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Abstract

Growth factors are required for cell proliferation and differentiation under physiological
conditions but especially in the context of regenerative medicine. The time-prolonged
administration of those factors has been explored using different sustained drug
delivery systems. These platforms include natural materials such as bacterial inclusion
bodies (IBs) that contain chaperones and other bacterial components that might favour
protein release. Being successful from a functional point of view, IBs pose regulatory
concerns to clinical applications because of the mentioned presence of bacterial cell
components, including endotoxins. We have here explored the release and activity of
the human fibroblast growth factor-2 (hFGF-2) from a novel synthetic material, namely
artificial IBs. Being chemically homogenous and compliant with regulatory restrictions,
we wondered if these materials would effectively release functional proteins in absence
of accompanying bacterial agents. The data provided here fully supports that artificial
hFGF-2 IBs act as true and efficient secretory granules and they slowly disintegrate in
cell culture to promote wound healing in an in vitro wound healing model. Free from
undesired bacterial components, artificial inclusion bodies show promises as delivery

agents in regenerative medicine.



Introduction

Delivery systems for therapeutic proteins are required in different clinical fields, to avoid
or delay repeated protein dosing that might become inconvenient or unreachable.
Protein replacement therapies and especially regenerative medicine are among the
main clinical targets for protein delivery systems. Many strategies are based on the
design of biocompatible matrices or networks to be used as protein holders. Built with
organic or inorganic composites, these structures pursue a regulatable and time-
sustained release of the embedded protein in absence of toxicities linked to the material

forming the matrix [1-6].

In this context, the secretory granules of the human endocrine system, that release
peptidic hormones, are of particular interest. These structures are proteinaceous
materials in which the protein components themselves are physiologically released by a
slow disintegration process [7]. This is based on a particular architecture of such
secretory agents, which are in fact functional amyloids [8, 9]. From them, the building
block itself, that is, the protein hormone, is slowly released by a process that involves
molecular chaperones [7]. Mimetics of those secretory materials would be then very
useful in biomedicine, as their use would not require any heterologous matrix or
supporting scaffold to release the functional protein. In this regard, bacterial inclusion
bodies (IBs), that are micro-scale protein aggregates formed in recombinant bacteria by
the product of the cloned gene, behave, in many aspects, like those secretory granules
[10]. Being intriguing protein depots [11], IBs have been tailored as a source of
functional proteins in cell culture, to release growth factors [12, 13], chaperones [13],
cytoskeleton components [14] and anti-oxidant proteins [13]. In two different mouse
models of human cancers, the local or remote administration of IBs formed by
antitumoral proteins show potent antitumoral [15] and antimetastatic effects [16]
respectively. Being structural and functional mimetics of secretory granules, IBs show
promise as protein delivery systems [17], but their bacterial origin imposes the presence
of molecular contaminants and endotoxins whose full elimination is unapproachable by
industrially compliant methods. Therefore, the use of IBs results non-appropriate for
most of clinical applications. Very recently [18], micron sized artificial IBs (ArtIBs) have

been generated by very simple in vitro fabrication approaches, using divalent ions as



molecular cross-linkers and a functional protein as a unique building block. If efficiently
releasing the forming protein, such ArtIBs might represent better mimetics of secretory
granules than IBs. Being fabricated out of pure protein, they are chemically
homogeneous and with a defined composition, what is highly appealing in clinics.
However, since they are generated in vitro by the controlled assembly of one single
protein species and free from any bacterial component, they are also devoid of
chaperones from the bacterial quality system that are associated to natural IBs [19].
Whether IB-associated bacterial chaperones are necessary for the release of functional
protein from these functional amyloids has been not yet determined. Therefore, the
ability of ArtIBs to deliver functional growth factors (and other clinically relevant
proteins) should be assessed before further development and even before any detailed
in vivo analyses of functionality. In this context, we have designed, fabricated and fully
characterized ArtIBs formed by the hFGF-2 in an in vitro wound healing model, and
evaluated the potential of these materials as functional protein depots for a time-

prolonged healing effect.

