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In diverse clinical settings, the application of advanced medical treatments and drug delivery 

approaches require the development of fully biocompatible materials with the ability to 

release functional drugs in a time-prolonged way. Ideally, the delivered molecules should be 

self-contained in the form of a chemically homogenous entity, to prevent the use of 

potentially toxic scaffolds or holding matrices. In nature, peptidic hormones are self-stored in 

protein-only secretory granules formed by the reversible coordination of Zn2+ and histidine 

residues. Inspired by this concept, we have developed, analyzed and comparatively applied an 

in vitro transversal procedure for the fabrication of protein-only secretory granules at the 

microscale, aimed to sustained protein drug delivery. These materials can be produced out 

from any polyhistidine-tagged protein by using physiological concentrations of Zn2+ as a 

potent and versatile glue-like agent. By the screening of granules formed by 12 engineered 

and non-engineered proteins at different Zn2+ concentrations, we have defined optimal 

fabrication conditions and determined the consequent further release kinetics. Moreover, we 

have assessed the functional and structural properties of the delivered protein using a drug-

targeting protein platform in a mouse model of human colorectal cancer. Finally, the 

incorporation of short histidine tags allows the packaging of structurally and functionally 

dissimilar polypeptides, what validates the proposed fabrication method as a standard, generic 

and powerful protocol extensible to diverse scenarios in which slow protein drug delivery is 

required.  

 

The capability of a material to release drugs in a sustained way is appealing in the clinical 

setting, as its use might provide steady drug concentrations at local or systemic levels without 

repeated dose administration or under a lower dosing frequency. [1] Because of saved costs 

and improved patient comfortability new drug delivery platforms based on this concept are 
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under development. For that, matrices constructed with selected materials are being generated 

so that when arranged in a sponge-like form, they are ready to entrap different types of drug 

molecules for their time-prolonged delivery, once implanted in the body. [2] Therefore, the 

final form of such usable structures is a hybrid composite formed by the scaffold and the drug. 

As in the case of nanocarriers for intracellular drug delivery, [3] the material used as container 

might present toxicity issues thus posing severe regulatory concerns [4] and then, its use 

should be desirably avoided. In the case of nanoconjugates, ‘taking the vehicle out’ [3] of the 

delivery system would involve the design of self-assembled, self-delivered drugs, a goal that 

has been reached at different extents and by taking different strategies, [5, 6] and that is 

particularly suited for protein-based therapies of cancer. [7] Regarding sustained delivery 

systems, avoiding a scaffold in the drug reservoir would imply developing platforms in which 

the drug is self-clustered in absence of any supportive matrix, into mechanically stable but 

disintegrable materials from which the building blocks should be progressively released 

(Figure 1).  

In nature, the appropriate levels of peptide and protein hormones are reached by their delivery 

into blood from secretory granules, [8] namely non-toxic amyloidal clusters formed by the 

hormone itself. [9, 10] The Zn ion (Zn2+) is the molecular glue involved in hormone packaging 

through its divalent coordination with histidine residues from different polypeptides. [11] 

Being Zn2+ a nontoxic metal largely occurring in the human body for multiple functions, [12] 

its in vitro use as a glue-like agent for the generation of protein-only clusters, mimicking 

secretory granules, should be perfectly feasible. In fact, the exploration of Zn2+ for the 

generation of artificial protein complexes at both nano- or microscales has already started 

from different approaches and aimed at different biomedical uses, [13, 14, 15] resulting in 

progressively developed procedures for the fabrication of promising protein materials. [14] 

Recently, Zn2+ and other divalent cations have been adapted to generate protein-only 

microparticles through the coordination with overhanging histidine rich tails or even with 
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intrinsic histidine-rich regions.[16, 17] In vitro, these protein clusters release the forming protein 

in a time sustained way during a slow disintegration process, [16, 17] that is mirrored in vivo 

upon subcutaneous implantation of the material. [17] The released protein is functional and 

capable of clinically-oriented activities such as precise tumor cell targeting and selective 

destruction of cancer tissues through highly cytotoxic microbial toxins. [17] In fact, these 

protein clusters, sizing a few micrometers, have been named artificial inclusion bodies 

(ArtIBs),[17] as they are structurally and functionally similar to a category of non-toxic 

functional amyloids (namely natural IBs) found in recombinant bacterial cells [18, 19]. Upon 

injection in animal models, such natural IBs act as dynamic depots of the forming protein, [20] 

but their heterogenous composition (that includes undetermined amounts of bacterial 

macromolecules) prevent their systemic use in humans. 

