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A B S T R A C T   

Hexahistidine-tagged proteins can be clustered by divalent cations into self-containing, dynamic protein depots 
at the microscale, which under physiological conditions leak functional protein. While such protein granules 
show promise in clinics as time-sustained drug delivery systems, little is known about how the nature of their 
components, that is, the protein and the particular cation used as cross-linker, impact on the disintegration of the 
material and on its secretory performance. By using four model proteins and four different cation formulations to 
control aggregation, we have here determined a moderate influence of the used cation and a potent impact of 
some protein properties on the release kinetics and on the final fraction of releasable protein. In particular, the 
electrostatic charge at the amino terminus and the instability and hydropathicity indexes determine the disin-
tegration profile of the depot. These data offer clues for the fabrication of efficient and fully exploitable secretory 
granules that being biocompatible and chemically homogenous allow their tailored use as drug delivery plat-
forms in biological systems.   

1. Introduction 

Artificial systems for the slow leakage of functional proteins show 
promise as sustained drug delivery systems [1,2]. Among them, micro-
scale clusters of hexahistidine (H6)-tagged proteins are fabricated using 
divalent cations, that such as Zn2+, crosslink polypeptide chains through 
solvent-exposed histidine residues, in a reversible way [3–5]. Therefore, 
in contrast to other protein release platforms based on holding matrices, 
self-contained secretory granules fabricated in vitro disintegrate, in 
biological interfaces, into their building block polypeptides that act as 
drug and mechanically stable scaffold at the same time [6]. The use of 
this platform as a drug delivery system is feasible since the released 
polypeptides are properly folded and fully functional, enabling complex 
activities such as tumor targeting [7] or promotion of cell proliferation 
[8]. Such self-delivery of the forming protein molecules occurs by a 

process that might involve the loss of gluing cations, either by chelation 
or physiological dilution, what allows a progressive disintegration of the 
material and the resulting secretion event [9–11]. The self-containing 
nature of such protein depots, the amyloidal architecture and the 
involvement of divalent cations as cross-linking agents are properties 
similar to those found in functional amyloids occurring in nature 
[12–16], such as secretory granules in the human endocrine system 
[10,11,17,18] and bacterial inclusion bodies [19]. Also, the absence of 
any potentially toxic, non-protein sponge-like material acting as drug 
container or bulk material, not only simplifies the fabrication process 
but also alleviates safety concerns [20]. In this regard, the generation of 
the microscale granules is based on one single mixing (protein and 
cation) step [21] what allows envisaging industrial-scale production. 
Furthermore, the lack of heterologous holder materials also precludes 
any trace of toxicity linked to the delivery system and makes the whole 
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concept robust enough for regulatory demands and clinical adaptation. 
Importantly, the building blocks for the fabrication of secretory granules 
can be either plain polypeptides or protein oligomers, that in both cases 
keep their biological activity once released from the depots, in vitro and 
in vivo [22,23]. 

A main issue to be solved in the clinically oriented development of 
these systems is how to approach the regulation of the release dynamics 
of the embedded protein, or instead, which protein or fabrication fea-
tures might determine, as a whole, the secretory properties of such de-
pots. Being artificial secretory amyloids an emerging, still poorly 
explored platform, we have screened here this category of materials as 
formed by several recombinant proteins and divalent cations. By doing 
that, key physicochemical properties of the building block protein have 
been identified that define the performance and release kinetics from the 
granular depots during their physiological disintegration. This insight 
opens a door to a tailored fabrication of secretory microscale granules 
aiming at particular secretory profiles. 