Materials and methods
Plasmid, culture & protein production

The synthetic hFGF-2-H6 gene (Low Molecular Weight isoform; 18 KDa) and the control
GFP-H6 gene were designed in house to be inserted into the prokaryotic expression
vector pET22b and obtained from GeneArt (Thermo Fisher Scientific). The amino acid
sequences of the encoded proteins hFGF-2-H6 and GFP-H6 are
MAAGSITTLPALPEDGGSGAFPPGHFKDPKRLYCKNGGFFLRIHPDGRVDGVREKSDPHIKLQLQA
EERGVVSIKGVCANRYLAMKEDGRLLASKCVTDECFFFERLESNNYNTYRSRKYTSWYVALKRTGQ
YKLGSKTGPGQKAILFLPMSAKSHHHHHH and
MSKGEELFTGVVPILVELDGDVNGHKFSVSGEGEGDATYGKLTLKFICTTGKLPVPWPTLVTTLTYG
VQCFSRYPDHMKRHDFFKSAMPEGYVQERTISFKDDGNYKTRAEVKFGDTLVNRIELKGIDFKED

GNILGHKLEYNYNSHNVYITADKQKNGIKANFKIRHNIEDGSVQLADHYQQNTPIGDGPVLLPDN

HYLSTQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYKHHHHHH), respectively. H6 stands



for the carboxy-hexahistidine tail, which simultaneously serves for protein purification,

for divalent cation coordination and for ArtIB fabrication.

The Escherichia coli (E. coli) strain BL21 (DE3) was used for the production of bacterial
IBs and soluble protein, once transformed by heat shock with the recombinant pET22b
vectors. The E. coli cultures were kept at 37 °C and 250 rpm up to 0.5 OD units. In order
to promote the protein deposition as bacterial IBs, gene expression was induced for 3 h
at 37 °C upon isopropyl-D-thiogalactoside (IPTG) at 1 mM. For soluble protein
production, cells were cultured overnight at 20 °C and the gene expression was induced
with IPTG at 0.1 mM. Then, bacterial cells were harvested by centrifugation (5,000 g at
4 °C, 15 min) and freezed at -80 °C.

Bacterial IBs and ArtlIBs fabrication

Bacterial hFGF-2-H6 IBs were isolated by a combination of enzymatic and soft
mechanical cell lysis by a protocol described elsewhere [20]. IB proteins were quantified
by Western Blot using an anti-His antibody (1:5000 Anti-His Santa Cruz Biotechnology,
ref: sc-57598). Sample protein amounts were inferred from standard curves with known

amounts of hFGF-2-H6 protein using the Quantity One software.

hFGF-2-H6 and non-functional GFP-H6 ArtIBs were fabricated from pure soluble
proteins. For purification of these soluble recombinant proteins, bacterial cells were
resuspended in wash buffer (20 mM Tris-HCI, 500 mM NaCl and 10 mM imidazole pH 8),
containing an EDTA-free protease inhibitor cocktail (Roche). Afterwards, E. coli cells
were disrupted by three rounds at 1200 psi in a French press (Thermo FA-078A). Both
proteins hFGF-2-H6 and GFP-H6 were purified by His-tag affinity chromatography using
1 ml HiTrap Chelating HP columns (GE Healthcare) through an AKTA pure FPLC (GE
Healthcare). Fractionation was made by a linear gradient of elution buffer (20 mM Tris-
HCI, 500 mM NaCl and 500 mM imidazole pH 8). Purified protein fractions were dialyzed
against carbonate buffer (166 mM NaCOsH, pH 8). Soluble protein was then stain-free

detected by TGX (TGX FastCast Acrylamide Kit) technology and protein amounts were