Regarding the ability of artificial protein granules to disintegrate in functional building 

blocks, it would be interesting to explore to which extent, the capability to release functional 

protein can be tailored, envisaging particular clinical purposes for which different protein 

drug releasing rates would be convenient. For that, we have constructed Zn2+-induced clusters 

of T22-GFP-H6 to investigate them as depots of releasable protein and to test the regulatable 

nature of the disintegration process. T22-GFP-H6 (Figure 2 A) is a modular protein 

previously developed as a targeting agent in cancer therapies. [21, 22] Zn2+ was mixed with 

protein solutions at increasing concentrations of the metal by a simple procedure (Figure 2 A), 

rendering the fast formation of increasing amounts of insoluble aggregates (Figure 2 B). A 

complete precipitation of the soluble protein was already achieved at around 10 mM of the 

metal, conforming pellets that were fully fluorescent in all cases (Figure 2 B). This fact 

indicated a proper folding of GFP even in such clustered form. In this regard, it has been 

recently shown that the GFP oligomerization does not disturb the emission capacity of the 

protein, whose stability might be even enhanced. [23] The aggregated material appeared as 

discrete fluorescent particles with slightly irregular surfaces (Figure 2 C), with round or 
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oblong shapes and of around 4-5 µm in diameter (Figure 2 D). In these particles Zn2+ was 

detected homogeneously only in the bulk structure and clearly dependent on the Zn2+ 

concentration used for fabrication (Figure 2 D). The surface of the microparticles  slightly 

changed  from rough to smooth, at increasing concentrations of the crosslinking metal (Figure 

2 D), indicative of a more compact architecture and protein packaging as the availability of 

metal increases.  

During incubation with conventional physiological phosphate-buffered saline (PBS) and 

under gentle agitation, microparticles formed by different Zn2+ amounts progressively 

released the forming protein until the loss of 100 % of the material and the full disintegration 

of the cluster (Figure 3 A). The lowest concentration of Zn2+, however, generates granules 

with a fast protein leakage, while the highest metal doses result in more stable materials with 

a smoother protein release profile. This finding indicates how the compactness and stability of 

the original material can be regulated by adjusting the amount of the linking divalent cation 

during the fabrication process. Concentrations of Zn2+ around 10 mM showed an intermediate 

behavior, resulting in materials with tightly attachment but still highly releasable protein. In 

all cases, the solubilized T22-GFP-H6 occurs as small oligomers of around 13 nm in size 

(Figure 3 B), similar to the form adopted by the soluble T22-GFP-H6. This protein, when 

purified from producing bacterial cells, forms regular toroid nanoparticles of this size. [24] It 

must be noted that the protein packaged as granules showed slightly lower fluorescent 

emission than the soluble version (Figure 3 C). This fact could be due to a self-quenching 

event occurring in protein clusters, although minor conformational changes linked to 

dissociation from the bulk material cannot be discarded, as the protein is structurally flexible. 

[25] Granule disintegration was, as expected, stimulated by EDTA but progressively inhibited 

by Zn2+ (Figure 3 D) at increasing concentrations, an observation that fully confirmed the 

structural role of the metal in the cluster architecture.  
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All the above data clearly demonstrated the feasibility to control both the architecture at the 

microscale and the protein release profile of Zn2+-driven microparticles, which behave as 

depot materials with stable secretion properties. However, to evaluate at which extent the 

proposed technological platform is extensible to proteins other than the used model, a set of 

protein species related and unrelated to T22-GFP-H6 was selected for further testing (Figure 

4). Most of them carry a conventional hexahistidine (H6) tag either placed at the N- or C-

terminus or accommodated in the protein core, whereas other ones carry the unconventional 

H3A, H5T and H5E tags, with a lower number of histidine residues. Moreover, the histidine-

containing, tag-less human serum albumin (HSA) and bovine serum albumin (BSA) were also 

included. When tested for their capability to precipitate as Zn2+-driven microparticles, all 

these proteins responded to the presence of the divalent cation by aggregating in 

concentration-dependent profiles comparable to that of the control T22-GFP-H6 (Figure 5). 