2. Experimental section 

2.1. Protein production and characterization 

Four proteins, namely GFP-H6, T22-GFP-H6, EPIXRK-GFP-H6 and 
T22-HSNBT-H6, had been designed in house and the respective encod-
ing genes provided by GeneArt (Thermo Fisher, Waltham, MA, USA), as 
subcloned into the plasmid pET22b (Merck, Darmstadt, Germany). T22 
[24] and EPIXRK [25] are cationic peptides selectively binding the tu-
moral marker CXCR4. HSNBT is a modified domain of the human 
nidogen with structural similarities to GFP [26]. Both proteins have 
been used as scaffold materials for tumor-targeted, drug carrying 
nanoparticles. Plasmids encoding the proteins were transformed into 
Escherichia coli Origami B (DE3). Proteins were produced overnight at 
20 ◦C in Lysogeny Broth (LB) medium upon induction with 0.1 mM 
isopropyl-β-D-1-tiogalactopyranoside. Then, cells were harvested by 
centrifugation at 5000g for 15 min and resuspended in wash buffer (20 
mM Tris, 500 mM NaCl, 10 mM Imidazole, pH 8) in the presence of 
protease inhibitor (cOmplete™ EDTA-Free, Roche, Basel, Switzerland). 
Cell lysis was achieved by subjecting the protein to high pressure for 
three rounds at 8000 psi in an EmulsiFlex-C5 system (Avestin, Ottawa, 
ON, Canada). The soluble fractions of cell lysates containing each pro-
tein of interest were separated by centrifugation at 15,000g during 45 
min and then charged into HisTrap HP columns (Cytiva, Marlborough, 
MA, USA) for purification by immobilized metal affinity chromatog-
raphy (IMAC) in an ÄKTA pure system (Cytiva, Marlborough, MA, USA). 
Protein elution was attained by applying a linear gradient of elution 
buffer (20 mM Tris, 500 mM NaCl, 500 mM Imidazole, pH 8). Purified 
protein fractions were then dialyzed and stored in sodium carbonate 
(166 mM NaCO3H, pH 8), or saline sodium carbonate (166 mM NaCO3H, 
333 mM NaCl, pH 8), in the case of T22-GFP-H6. Protein purity and 
molecular mass were verified by SDS-PAGE gel electrophoresis and 
subsequent Western blot immunodetection using an anti-His mono-
clonal antibody (Santa Cruz Biotechnology, Dallas, TX, USA) (Supple-
mentary Fig. 1). Protein concentration was always determined via 
Bradford assay (Bio-Rad, Hercules, CA, USA). 

2.2. Fabrication of secretory granules 

To produce the secretory granules, 100 μg of each pure soluble 
protein were precipitated with an excess of four different divalent cation 
salt combinations, namely ZnCl2, CaCl2, MnCl2 and ZnCl2 + CaCl2. 
Precipitation reactions were carried out in phosphate-buffered saline 
(PBS) at physiological pH 7.4 in a final volume of 100 μl and final 
protein concentration of 1 mg/ml. After mixing the protein with the 
divalent ions in Eppendorf tubes, reactions were gently homogenized 
and left to react for 10 min, after which centrifugation at 15,000g for 15 
min was used to separate the microgranules in the insoluble fraction 

from the unreacted soluble protein in the supernatant. Molar excess 
ratios of divalent cations were defined as 1:300, 1:2000, 1:1200 and 
1:150 + 1500 (protein:cation) for Zn, Ca, Mn and Zn + Ca, respectively, 
based on previous studies [27]. The efficiency of precipitation for each 
protein and divalent cation combination was studied by comparing the 
soluble protein remaining in every reaction supernatant with the soluble 
protein in the supernatant of a control reaction, performed in PBS, 
without any divalent cation salt. 

2.3. Assay of granule disintegration and protein release 

A protein release assay was designed in which microgranules formed 
from 100 μg of each soluble protein were incubated for 21 days at 37 ◦C 
in PBS (pH 7.4). The released soluble protein was fully harvested from 
the supernatant at days 1, 2, 3, 7, 14 and 21 by centrifugation at 15,000g 
for 10 min, and fresh PBS was added to replace the subtracted volume. 
By the end of the 21 incubation days, the insoluble material was exposed 
to EDTA at the same molar concentration that the divalent cation used 
for the precipitation of each respective protein, to recover the total 
amount of chelated protein available in the granules. Finally, materials 
based on several protein-ion combinations were exposed to 5 mM 
dithiothreitol (DTT) and 10 mM EDTA to test whether disulfide bonds 
were responsible for the protein remaining in granular form even after 
chelation. To visualize the cumulative release of proteins from the 
granules over the course of the experiment, the plots were generated 
using the accumulated data for each day. 