determined by Br adf ordArtiBswasamraaghed bydiluting |

pure soluble proteins in distilled H,0 at a final concentration of 2 mg mL™ and a finalO
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volume of 200 pL. Afterwards, protein samples were mixed by default with ZnCl;, at a
zinc:protein molar ratio of 50:1 for hFGF-2 ArtIBs and at 100:1 for GFP ArtIBs (1:1 ratio
stands for 0.196 mM). Then, samples were incubated 10 min at room temperature and
centrifuged at 15.000 gQfor 15 min. Finally, the soluble fraction was discarded to obtain
the final product. The discarded soluble protein was quantified by Bradford assay to
determine the exact concentration of artificial inclusion bodies that correspond to the
remaining protein. Alternatively, other divalent cations namely CaCl; and MnCl, were
used at cation:protein molar ratio of 200:1 and 400:1 for hFGF-2 ArtIB, and at 300:1 and
500:1for the control GFP ArtIBs formation.

Ultrastructural characterization

Volume size distribution of bacterial IBs and ArtIBs was determined by dynamic light
scattering (DLS) at 633 nm in a Zetasizer Nano ZS (Malvern Instruments Limited) using
ZEN2112 3 mm quartz batch cuvettes. Protein samples dissolved in distilled H,O at 1 mg
mL™ were measured in triplicate and mode size peak and polydispersion index (PDI;

expressed as mean + standard error of the mean) were obtained. O

Ultrastructural morphometry (size and shape) of bacterial IBs and ArtIBs was visualized
at nearly native state with electron microscopy. Drops of 20 pL of IBs resuspended in
deionized water were directly deposited on silicon wafers (Ted Pella Inc.) for 2 min,
excess of liquid blotted, air dried, and immediately observed without coating in a field
emission scanning electron microscope (FESEM) Merlin (Zeiss) operating at 1 kV and
equipped with a standard secondary electron detector. Representative images of
general fields and nanostructure details were captured at three high magnifications

(10,000x, 40,000x and 80,000x).

Thioflavin T fluorescence in ArtiBs

The interaction of Thioflavin T with ArtIBs was explored to evaluate the amyloidal nature
of the protein material. Protein aliquots (30 ul) were added to 25 uM Thioflavin T (Sigma
Aldrich) (Thio T) (30 pl) in carbonate buffer (166 mM NaCOsH, pH 8). The final protein



concentration was 0.1 mg/ml. ThioT fluorescence was excited at 450 nm and the
fluorescence emission spectra were recorded with a Varian Cary Eclipse
spectrofluorimeter. The cross-beta sheet structure of the hFGF-2 within ArtIBs was
monitored by the enhancement of the free dye fluorescence emission caused by the

interaction with amyloidogenic proteins.

Soluble protein release

Bacterial IBs and ArtIBs were resuspended in 1 mL of PBS reaching a final concentration
of2mgmL*and incubated at 37 °C without
each sample at 24, 72, 120 and 168 h time points and centrifuged for 10 min at 15,000
g to separate soluble and insoluble fractions. Then, soluble protein was detected by
stain-free TGX (TGX FastCast Acrylamide Kit) and by Western Blot using an anti-His
monoclonal antibody (1:5000 Anti-His Santa Cruz Biotechnology, ref: sc-57598). The

percentage of released protein was quantified by Image Lab software.

Thermal stability of the released proteins

Fluorescence spectra were recorded in a Cary Eclipse spectrofluorimeter (Agilent
Technologies), using a quartz cell with 2 mm path length and a thermostated holder. The
excitation and emission slits were set at 5 nm. Excitation wavelength (| «) was set at 295
nm. Emission spectra were acquired between 310 and 450 nm in hFGF-2 samples at 0.1
mg/mL, dissolved in carbonate buffer (166 mM NaCOsH, pH 8) upon release from ArtIBs.
The temperature-dependent behavior of proteins was determined between 25 and 80
9C. The Centre of Spectral Mass (CSM), a weighted average of the fluorescence spectrum
peaks [21] was calculated for comparison. The CSM is also related with the relative
exposure of the tryptophan (Trp) to the protein environment. The maximum red-shift in
the CSM of Trp is compatible with large solvent accessibility and unfolding [22]. The
protein thermal stability was analysed by the onset temperature (Tonset). This parameter

indicate the temperature where the CSM start to increase.

agi

tat



Cell proliferation and survival assay

Biological activity of bacterial IBs, ArtIBs, soluble protein and cations ( ZnCl, CaCl, and
MnCl;) was analyzed by measuring cell proliferation and survival of the murine cell line
NIH3T3. NIH3T3 cells were routinely maintained in D-Minimum Essential Medium Eagle
(D-MEM) supplemented with 10 % Fetal Bovine Serum (FBS) and 2 mM L-glutamine at
37 °Cand 10 % CO: in a humidified incubator.