However, the responsiveness to the crosslinking properties of Zn2+ was clearly distinguishable 

among the protein set, ranging from a very sensitive, aggregation-prone protein (namely T22-

GFP-H6LOOP, with a non-terminal solvent-exposed H6 tag) to the hardly clustering tag-less 

HSA and BSA (Figure 5). Proteins carrying the unconventional histidine tags were equally 

responsive than T22-GFP-H6. Protein sensitivity to Zn2+ as a crosslinker was numerically 

determined by calculating a max P% (the maximum percentage of protein precipitated by a 

defined Zn2+ concentration), that rendered a scale of tendencies by which proteins could be 

ordered. A numerical analysis of these data confirmed that the presence of a histidine tag 

(versus the naturally occurring histidines in the primary protein sequence) dramatically 

favored aggregation (Figure 6A). On the other hand, neither the scaffold (Figure 6B), the 

presence of a highly cationic peptide (Figure 6C) or the particular number of histidine 

residues in the protein sequence (Figure 6D) presented a statistically significant influence on 

microparticle formation. However, clear tendencies were indeed observed, where the capacity 

to reach maximum precipitation decreased compared to the model T22-GFP-H6 (Figure 6). 
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To fully assess the proposed methodology as a feasible fabrication process for usable 

pharmacological biomaterials, we selected T22-GFP-H6 as a fluorescent model protein for a 

final analysis. This polypeptide self-assemble as CXCR4-targeted, 12 nm-nanoparticles, that 

have been recently used to selectively deliver conventional antitumoral drugs [21] and 

cytotoxic fusion proteins [26] to CXCR4+ human cancers. A 9.8 mM cationic Zn concentration 

(corresponding to a metal: protein ratio of 50:1), was selected for the fabrication test. This 

cation dose promotes an efficient aggregation process (Figure 1B) that renders stable, well 

formed microparticles (Figure 1D), with a robust, time-prolonged protein release profile 

(Figure 3A). In vitro, protein liberation initiated at 5 h, and all the forming protein was 

released within a 6-7 day period. Then, the granules constructed under these conditions appear 

as an optimal intermediate architecture between that promoting an immediate disintegration of 

the material (< 8 mM) and that showing too tight protein retention (> 19 mM) for a drug depot 

(Figure 3A).  

The fabrication process of T22-GFP-H6 granules rendered a very repetitive efficiency in the 

packaging of the protein as regular microparticles (Figure 7A), with a packaging efficiency 

higher than 75 % and with less than 10 % variability between six independent fabrication 

batches. The granule size was also reproducible comparing those batches (around 1 micron, 

Figure 7B), with only a moderate reduction upon sonication (Figure 7B). This fact reflects the 

mechanical stability inherent to the protein material, that was confirmed by the stability of its 

fluorescence emission (Figure 7A, inset). The protein released in vitro by these granules is 

organized in 11-12 nm oligomers, which resulted also stable in front of the mechanical stress 

posed by sonication (Figure 7C). The released nanoparticles kept the CXCR4-targeting 

conferred by the N-terminal peptide T22, [27] as demonstrated by the inhibition of protein 

internalization into CXCR4+ cells by the CXCR4 antagonist AMD3100 [28] (Figure 7D). 

Then, since the T22 targeting was fully functional in the released material, we decided testing 

the tumor targeting properties of T22-GFP-H6 administered to animals in form of secretory 
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granules. For that, 1 mg of secretory granules were subcutaneously injected in a mouse model 

of human CXCR4+ colorectal cancer, in an injection point remote to the tumor. At different 

times, GFP fluorescence emission from tumor, liver and kidney was recorded ex vivo. As 

observed (Figure 7E), the fluorescence levels at the injection point decreased progressively at 

least during 10 days, while a fluorescent signal concomitantly increased in tumor but not in 

liver or kidney (Figure 7E). The weight of the administered animals increased normally 

without differences comparing to a control group injected only with buffer (Figure 7F), 

indicative of absence of acute toxicity associated to the subcutaneous administration of 

secretory granules. 