2.4. Morphometric and physicochemical characterization of protein 
materials 

The protein hydrodynamic diameter was determined by Dynamic 
Light Scattering (DLS) at 633 nm and 25 ◦C in a Zetasizer Nano ZS 
(Malvern Instruments, Malvern, United Kingdom), using low volume 
cuvettes. All particle measurements were performed in triplicate. Only 
the most abundant peak (as measured by percent volume) in each 
measurement was used to calculate average peak sizes. Images of the 
precipitated granules were acquired in a ZEISS Merlin® FESEM (ZEISS, 
Oberkochen, Germany). Electron high tension was set at 2 kV and signal 
was taken using the secondary electron detector. Protein fluorescence 
was measured in a Qubit 4 fluorometer (Invitrogen, Waltham, MA, USA) 
by excitation at 470 nm (blue) and detection at the 510–580 nm range 
(green). Theoretical physicochemical properties (i.e. Aliphatic index, 
GRAVY, Instability index), were calculated from the amino acid se-
quences via the ProtParam tool on the Expasy Server [28]. Theoretical 
absolute charge for each protein at pH 7.4 was calculated using the 
Peptides R package in the Lehninger pK scale (R version 4.2.1) [29]. 

2.5. Determination of amyloid content 

Amyloid content in T22-HSNBT-H6 protein granules was determined 
using the Thioflavin T (ThT) assay. Briefly, 25 μM of ThT (Sigma- 
Aldrich) was added to 0.1 mg/ml of the protein sample in PBS. Fluo-
rescence intensity was registered at 485 nm after excitation at 450 nm in 
a Varian Cary Eclipse spectrofluorometer (Agilent Technologies, Santa 
Clara, CA, USA). The cross-beta-sheet structure of the protein cluster 
was distinguished from the control soluble protein by the increase in dye 
fluorescence emission caused by the interaction with amyloidogenic 
protein. GFP-containing constructs could not be assessed via the ThT 
assay due to the interference of their inherent fluorescence emission. In 
such cases, amyloid content was measured using attenuated total 
reflectance-Fourier transform infrared spectroscopy (ATR-FTIR). In this 
method, insoluble protein samples were placed in a Tensor 27 Bruker 
spectrometer with a Specac's Golden Gate Attenuated Total Reflectance 
(ATR) accessory. Measurements were done at room temperature in a 
continuous N2 flow, on spectroscopic crystal surfaces. Spectra were 
recorded 16 times at a scan rate of 50 cm− 1/min with a nominal 

E. Parladé et al.                                                                                                                                                                                                                                 



International Journal of Biological Macromolecules 250 (2023) 126164

3

resolution of 2 cm− 1. The absorbance values were corrected by sub-
tracting the background. Fourier deconvolution of the spectra and the 
second derivative allowed the identification and analyses of different 
band components. The fitting of components to the original spectrum 
(prior to deconvolution) was performed assuming a Gaussian shape. All 
data were processed using Peakfit 4.1.2. 

2.6. Statistical analyses and data plotting 

Ordinary one-way ANOVA with post-hoc Tukey's test was used to 
evaluate differences in protein precipitation. A saturation model (Sup-
plementary Eq. 1) was employed to fit the protein release data and 
extract relevant indexes using a confidence interval of 95 % and R 
squared was used to quantify the goodness-of-fit. All statistical analyses 
were performed in GraphPad Prism 8.0.2. All assays were performed at 
least in triplicate. Nested circle graphs were made using Matplotlib in 
Python 3.8.16 and the correlation matrix was plotted using the corrplot 
package in R 4.2.1. All other graphs were plotted in GraphPad Prism 
8.0.2. 