For proliferation studies, bacterial IBs and ArtIBs were resuspended in cell culture
medium with 1 % FBS at different concentrations. ArtIBs formed by the fluorescent
protein GFP-H6 were included as negative control and recombinant soluble hFGF-2 was
used as a positive control. 96-well plates were decorated with IBs and ArtIBs, adding 50
pL of | B s wlbapfieahcendertrationpfe0.d, 1, 800 and 1000 n g ~“niThese
plates were incubated at 4 °C overnight in order to allow IBs and ArtIBs sedimentation.
4 x 103 NIH3T3 cells were seeded per well and cultured for 48 h at 37 °C and 10 % CO;
in a humidified incubator. Cell proliferation was determined by CellTiter-Glo
Luminescent Cell Viability Assay (Promega) in a Multilabel Plater Reader Victor3 (Perkin

Elmer). All experiments were done with three replicates.

For cell survival assay, 96-well plates were decorated with bacterial IBs and ArtIBs at a
final concentrat i o n o fl. Then, NIHBT3 cells were seeded at 4 x 103 cells per well
and cel |l survival was measured at di

the CellTiter-Glo® Reagent (Promega).

The positive control soluble hFGF-2 was added together with NIH3T3 cells. It was
incubated for48 ha t final concentration of 0.

and at fbrcellsgrvival hssay. All experimental data were measured in triplicate.

Wound healing assay

Wound healing assays were performed by decorating the cell culture surface with GFP

and hFGF-2 ArtIBs Zn*? and soluble hFGF-2 protein. Briefly, ArtIBs and soluble protein

fferent

aliquots were defrosted and resuspended in

added to each of the two compartments of a silicone insert (culture-insert, 2-wells 24-



we | | pl ate, i bi Treat; | bi di ) ;L.Theaaingivasi ng i n
incubated for 4 h at 4 °C. Then cells were seeded with a cell density of 4 x 10 cells mL™

and after 24 h the medium was changed to starvation medium containing only 1 % FBS.

Cells were grown further and after 24 h the culture-inserts were removed using sterile

t weezers r es u-Wwidegap. yord starvaton rhedi@n wasmadded to cover

the whole well of the 24-well plate. The subsequent healing process was recorded using

an optical microscope (Leica). Images of the starting conditions(~ 500 um gaps) a
different time points for at least two wells were taken and all wells of the 24-well plate

were checked visually for any irregularities. Wound sizes were determined from four

independent wells from two plates, using Image J software with the MRl wound healing

tool macA hro.

Statistical Analyses

Pairwise comparisons o f protein c etést viabi
and multiple comparisons to detect differences between control and experimental

groups of proliferation anAllstasishicaltestswhre a |l i ng
performed using GraphPad Prism version 8.0. All quantitative values were expressed as

mean * standard error of the mean (x + SEM). Differences among groups were

considered significant at p<0.05 and relevant divergences were marked as * (p<0.01) or

# (p<0.05).

Results and discussion

A H6-tagged hFGF-2 (Figure 1A, top) was produced in recombinant bacteria under
conventional (mild) production conditions or wunder conditions promoting
conformational stress (Figure 1A). Mild conditions favoured the production of soluble
protein versions, that upon purification, were further used for ArtIB fabrication (Figure
1A). The purified soluble hFGF-2 was proteolytically stable (Figure 1B,C), and it showed
a tendency to oligomerization (Figure 1C). For protein precipitation as ArtIBs, we used
three different divalent cations at the respective molar proportions that lead to full

protein precipitation, meaning that remaining soluble protein was undetectable (Figure