 

Divalent cation coordination mainly based on Zn2+ but also on other cations (such as Cu2+ and 

Ca2+) is a natural mechanism to assemble proteins, and in fact, it is the molecular basis of 

amyloid formation and stable architecture. [29] Among non-functional amyloids, whose 

occurrence and relevance as natural regulators is progressively revealed in a diversity of 

organisms and systems, [10, 30, 31] an important fraction of them acts as physiological protein 

depots, whose components are progressively released to the medium upon appropriate stimuli. 

[8, 11, 32] Mainly because of their structural properties, amyloids are explored as components of 

novel biomaterials with supportive functions, [31, 33] but their potential as disintegrable depots 

has been much more neglected. Here we demonstrate the feasibility to generate, in a 

controlled fabrication process, microscale protein-only particles by using physiological 

concentrations of Zn ion and by means of simple procedures. These particles mimic in 

morphology and molecular architecture the category of bacterial amyloids named IBs [18] but 

also the secretory granules of the human endocrine system whose activities are modulated by 

the Zn2+-histidine coordination. By the appropriate setting of the in vitro fabrication 

conditions, both the protein clustering (Figure 2) and further release (Figure 3, 6) kinetics can 

be easily controlled. In addition, the comparative examination of 12 related and unrelated 
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proteins (Figure 4, 5) has revealed important key factors in the performance of such artificial 

secretory granules, mainly related to the presence, nature and positioning of a histidine tag 

(Figure 6). By the appropriate selection of the metal concentration, secretory granules with a 

release profile convenient for in vivo applications have been constructed, through a simple, 

robust and reproducible fabrication process. In this context, the feasibility of the applicability 

of the proposed platform has been fully validated from the biofabrication side and also 

regarding the in vivo performance and biosafety of the resulting protein depots (Figure 7).  

Of course, the platform proposed here is restricted to protein drugs and it excludes chemicals 

(Figure 1), but the increasing prevalence of proteins approved by clinical use [34] shows a wide 

spectrum of potential clinical landscapes and markets. These insights should make possible a 

semi-rational design of protein-only artificial secretory granules (formed by the drug as the 

unique component) for sustained protein drug release, aimed to overcome the obstacles 

potentially posed by external drug holders such as hydrogels, porous materials and polymers 

regarding biodegradability and biosafety issues. 

 

 

Conclusion 

The feasibility to produce artificial secretory granules as functional depots for protein drugs 

has been experimentally supported by the controlled coordination of ionic Zn2+ and histidine 

rich regions, naturally present or engineered in such proteins. By simple physicochemical 

procedures combined with plain protein engineering, the aggregation properties of a target 

protein and its ability to be released from the aggregates can be controlled. The data set 

presented here totally supports the development of disintegrable microscale protein materials, 

fully usable in vivo, in which the unique building block is the protein drug itself. The 

convenience of these secretory granules for clinical application relies in the absence of 

xenobiotic or potentially toxic holding matrices combined with the enormous versatility of the 
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Zn 2+-His platform, which is suited to fine tailoring to specific purposes by simple protein 

engineering approaches. 

 

 

Experimental Section  

Protein genetic design, production and purification 

Tested proteins were grouped in three different major categories defined as Green fluorescent 

protein-, Toxin- and Serum Albumin-based constructs. Firstly, HSA (hemoderivative) and 

BSA (Bovine Serum Albumin Fraction V) proteins without any histidine tag were 

commercially provided by Grifols and Merck respectively. The other proteins (except HSA-

H6) were designed as Escherichia coli codon optimized genes, introduced into a pET22b 

using NdeI and HindIII restriction enzymes and provided by GeneArt (ThermoFisher). 