3. Results 

Four H6-tagged proteins, which share specific domains (Fig. 1A, 
Supplementary Table 1) but with distinguishable physicochemical 
properties (Fig. 1B, Supplementary Table 2), were produced in recom-
binant E. coli and selected for pairwise comparison upon the construc-
tion of artificial secretory granules. In three of them, a cationic peptide 
(CP) was present at the amino-terminus of the construct (Fig. 1A). We 
were interested in determining which protein properties might be 
involved in the dynamic performance of the resulting depot material, 
that releases the building block protein in a time sustained way. The 
ability of the model polypeptides to precipitate into insoluble aggregates 
was tested by using four different formulations, which involved cationic 
forms of Ca, Mn and Zn. As observed (Fig. 1C, D), Ca was less capable, in 

comparison to alternative cations, to aggregate the soluble protein 
versions into insoluble material. In contrast, the Zn-based clustering was 
generically the most efficient. At exception of GFP-H6, the aggregation 
profile of the model proteins was very similar (Fig. 1C). However, the 
presence of a cationic peptide at the amino terminus was found as 
enhancer of aggregation, marginally when using Ca, but especially in 
Mn and Zn + Ca mixtures for protein clustering (Fig. 1D). The discrete, 
granular nature of the resulting protein aggregates was confirmed by 
Field-Emission Scanning Electron Microscopy (FESEM), that revealed 
the occurrence of particles sized between 2 and 15 μm in diameter 
(Fig. 1E, F). To assess that these structures were not mere metal pre-
cipitates, control FESEM images of mixtures of PBS and cation salts (in 
absence of protein) were taken (Supplementary Fig. 2). They showed 
precipitates larger and clearly distinct in their appearance and structure 
from those shown in Fig. 1E, F. This observation confirmed that as ex-
pected, the materials studied here were not artifacts formed by insoluble 
metal phosphates but true protein granules. 

The aggregates formed through the above protocols, once washed, 
were incubated in physiological buffer at 37 ◦C, for increasing time 
periods and with replacement of the media. Such replacement was 
implemented to break any possible balance between insoluble and sol-
uble agents that might inhibit any release, and to mimic, as much as 
possible, the waving in vivo conditions. The potential content of protein 
in the supernatant was periodically determined to assess the dynamic 
nature of the depots and to comparatively plot the kinetics of its release 
from the insoluble material. While EPIXRK-GFP-H6 was continuously 
leaked for at least 21 days from Ca-based granules, most of the proteins 
in most of the conditions showed an asymptotic release, with good fit-
tings, which declined or stopped at around 7 days (Fig. 2A). Although 
some consistencies were found, such as the fact that Zn + Ca generically 
rendered materials with low protein leakage, a very divergent set of 
profiles was observed when comparing different proteins (Fig. 2A, B). 
This fact revealed an influence of the intrinsic protein properties on the 
capability of a particular protein to be released from the cation- 

Fig. 1. A. Modular representation of the four protein models. Same colors indicate shared domains. B. Graphical representation of selected physicochemical pa-
rameters from Expasy's ProtParam. Values were calculated from the amino acid sequence of the chosen models. C. Percentage of soluble protein successfully 
precipitated after the addition of divalent cation salts of Ca, Mn, Zn and Zn + Ca, for each model protein. D. Percentage of soluble protein successfully precipitated 
after the addition of divalent cation salts to GFP-based proteins displaying only the His tag (H6) or displaying both a cationic N-terminal peptide and the His tag 
(CPH6, dashed bars). Statistical significance is represented as ** (p < 0.01), *** (p < 0.001), **** (p < 0.0001) and ns (not significant). E. Representative FESEM 
images of Zn-based secretory granules of each model protein. Scale bar: 2 μm. F. FESEM images of Ca, Mn and ZnCa-based secretory granules using the same model 
protein T22-GFP-H6. Scale bar: 2 μm. 
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mediated clusters along time. 
The protein released from each protein-ion combination granules 

was investigated using DLS to assess its size and implications following 
release (Supplementary Fig. 3A). Specifically, T22-GFP-H6 leaked from 
Zn-bound granules was chosen as the model protein for an in-depth 
study. Such analysis revealed a significantly larger size and the pres-
ence of multiple populations compared to nanoparticles formed by the 
same pure protein straightforwardly assembled with ZnCl2 0.04 mM 
(Supplementary Fig. 3B, green profiles). This observation suggested that 
Zn dragged from the granules and associated to the protein might be 
responsible for the observed high size. To verify this hypothesis, we 
conducted an additional experiment where EDTA was added to both 