1D). On the other hand, the stress-prone culture conditions (Figure 1A) favoured the
formation of bacterial IBs that were isolated and straightforward used in the
experimental. Such bacterial IBs exhibited around 600 nm (Figure 2A), while ArtIBs
(those generated with Zn?* cation and named ArtIBs Zn) doubled this size, indicative of
a successful His- and Zn-mediated assembly of the His-tagged hFGF-2. GFP-H6 ArtlIBs
were also fabricated as experimental controls, sizing around 1.8 um (Figure 2A).
Morphologically, hFGF-2 IBs and ArtIBs Zn were very similar, showing the typical rough
surface of conventional IBs [23]. The purity of ArtIBs, formed by a single immunoreactive
protein species, contrasted with the extreme heterogeneity in the protein composition
of IBs, as revealed by the broad brand spectrum of these materials (Figure 2C). Such
heterogeneity had been previously reported in IBs during early proteomic studies of
such materials [19, 24], and the presence of different types of bacterial chaperones
(holding, folding and disaggregating) also repeatedly confirmed as a part of the IB
proteome [19, 24-29]. In addition to the morphological similarity with conventional IBs,
the amyloid nature of ArtIBs was evaluated by the interaction of Thioflavin T, showing a
significant extent of cross beta secondary structure (Figure 2D) that was in agreement

with previous data obtained with different ArtIB species[30].

To start the hFGF-2 ArtIB characterization, we decorated with different types of protein
clusters cell culture plates where NIH3T3 were further seeded. Control GFP ArtIBs
formed with the assistance of different ions did not show any proliferative effect, and
cell growth over them was fully comparable to control cell cultures in absence of
additional materials (Figure 3A). However, hFGF-2 ArtIBs clearly stimulated cell
proliferation at levels similar to those promoted by the soluble hFGF-2 and slightly
higher than those promoted by hFGF-2 bacterial IBs (Figure 3A). Such effect was
observed at two different concentrations of the protein material, and the nature of the
ion used as cross-linker did not show clear influences on the biological impact of the
material (Figure 3A). Then Zn cation was at this point selected as a default ion for
fabrication of the protein granules. The fact that ArtIBs tended to stimulate cell growth
with more intensity than IBs, was indicative of a higher bioavailability of hFGF-2 in the

artificial materials compared to natural versions, at a similar extent than that offered by



the plain soluble protein version. At this stage, we wondered how hFGF-2 ArtIBs would
behave in a cell survival assay, in which cells were cultured in a starving medium. Again,
the biological impact of ArtIBs was fully comparable to that of the soluble protein, since
both agents rescued with matching profiles starving cells, which died in a few days in
the presence of GFP materials or without any additive (Figure 3B). The rescuing ability
of both forms of hFGF-2 was confirmed by microscopy of cultured cells 4 days upon the

starting of the starving period (Figure 3C).

hFGF-2 can execute its biological activities from outside the target cell by canonical
receptor-based tyrosine kinase signalling or upon internalization and nuclear uptake
[20], as this factor combines paracrine and nuclear activities in its biological function
[31]. ArtIBs, as their natural counterparts, can penetrate mammalian cells upon
exposure in absence of any intrinsic cytotoxicity [13, 18]. In an attempt to evaluate the
potential delivery of hFGF-2 from chemically pure ArtIBs, we determined the amount of
protein released to the media upon incubation of the protein granules under
physiological conditions. As observed, a significant portion of the growth factor was
released from the insoluble hFGF-2 artificial material and detectable in the soluble
fraction of the ArtIBs suspension, at 24 h of incubation (Figure 4A). Protein release was
specifically notable in ArtIBs Zn*2 and ArtIBs Ca*?, while it was hardly detectable in the
case of ArtIBs Mn*2, These release kinetics would be especially helpful in assisting the
design of specific applications for those materials when intended for protein depots with
time-prolonged supply of the contained growth factors. When cultured cells were
exposed to such soluble fraction containing ArtlIBs-released protein, stimulation of cell
proliferation over the control, non-treated cells (100 %) was specially apparent when
using ArtIBs Zn-solubilized protein, and at decreasing extents with ArtIBs formed with
the assistance of Ca?* and Mn?* (Figure 4B). This is in agreement with the release kinetics
shown in Figure 4A in which Mn-based materials were less able to deliver the growth
factor than the other ArtIB variants, indicative of a tighter clustering induced by this
particular cation. At that point, we also investigated the conformational quality of the
growth factor once removed from the particles. Importantly, the intrinsic fluorescence
caused by exciting the protein with 295 nm ultraviolet light revealed no changes in the

