bottom-
up assembly strategy of protein cages with high intrinsic
biocompatibility. We aim on answering two main questions.
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First: Is it possible to create a solid porous protein-based
material, which can be applied to the adsorption of PBUTs?
Secondly, can the binding capacity of such a material be
improved by chemical modification, without diminishing its
biocompatibility?

For the generation of a protein-based adsorption material,
the protein cage ferritin was chosen. In this work, apoferritin
variants, that is protein cages without the iron oxide core, are
used for the formation of the materials. To make this publica-
tion more readable, these variants are referred to as ferritin.
Ferritin is composed of 24 identical subunits, which self-
assemble to form a nearly spherical quaternary structure with
an outer diameter of 12-13 nm and an inner cavity of 6-8 nm.>*
Its cage-like architecture makes it well-suited for the fabrication
of functional adsorbents due to its inherent large surface area,
in contrast to native globular proteins such as human serum
albumin. Formation of macroscopic materials from the soluble
protein cages allow the easy separation of the adsorbent and
the patient blood in later applications. Furthermore, crystalline
ferritin assemblies or other protein crystals have already
reported to trap proteins in vitro®> and in vivo®® as well as
inorganic materials®” or a combination of organic and inor-
ganic components.’® In this study, a variant of the human
heavy chain ferritin with negatively charged outer surface was
utilized.*® 1t differs from the native variant by four additional
glutamic acids, which can help to prevent the adsorption of
negatively charged plasma proteins such as albumin. For
ferritin, small-sized pores (3-5 A)*® in the protein shell allow
only small molecules such as PBUTs to enter the cage, while
larger macromolecules or even cells are excluded. Due to this
size-exclusion effect, the inner cavity can be selectively mod-
ified, for example, by conjugation of guest molecules without
affecting the biocompatibility of the system. The covalent
linkage of hydrophobic guest molecules to the inner surface
can enhance the affinity towards toxins. Since these modifica-
tions are restricted to the inner surface, they should not affect
the assembly or the biocompatibility of the protein cages.
Strategies to decorate the inner surface with hydrophobic guest
molecules are discussed in the following section.

We hypothesized that the introduction of hydrophobic
ligands into the inner cavity could enhance the PBUT adsorp-
tion. Since it was not clear which type of ligand would benefit
the adsorption, we designed a modular material to allow easy
adaptation. This was achieved by the introduction of a generic
site for modification, namely incorporating cysteine residues
that are amendable through their thiol group as an anchor site
for chemical derivatization. On the other hand, native cysteine
residues were exchanged with alanine residues to prevent
modification at undesired positions. For the introduction of
cysteine residues on the cavity surface, important design cri-
teria included the distance between the sites and the solvent-
accessible surface area (SASA). A high value of SASA should
correspond to a high reactivity. To this end, ferritin variants
were designed with three and four introduced cysteines per
subunit, named Ftn"*®-3xCys and Ftn"*®-4xCys (for respective
SASA and position see Table S5 and Fig. S1, ESIf). The total
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Table 1 Size and molecular weight of ferritin cysteine variants with and
without chemical modification

Protein Size“ [nm] PDI MWy, [kDa] MWy, [kDa]
Ftn("e®) 13.75 0.010 21.196 21.196
Ftn("8l4xCys  13.80 0.130  21.102 21.102
Ftn"*®-4xPhe  14.11 0.005 21.636 21.637
Ftn™*®-4xC10 14.18 0.038 21.893 21.892

¢ From DLS measurements. ” From ESI-MS measurements.