T22-GFP-H6 control nanoparticles and the sub-micron particles released 
from the granules. The results demonstrated that both sample pop-
ulations reverted their size to that of the soluble full-length protein form 
observed before any incubation (Supplementary Fig. 3B, black profiles). 
This observation further supports the role of bound Zn in enhancing the 
size of the released protein that is organized as oligomers. In addition to 
size analysis, we assessed the folding status of the solubilized T22-GFP- 
H6. By comparing its fluorescence emission with the control buffer and 
with the non-fluorescent T22-HSNBT-H6 (Supplementary Fig. 3C), we 
observed clear and functional fluorescence emission, thus confirming 
that a proper folding was retained by released protein species. 

The asymptotic protein released from most of the generated depots 

Fig. 2. A. Graphical representation of the soluble protein released from the secretory granules at different time points along a 21-day incubation. Each subsequent 
data point represents the newly solubilized protein added to the previous value. Data were fitted in a non-linear saturation model (Supplementary Eq. 1). B. Detailed 
information from each release curve indicating the average total of released protein (RAVG), minimum (RMIN) and maximum (RMAX) release values in a 95 % 
confidence interval, and time at which half of the releasable protein has been liberated (R50). C. Proportion of protein released at the endpoint (21 days) of the release 
assay (panel A) for each model and divalent cation combination tested. D. Proportion of protein available for release (sum of released protein after 21 days and EDTA- 
triggered release at the endpoint) for each model and divalent cation combination tested. 
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suggested the occurrence of a certain fraction of protein not releasable 
by mere incubation in physiological buffer (Fig. 2A, C). However, when 
the depots incubated in buffer and exhausted for 21 days were further 
exposed to EDTA, the chelation of metals released additional protein 
amounts (Fig. 2D) without the complete solubilization of the granules. 
In this regard, a certain fraction of the depot protein (ranging from <1 % 
to around 87 %) was still reluctant to chelation and therefore not 
available (Fig. 2D). Overall, the high variability in the amount of 
available protein indicated again that protein features determine the 
solubilization potential from the granules and confirmed the moderate 
impact of the cation formulation, used for fabrication, on the disinte-
gration process. 

The nature of the core protein reluctant to release, was however 
unclear. In previous studies we had demonstrated that soluble histidine 
(but not other amino acids), added to the media, disrupted the metal- 
assisted oligomerization of His-tagged proteins [30], being such nano-
scale oligomers intermediates in the formation of micro-scale granules 
[31]. However, since Cys residues might be potentially involved in the 
clustering of polypeptides and partially responsible from the occurrence 
of recalcitrant cores, a select subset of granules precipitated with ZnCl2 
was submitted to a further solubilization with DTT and EDTA, to explore 
the potential fraction of thiol-bound protein (Supplementary Fig. 3D). 
The results indicated that 100, 26.7 or 15.6 % of the protein remaining 
in the recalcitrant cores of T22-GFP-H6, EPIXRK-GFP-H6 and T22- 
HSNBT-H6, respectively, could be further released under specific 
reduction and chelation conditions. For the last two proteins, that 
exhibited a recalcitrant core even after reduction and chelation, we 
conducted a comprehensive study of their amyloid content, previously 

detected and believed to contribute to the mechanical stability of the 
materials [7]. For T22-HSNBT-H6, we employed the ThT assay (Sup-
plementary Fig. 3E), while for the intrinsically fluorescent EPIXRK-GFP- 
H6, we obtained the ATR-FTIR spectra (Supplementary Fig. 3F). Both 
analyses provided compelling evidence of the amyloid content in the 
granules, confirming previous determinations with similar His-tagged 
proteins [7]. 