thermal profile of hFGF-2 released from ArtlBs. However, the CSM values at 252C



indicated a subtle change, suggesting conformational differences between the released
proteins in comparison to the soluble version. Those results demonstrated a stability
similar, if not higher, of the released protein compared to the original soluble hFGF-2

(Tonset, release hFGF-2 > Tonset, soluble hFGF-Z) (F|gu re 4C)

This set of results confirmed the correct selection of Zn?* as default building ion, but
also revealed that ArtIBs are good secretion materials, since the forming protein is
progressively released without an immediate or a fast disintegration of the whole bulk
material. These data also confirm the biological (and therefore structural) stability of
hFGF-2 when submitted to packaging as ArtIBs and upon the subsequent release from
them. Why some cations seem to favour better than others protein release, is an issue
that remains to be solved. In this regard, protein release is inversely related to the
binding strength between each cation-protein interaction. Distinct binding constants
(Kb) have been demonstrated for Cu?* and Ca?* towards -synuclein [32]. Also, the

structure-function effect of a particular cation on a given protein might be also and

unique, as demonstrated by Cu>* t h a t activate pro-angi

fibroblast growth factor 2 [33]. Irrespective of that the precise mechanics of the
observed differences, Zn%*, Ca?>* and Mn?* (and other divalent cations) are all present at
important amounts in the human body [34-37] and the clinical use of materials

containing any of them would be completely plausible.

In vitro wound healing models are convenient tools to quickly evaluate the therapeutic
potential of growth factors [38], and they have been specifically applied to examine the
regenerative potential of the axolotl lipoxygenase administered as bacterial IBs [12]. A
similar wound model (Figure 5A) was applied to scrutinize the activity of hFGF-2 ArtlBs
Zn, compared to the soluble version of the growth factor. As observed (Figure 5B,C),
hFGF-2 ArtIBs Zn were more efficient than the soluble protein version in expanding the
wound closure area, while the non-functional GFP ArtIBs Zn had only mild positive
effects. These data, apart from being promising regarding the potential use of ArtIBs as
carriers of growth factors, strongly suggest that the administration of hFGF-2 from ArtIBs
could be more efficient than that of the soluble protein version (see also the supporting
datain Figure 3A). This is probably associated to the depot effect of the protein granules,

which extend the bioavailability of the growth factor for a longer time than when the

ogeni
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protein is supplied in the soluble conventional form. The slow protein release from the

material (Figure 4), that appears to be very stable, can of course account for this effect.

ArtlIBs, as fully proved here, can release plain soluble and functional protein for a
biological role, in absence of bacterial contaminants that like chaperones, are expected
to contribute to protein release from natural IBs because of their disaggregating
activities [39, 40]. The amount of released protein is enough for enhanced cell
proliferation (Figure 3A) and prolonged cell survival under starving conditions (Figure 3
B,C), and this material favoured wound healing in an in vitro wound healing model
(Figure 5). Such biological effects are superior than those obtained when exposing cells
to either conventional IBs or soluble growth factor, supporting the further development
of ArtIBs as a tremendously interesting biomaterial. The main relevance of ArtIBs is
based on their pure composition. In contrast with the extremely heterogeneous nature
of natural IBs, that contain cell wall components, nucleic acids, lipids and proteins as
impurities from the producing cells [19, 24, 41, 42], these analogous artificial versions
are uniquely formed by a single protein species assembled under defined
physicochemical conditions. Being then chemically pure, synthetic protein depots are
much less controversial regarding the potential toxicity of associated contaminants. The
purification of soluble protein species (the building blocks for ArtIBs) is an scalable
procedure at industrial level that has not posed any obstacle to the approval and generic
clinical of recombinant proteins as drugs [43-45]. Therefore, the ArtIB packaging of
recombinant protein drugs of human origin, namely enzymes, hormones, growth factors
and others, irrespective of the cell factory used for the production of the soluble building
blocks, should not envisage any problem related with immunotoxicity or poor
biocompatibility. Therefore, ArtIBs would be functionally equivalent to functional