number of anchor sites per assembled protein cage is 72 or 96.
The mutations were introduced in the Ftn™® gene with
mutagenesis techniques and the variants were overexpressed
in E. coli bacteria. Purification followed closely the published
protocol for Ftn"*®),2” No notable change in elution behavior
during ion-exchange chromatography (IEC), (Fig. S2a, b and c,
ESIt) and size-exclusion chromatography (SEC) (Fig. S2d, ESIT)
compared to the parental protein is observed. The introduction
of the desired mutations was verified by electrospray ionization
mass spectrometry (ESI-MS), where the measured mass was
found to fit the calculated mass (Table 1 and Fig. S6, ESIT).
For chemical modification of cysteine thiol-groups, the o-
halocarbonyls 2-iodo-N-phenyl acetamide (Phe) and 2-bromo-N-
decyl acetamide (C10) were used. The overall strategy for
chemical modification of the inner surface and subsequent
assembly yielding a heterogeneous material is summarized in
Fig. 1. First, the cage is disassembled into its subunits under
acidic conditions.?" In the disassembled state, the thiol groups
are readily accessible for the halogen acetamide derivates. The
agents themselves are not soluble in an aqueous solution.
Therefore, the functionalization is done in a solution contain-
ing high fractions of ethanol to facilitate the solubility of the
hydrophobic molecules. After incubation of the reaction part-
ners, the mixture is diluted, and the cage is allowed to reas-
semble. Purification by SEC shows a similar elution volume as
the unfunctionalized cage (Fig. 1b and Fig. S3, ESIY), indicating
a complete reassembly of the cage. This finding is confirmed in
the negative-stained TEM images, which show intact cage
structures (Fig. S4, ESIT). The SEC of functionalized Ftn®)-
4xCys shows a slight shift towards higher elution volume linked
to a slightly increased size, which is in good agreement with the
results from dynamic light scattering (DLS) measurements
(Table 1). To verify the successful and complete functionaliza-
tion of the cysteine anchor sites, ESI-MS measurements were
conducted. For the first trials, multiple mass peaks per charged
species could be detected (Fig. S5, ESIt). Each of them could be
attributed to the ferritin subunit with one to four of the desired
molecules attached, indicating that a mixture of different
degrees of functionalization is present in the sample. Fine-
tuning of the reaction conditions, especially the fraction of
ethanol in the mixture, the ratio of reactive molecules to
cysteines, and the addition of a reducing agent (TCEP) enabled
reproducible and complete functionalization at all sites, proven by
ESI-MS as seen in Table 1 and Fig. S7 (full spectrum Fig. S7 and
S8, ESIT). Derivatization was also shown with X-ray crystallography
of the functionalized ferritin (Fig. 1c and Fig. S9, ESIt). Strategies
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Fig. 1

(a) Schematic overview of the strategy for protein functionalization. Protein cage is disassembled into subunits and incubated with respective

ligand. After reassembly, cages self-assemble into 3D-material and are chemical fixated. (b) Results from size-exclusion chromatography of ferritin
before and after functionalization. (c) Electron density (2Fo—Fc omit map, blue) and difference electron density (Fo—Fc, green) map for a functionalized
cysteine residue with the (truncated) aliphatic molecule. 2Fo—Fc map (blue): 1 rmsd, Fo—Fc (green): 5 rmsd. Maps were calculated without ligand atoms.

for the assembly of the protein cages to macroscopic materials are
summarized in the next section.

By self-assembly of the protein cages, a well-defined crystal-
line material can be created with uniformly distributed solvent
channels. We envisioned that this material structure ensures
high purity of the material, comparability of different modified
derivates and accessibility of the cavities inside the material.
Assembly into a macroscopic material with the protein cage as a
building block is achieved by a batch crystallization technique.
The general procedure is schematically shown in Fig. 2. The
protein solution is cautiously mixed under constant shaking
while adding the precipitant solution. After approximately 24 h,
first crystals can be observed as shown in the left panel in
Fig. 2. The size of the crystals can be tuned by altering protein
and precipitant concentration (Fig. S11, ESIf). The protein

This journal is © The Royal Society of Chemistry 2023

forms a cubic lattice in the space group P23 and possesses
uniformly distributed solvent channels with a diameter of
around 3 nm at its narrowest part (Fig. S12, ESIT).>® To increase
the stability, the crystals were fixated with a cross-linking agent.
First experiments were conducted with glutaraldehyde. How-
ever, during stability tests in a 60 mg mL™ ' BSA solution,
chosen to simulate the high protein content of the blood, the
crystals dissolve (Fig. S13, ESIt). After an additional cross-
linking step, the crystals tolerate the condition but the respec-
tive adsorption capacity is greatly diminished, which is prob-
ably due to the formation of oligomeric glutaraldehyde
blocking the pores. Therefore, we chose a sulfo-SMCC cross-
linker, which is unable to undergo reactions with itself (Fig. 2),
allowing stable fixation by maintaining adsorption capacity.
The sulfo-SMCC linker bears a maleimide group and an
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Fig. 2 Schematic overview of batch crystallization technique for fabrica-
tion of protein-based adsorption materials, images of the material before
and after fixation and schematic depiction of the size-exclusion effect for
excluding blood platelets from the inner cavity.

activated ester group. At the pH value of the mother liquor of
pH 8.5, both groups can undergo reactions with the primary
amine group of the amino acid lysine. The resulting crosslinks
between different protein cages stabilize the crystal and
increase its tolerance against aqueous solutions with high
concetrations of BSA. Macroscopic crystalline materials from
the functionalized variants could be fabricated under the same
conditions, indicating that the functionalization did not influ-
ence the outer surface.