Envisaging a clinical applicability of secretory granules based on 
spontaneous self-disintegration, identifying such key protein features 
might allow discarding specific protein drugs from their administration 
in such a format, since low release/availability values would not result 
in a biologically relevant impact, as desired in a drug. For that, 
biochemical parameters and protein leakage data were compared pair-
wise (Fig. 3A, Supplementary Table 3). In this context, protein release 
average (RAVG, Fig. 2B) and protein availability (upon forced, chelation- 
assisted release, Fig. 2D) correlated well (Fig. 3B, r = 0.7, p = 0.0074). 
This fact indicated that the EDTA-assisted protein solubilization from 
depots and the spontaneous protein release when these granules were in 
buffer were not different events, but temporal pieces of the same cate-
gory of disintegration event. Therefore, this observation also confirmed 
that the protein release in buffer was based on the spontaneous chelation 
of the gluing cations, which having a biochemical limit in a buffered 
closed solution might be further exploited by the addition in EDTA. 

In the whole comparison and among the other tested parameters, the 
instability index was found as inversely determinant of both protein 
release (Fig. 3C, r = − 0.7, p = 0.0061) and availability (Fig. 3D, r =
− 0.9, p < 0.0001), while in the case of the GRAVY (Grand average of 
hydropathy) index, protein release correlated in the border of 

Fig. 3. A. Correlation matrix of relevant physicochemical parameters against the average released protein (RAVG, Fig. 2B) or available protein (Fig. 2D), regardless of 
the divalent cation used for granule precipitation. A red-white-blue color gradient is used to represent Pearson r correlation scores from − 1 to 1. Higher color 
saturation indicates a stronger negative (red) or positive (blue) correlation. Statistical significance is represented as ⋅ (p < 0.1), * (p < 0.05), ** (p < 0.01), *** (p <
0.001), **** (p < 0.0001) and ns (not significant). Pairwise correlations further explored in panels B to H are highlighted with a black border. B. Pairwise comparison 
displaying the relationship between released protein and available protein levels. C, D. Pairwise comparison demonstrating the correlation between the instability 
index and protein releasability or availability, respectively. E, F. Pairwise comparison featuring the association between the GRAVY index and protein releasability or 
availability, respectively. G, H. Pairwise comparison showcasing the relationship between the proportion of negative residues and protein releasability or availability, 
respectively. 
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significance (Fig. 3E, r = − 0.4, p = 0.1064) but fully consistent with 
availability (Fig. 3F, r = − 0.9, p < 0.0001). The dispersion of the iso-
electric point regarding the pH of the release buffer and the absolute net 
charge of the protein (either positive or negative) were also slightly 
linked in a positive tendency to the amount of available protein (r = 0.5, 
p = 0.0364 and p = 0.0713, respectively). Lastly, the proportion of 
charged residues, and especially the ones with negative charge, was 
strongly and positively correlated with both the released (Fig. 3G, r =
0.7, p = 0.0041) and the available protein (Fig. 3H, r = 0.8, p < 0.0001). 
As seen in this case, but also applicable to the whole dataset, trends 
hinted by correlation data from released proteins are consolidated when 
the equivalent comparison is made using the available protein values. 
This is to be expected, as the statistical strength of the released protein 
variable relies on values of an arbitrary timespan (21 days), which is 
fairly representative but does not comprehend the entire nature of the 
material. This is in contraposition to the available protein variable, 
forced by EDTA chelation, that ultimately mirrors the release at a 
potentially indefinite amount of time. 