secretory granules and applied in clinics in this context.

In addition, the properties of natural IBs are strongly dependent on the physiological
conditions, nature and genetic background of the bacterial cell factory where they have
been produced [46]. Among other observed influences, the culture conditions strongly
affect the protein release capability [47], while the genetic background is a potent
influencer of size, geometry, wettability, stiffness and other physicochemical

parameters affecting IB performance [48, 49]. In this context, ArtIBs benefit from the



controlled fabrication process from purified protein, but also from the possibility to
expand the source of the pure recombinant protein used for the generation of the
materials. With a few exceptions, IBs are essentially produced in gram-negative bacteria,
and therefore, restricted to non-glycosylated proteins [17], the polypeptides used for
ArtIB fabrication can be obtained from bioproduction in any suitable cell factory,
including yeast [50], plant [51] and mammalian cells [52], apart from any less-
conventional microorganism or eukaryotic cells [50, 53-56]. This fact largely expands the
categories of proteins that can be packaged in form of secretory materials, including a
large fraction of human proteins that are non-active or poorly active when produced in

Escherichia coli [53].

As materials, ArtIBs are generated by a very easy fabrication process involving the
protein itself and the linking ion, in mild environment-friendly conditions, that results in
peculiar protein microparticles in which the unique forming protein shows a dual role as
a scaffold and functional agent. The non-toxic amyloid composition of ArtIBs [18], that
appears to be similar to that of natural IBs [57] and comparable to that of endocrine
secretory granules [7, 9], confers mechanical stability and a protein network that engulfs
or traps functional versions of the same protein. Protein release from ArtIBs can be then
observed as a slow disintegration process during which building blocks of the material
are progressively released from it, in a rate potentially regulatable by the divalent cation
used in the fabrication. A similar protein release process supported by Zn?* has been
recently described for the natural secretion of the human growth hormone [58]. Being
chemically pure, the further development of ArtIBs as storage/delivery micron sized
granules for growth factors and other functional proteins should not face the
constricting regulatory issues imposed to the chemically heterogeneous bacterial IBs
and it opens a wide spectrum of possibilities for the controlled delivery of therapeutic

proteins in many in vivo clinical contexts.
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Figure 1. Production of bacterial IBs and ArtIBs based on hFGF-2. A. The modular
scheme of hFGF-2-H6 is shown, indicating the amino (N) and carboxy (C) terminal ends.
Note that sizes of the boxes are only approximate. GFP-H6 has the same modular
scheme in which hFGF-2 is replaced by GFP [59]. The recombinant protein was produced
in E. coli under a set of mild or stressful conditions (indicated), that resulted in a different
fractioning between soluble (Sol) and insoluble (Ins) protein fractions (shown here by
anti-H6 Western blots). Natural IBs were straightforward recovered from the insoluble
protein fraction produced under stress conditions. Purified soluble protein obtained
under mild production conditions was used to fabricate ArtIBs as described [18]. B. The
hFGF-2 soluble protein sample submitted to denaturing SDS-PAGE and further TGX
protein staining, revealing the integrity of the protein (18 kDa) and the absence of
degradation bands. The molecular weight of markers (left line) is indicated. C. MALDI-
TOF analysis of the same hFGF-2 sample, indicating different oligomeric states of the
protein in its native state. D. Molar ratio (protein:cation) of the tested divalent cations
that resulted in 100 % of ArtIB formation in hFGF-2-H6 and the control protein GFP-H6.
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Figure 2. Characterization of hFGF-2 IBs and hFGF-2 ArtIBs. A. Hydrodynamic size of
hFGF-2 IBs and hFGF-2 ArtIBs based on Zn?*. Numbers indicate the peak of the DLS plot
(size) and the polydispersion index (PDI). GFP-H6 ArtIBs Zn and soluble hFGF-2 were
used as control. B. Representative FESEM images at three magnifications showing from
broad fields to IBs detail of isolated hFGF-2 IBs and hFGF-2 ArtIBs Zn. Bars indicate: 500
nm. C. SDS-PAGE and further TGX protein staining or Western blot immunodetection of
both hFGF-2 bacterial IBs and hFGF-2 ArtIBs based on Zn?*. The molecular weight of
markers is also indicated. The migration of the soluble protein is shown in Figure 1 B. D.
Thio T fluorescence emission spectra recorded at | ex= 450 nm. Left: Thio T spectra of
hFGF-2 ArtIBs indicated by its cationic composition. The control represents the
fluorescence of Thioflavin T in carbonate buffer. Thio T interacting with soluble hFGF-2
was also included. Right: Thio T fluorescence emission intensity at 485 nm.
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Figure 3. Biological effects of hFGF-2 ArtIBs. A. Proliferation of NIH3T3 cells cultured on