Subsequently, PBUT adsorption assays with the unfun-
ctionalized protein-based material and the material functiona-
lized with aliphatic or phenylic molecules were carried out.
To this end, the respective sample was incubated in solutions
of three different uremic toxins indoxyl sulfate (IS), p-cresyl
sulfate (pCS), and phenylacetic acid (PheAc). Here, toxin
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concentrations expected in an end-stage CKD patient were
used.'®?233 After incubation for 3 h, the PBUT concentration
in the supernatant and respective control samples were deter-
mined by HPLC-MS/MS techniques. Finally, the protein-based
material is vacuum-dried and weighed to determine the mass.
The adsorption capacity, which is the ratio of the adsorbed
mass of PBUT to the total mass of the material, is calculated
and shown in Fig. 3.

Crystals of the unfunctionalized protein Ftn™*® adsorb all
three tested toxins as seen in Fig. 3a-c with a capacity of 283
and 247 ug ¢~ for IS and pCS, respectively, and 2710 pug g~ * for
PheAc. The reason for the much higher capacity of the PheAc
adsorption is most likely the 10-fold higher concentration of
the PBUT in the assay (see above). For IS and pCS, functiona-
lization with phenylic molecules (Phe) leads to an increase in
adsorption capacity to 458 and 372 pg g ', respectively. How-
ever, based on statistical tests (see Fig. 3 and caption), only the
capacity improvement for Ftn"®-Phe with IS is significant.
For functionalization with the aliphatic molecules (C10), the
improvement of adsorption capacity is rather small (Fig. 3a and
b). For the toxin PheAc, no significant enhancement of the
adsorption could be observed after the incorporation of the
hydrophobic molecules (Fig. 3c). The capacities of the protein-
based adsorbent are in a similar regime but smaller than the
values of other published materials, for example the P87
zeolites with capacities of up to 1000 pg mL™"** or carbon-
based adsorbents with capacities of up to 3200 pg mL™'** with
respect to IS. To the best of our knowledge, the adsorbent with
the highest capacity published so far is a zirconium-based MOF
with a capacity of up to 156 mg g~ '.>> However, efforts to install
their biocompatibility need to be taken, which can further
affect the adsorption capacity. On the other hand, our
protein-based material approaches the problem from the other
side: it has intrinsic biocompatibility, but its adsorption capa-
city can be further improved. Regarding this, capacities in the
range of several hundred ug mL ' are a promising starting
point for future work in this direction.

First investigations in the direction of biocompatibility were
promising by proving that there are no residual endotoxin
contaminations left from the bacterial production strain.
Furthermore, no activation of blood platelets upon incubation
with the crystalline adsorbent could be detected (Fig. S15 and
S16, ESIt). Importantly, more in-depth investigations to prove
complete hemocompatibility need to be performed for future
application of this new material class.

In conclusion, we demonstrated the synthesis of macro-
scopic materials based on the bottom-up assembly of protein
cages for blood purification applications. The resulting mate-
rial shows stability and adsorption of three PBUTs. Further-
more, it was demonstrated that through the introduction of
anchor sites, up to 96 water-insoluble aliphatic and phenylic
molecules were incorporated inside the cavity of the ferritin
protein cage. No decrease in biocompatibility could be found
after these modifications. An increase in adsorption capacity
due to the chemical modifications is observable. However,
exclusively hydrophobic ligands are probably not optimal, since

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Adsorption capacity of crystalline protein-based adsorber material composed of different ferritin variants towards (a) indoxyl sulfate (IS), (b) p-
cresyl sulfate (pCS), and (c) phenylacetic acid (PheAc). All measurements were performed in a triplicate. The error bar represents the deviation in
adsorption capacity between the three measurements. Confidence values for comparison to an untreated control sample can be found in Fig. S14 (ESI¥).
In addition, two-sample t-test were performed to determine if the improvement of adsorption capacity of the functionalized ferritin is significant in
comparison to the unmodified sample Ftn™9. Except the indicated sample (**P < 0.01), all changes were not significant (P > 0.05). Starting
concentrations were as follow: IS 44 mg L™% pCS 41 mg L% PheAc 474 mg L2,

PBUTs possess hydrophobic and hydrophilic characteristics.
Because the aliphatic and phenolic agents used in this study
were extreme cases with regard to hydrophobicity, this paves
the road for further studies, with other ligands designed
for binding uremic toxins. The modular character makes
adaption for other applications possible, for example, treat-
ment strategies for heavy metal intoxication by incorporation of
chelating agents. Moreover, through genetic modifications,
positively charged amino acids around the present anchor sites
could be introduced to satisfy the negative charge of the PBUTSs
while the toxins’ hydrophobic part is bound to the inserted
molecules.
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