4. Discussion 

Secretory granules from the mammalian endocrine system store 
protein and peptidic hormones as amyloidal clusters, that belong to the 
so-called category of non-toxic, functional amyloids [10,11,32–34]. Zn, 
in its cationic form, sustains the amyloidal structure of these granules 
through coordination with the imidazole ring of histidine residues from 
different polypeptide chains, which result cross-linked [11,32]. Bacte-
rial inclusion bodies show a similar amyloid architecture [35], in which 
histidine residues in the recombinant protein favor their clustering as 
insoluble aggregates in the bacterial cytoplasm [19]. Since an important 
fraction of the polypeptides embedded into inclusion bodies show a 
native or quasi-native conformation [36], they are releasable in vitro by 
mild solubilization treatments [37]. Because of the occurrence of such 
quasi-soluble fraction of active and functional protein in inclusion 
bodies, these microscale particles have been used in vivo, upon subcu-
taneous injection, as depots for prolonged protein drug delivery [38]. In 
the release of proteins from both secretory granules and bacterial in-
clusion bodies, chaperones from the media or intimately linked to the 
material are probably involved [32,39,40]. 

Recently, artificial versions of such amyloidal depots have been 
generated by very simple fabrication protocols, consisting in the gentle 
mixing of his-tagged pure proteins with divalent cations [9,21]. 
Importantly, most of recombinant proteins produced by recombinant 
DNA technologies are his-tagged [41], what allows widely exploiting the 
clustering properties of Zn and other divalent cations that are usually 
present in the healthy mammalian body (and therefore, biocompatible 
[42]). In this regard, the concentration of metals used for the fabrication 
process (10 mM for Zn) is higher than the local levels found in the 
human body (2–15 μM for Zn, [43]), thus preventing an in vivo rever-
sion of the disintegration process. However, they are far below the 
recommended daily uptake [44], making the materials safe in this re-
gard. The resulting microscale granules show slow release (for weeks) of 
the forming protein upon subcutaneous administration in vivo and also 
in vitro, at 37 ◦C and at physiological pH [4,27]. This is probably 
occurring by the natural dilution of the gluing metal in the body tissues 
or/and by the action of the abounding natural chelators [45,46]. The 
released protein is mostly found in a nanoscale oligomeric form, and 
when containing GFP, fully fluorescent (Supplementary Fig. 3). This is 
indicative of a proper folding status of the leaked protein, what is in 
agreement by previous studies in which released targeted peptides [7], 
cytotoxic proteins [7,8] or growth factors or enzymes [47] performed 
their expected functionalities upon release. 

In contrast with bacterial inclusion bodies, which are heterogeneous 
mixtures of the recombinant protein plus bacterial molecules (proteins, 
nucleic acids, and cell wall components, [48,49]), the synthetic versions 
are chemically pure and can smoothly face a clinical development. A 

main concern about the design and use of such dynamic depots is how 
the disintegration process does occur, and how it can be modulated for a 
higher performance of the drug delivery platform. Obviously, in contrast 
to secretory granules for hormone storage and release, or to inclusion 
bodies (intracellular protein repositories), intrinsic chaperone activities 
can be discarded as promoters of disintegration. Here we have demon-
strated that the cation used for clustering has only a moderate influence 
on the amount of protein that can be spontaneously released in buffer or 
removed by EDTA addition (Fig. 2A–D), even ion Ca is clearly less 
efficient that other tested formulations in the aggregation process 
(Fig. 1C). This fact indicates that the position of the cation in the Irving- 
Williams series [50] and the resulting strength of the coordination are 
not straightforwardly responsible for favored protein release or reten-
tion. On the other hand, different proteins (Fig. 1A) with distinguishable 
biochemical properties (Fig. 1B) show divergent patterns of protein 
release (Fig. 2A–C). When screening such properties, instability and 
hydropathicity indexes show an inverse correlation with the soluble 
protein fraction upon both spontaneous disintegration in buffer or 
EDTA-assisted disassembling of the material (Fig. 3C–F). The instability 
index estimates a protein's stability in a test tube, based on previous 
studies that identified specific dipeptides showing significant differences 
in occurrence between unstable and stable proteins [51]. To each of the 
400 different dipeptides studied was assigned a weight value of insta-
bility, allowing the computation of an instability index. A value below 
40 predicts protein stability, while a value above 40 suggests potential 
instability. Among the four tested proteins in our study, T22-HSNBT-H6 
is the only one with an instability index above 40 (47.99) and, inter-
estingly, the one that exhibited the higher proportion of insoluble pro-
tein remaining in the granule at the end of the incubation assay. This 
case serves as a prominent example that underpins the observed the 
correlation (Fig. 3C, D) between higher instability and an increased 
propensity for protein insolubility, thus reinforcing its significance. 