hFGF-2 IBs and hFGF-2 ArtIBs during 48 h, a t final concentr 51.t i ons o
GFP-H6 ArtIBs were used as negative control and soluble hFGF-2 as positive control.
Significant differences with the respective GFP ArtIB controls are indicated (* p<0.01).
Differences between hFGF-2 ArtIBs and hFGF-2 bacterial IBs are also indicated (#
p<0.05). B. Survival of NIH3T3 cells cultured on starvation medium containing 1 % FBS

in the presenceof 1 g_l of mAGF-2 ArtIBs Zn, GFP-H6 ArtIBs Zn and soluble hFGF-2.
Data within upper and lower curves are significantly different to each other in the
interval from day 2 to day 6 (p<0.01).C. Representative light microscopy images of cells
at day 4 of the cell survival assay showing the morphological changes induced by hFGF-
2 ArtIBs Zn and soluble hFGF-2. Bars indicate 50 um.
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Figure 4. Release of soluble protein from hFGF-2 ArtIBs. A. Western blot detection of
hFGF-2 ArtIBs (formed by alternative cations) before and after incubation at 372C for 7
days. Western blot detection and the percentage of the released soluble protein after
incubation of those ArtIBs at 372C for 1, 3, 5 and 7 days is also shown. B. Proliferation of
NIH3T3 cells treated with the soluble hFGF-2 released from hFGF-2 ArtIBs during 48 h.
The cross-linking cations are indicated in each case. The symbols indicate significant
differences (* p<0.01, # p<0.05) with untreated cells or between cells treated with
released protein from diverse materials. C. Thermal stability of released soluble hFGF-2
from ArtIBs. Left: Typical intrinsic fluorescence spectra of soluble hFGF-2 recorded at
different temperatures. The arrow indicates the heating direction. Right: CSM vs
temperature. The black cross indicates the onset temperature (Tonset ) Of the soluble
protein and the green cross indicates the Tonset Of the protein released from ArtIBs.
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Figure 5. Wound healing activity. A. Measurement of wound area after culture-insert

removal. B. Measurement of wound areas coating with 1 g_1 of imAGF-2 ArtIBs Zn,
negative control GFP-H6 ArtIBs Zn and treatment with positive control, soluble hFGF-2.
Bars indicate 50 um. All measurements were done using the MRI wound healing tool
macro for ImagelJ. C. Wound closure area % determined in the wound healing assay after
2 and 4 days. On the last day of the experiment, the differences in these areas are
significantly different between soluble hFGF-2 and GFP ArtIB (p<0.01), and between
hFGF-2 ArtIB and GFP ArtIB (p<0.01). Wound closure area is also significantly different
between soluble hFGF-2 and hFGF-2 ArtIB (p<0.05).