The proportion of negatively charged residues also shows an impact 
(Fig. 3G, H). In fact, GFP-H6, that in contrast to the other three model 
proteins lacks a positive net charge at the amino terminus, (Fig. 1A) is 
more reluctant to aggregation (Fig. 1C) and the aggregates are more 
rapidly disintegrated in vitro than those formed by other proteins 
(Fig. 2A, B). The total fraction of available protein is higher in the ag-
gregates formed by this protein version (Fig. 2C, D). In fact, cationic 
peptides at the amino terminus have previously been demonstrated to 
position monomers for the formation of nanoscale protein oligomers 
[52], which in this case are driven by the coordinating H6 tag. Then, the 
occurrence of a cationic peptide at the protein amino terminus is an 
enhancer of both aggregation and prolonged time-release of protein 
from the formed aggregates. Such type of peptides might also favor the 
release of protein in form of relatively stable nanoscale oligomers [53] 
as seen here (Sup. Fig. 3B), that for applications in nanomedicine is 
highly interesting since this fact would provide a multiple presentation 
of cell-targeting agents or functional protein drugs [54–56]. 

Importantly, the amount of released protein (in buffer) correlates 
well with the amount of available protein (Fig. 3B), understanding such 
protein fraction as the total amount that can be extracted from the ag-
gregates by EDTA addition. A certain fraction of protein, a granule core 
reluctant to solubilization, variable when comparing proteins (Fig. 3D), 
might correspond to amyloidal protein, that at least in some specific 
polypeptides has been estimated to be around 40 % in both bacterial 
inclusion bodies and in synthetic secretory granules. Such good corre-
lation between released and available protein as stressed above 
(Fig. 3B), indicates that the spontaneous disintegration of granules 
observed in vitro and in vivo [4,27] that allows the release of functional 
protein is caused by the progressive chelation of the clustering ion 
without any potential additional mechanism. The rate and profile in 
which this event occurs, is mediated, as supported by the present data, 
by precise biochemical properties of the protein building block. 
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5. Conclusion 

Synthetic protein microscale granules, fabricated through the 
controlled coordination between divalent cations and His residues, are 
convenient time sustained delivery systems for protein drugs, which 
mimic secretory amyloids from the endocrine system and other natural 
protein depots, such as bacterial inclusion bodies in recombinant bac-
teria. The particular divalent cation used for clustering of His-tagged 
proteins into such dynamic depots has only a moderate impact on the 
availability of the protein and on the kinetics of its physiological release. 
However, key properties of the building block protein such as instability 
and hydropathicity, and at minor extent, its anionic character, 
dramatically influence the pattern of leakage and the amount of material 
that can be made available from a recalcitrant core. On the other hand, 
the spontaneous disintegration of the microgranules is a chelation- 
linked event, in which the gluing cation is progressively detached 
from the material. Knowing the protein properties that determine the 
disintegration rate and the extent of biological availability is essential 
for the design of advanced drug delivery systems with secretory prop-
erties. Being mechanically stable and resulting from easy fabrication 
processes, synthetic secretory depots emerge as extremely useful tools in 
the biomedicine of conditions that require a sustained supply of func-
tional proteins. In addition, these microscale depots are based in self- 
organizing principles in which the building block protein act as both 
the drug and the scaffold that provides mechanical stability to the ma-
terial. This fact allows skipping the use of chemically heterogeneous 
holding porous materials or matrices, which might pose biocompati-
bility and toxicity issues when designing a specific controlled drug 
release platform. 
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A. Falgàs, E. Voltà-Durán, I. Casanova, A. Sánchez-Chardi, H. López-Laguna, 
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