Recombinant plasmids were then transformed in E. coli Origami B cells (BL21, OmpT−, 

Lon−, TrxB, Gor−; Novagen) by thermal shock for 45 sec at 42 ºC, bacterial cells grown in 

Lysogenic Broth (LB) medium supplemented with 100 µg mL-1 ampicillin, 12.5 µg mL-1 

tetracycline and 15 µg mL-1 kanamycin, and protein produced at 20 ºC overnight (T22-GFP-

H6, GFP-H6, T22-GFP-H6LOOP, T22-GFP-H3A, T22-GFP-H5T, T22-GFP-H5E, T22-PE24-

H6 and T22-DITOX-H6) or 37 ºC during 3 h (H6-GFP-T22) upon induction with 0.1 mM of 

isopropyl-β-D-thiogalactopyranoside (IPTG). Cells were then harvested by centrifugation for 

15 min at 5,000 g, resuspended in Wash buffer (20 mM Tris-HCl, 500 mM NaCl, 10 mM 

imidazole, pH 8) in presence of protease inhibitors (cOmplete EDTA-free, Roche 

Diagnostics) and disrupted by two rounds of 1200 psi in a French Press (Thermo FA-078A). 

Soluble fraction from bacterial cell extract was finally collected by centrifugation (45 min at 

15,000 g) for subsequent protein purification.  HSA-H6 protein was also designed as a human 

codon optimized gene and provided by GeneArt (ThermoFisher) into a pTriex6 plasmid. 

Transient transfection of human HEK-293F cells was achieved upon addition of PEI:plasmid 
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complexes (3:1 ratio) in Freestyle 293 medium when cell concentration reached 106 cells mL-

1. Cells were subsequently grown and secretion signal peptide containing protein produced in 

presence of 4 mM Valproic acid for 6 days (37 ºC, 70 % humidity, 8 % CO2 and 120 rpm). 

Finally, extracellular medium was collected by centrifugation (15 min at 300 g) for 

subsequent purification of the secreted protein. 

All proteins were purified by Immobilized Metal Affinity Chromatography (IMAC) using 

HisTrap HP 1 or 5 mL columns (GE Healthcare) in an Äkta Pure System (GE Healthcare). 

Protein elution was achieved by a linear gradient of Elution buffer (20 mM Tris-HCl, 500 mM 

NaCl, 500 mM imidazole, pH 8) and recovered proteins dialyzed against sodium carbonate 

(166 mmol L−1 NaHCO3, pH 8) with or without salt (333 mM NaCl) buffers.  

 

Protein concentration, purity and integrity  

Protein purity was determined after purification by SDS-PAGE using TGX Stain-FreeTM 

FastCastTM Acrylamide Kit, 12 % (BioRad), followed by a subsequent transference into 

PVDF membranes by Trans-Blot® TurboTM Transfer System (BioRad). Protein bands were 

finally immunodetected by Western Blot (WB) using the corresponding monoclonal 

antibodies (1/5,000 dilution for both an Anti-GFP Ab for GFP scaffold-based; Clontech, and 

an anti-His Ab for toxin or serum albumin-based proteins; Santa Cruz Biotechnology). Protein 

concentration was determined by Bradford assay and integrity assessed by Matrix-assisted 

Laser Desorption Ionization Time-of-Flight (MALDI-TOF) mass spectrometry. 

 

Fabrication of protein particles  

Pure soluble protein was initially adjusted at 2 mg mL−1 and aliquoted in fixed final volumes 

of 250 µL. Then, a 0.22 µm filtered version of ZnCl2 solution was added in each Eppendorf 

tube at increasing divalent cation:protein proportions in which 1:1 corresponds to 0.196 mM. 

The overall selected precipitation conditions were (5:1, 20:1, 40:1, 50:1, 70:1, 100:1, 150:1) 



  

12 

 

besides for some constructions was extended to (5:1, 10:1, 20:1, 30:1, 40:1, 50:1, 70:1, 100:1, 

150:1) or (5:1, 10:1, 20:1, 30:1, 40:1, 42:1, 44:1, 46:1, 48:1, 50:1, 70:1, 100:1, 150:1) 

depending on experimental needs. Mixtures were then gently vortexed for 5 s and centrifuged 

for 15 min at 15,000 g and soluble and insoluble fractions isolated. Remaining protein in the 

soluble fraction was quantified by Bradford assay and percentage of precipitated protein thus 

estimated. Pellets were then stored at -80 ºC for further use. 

 

 

Physicochemical characterization 

Fluorescence of different concentrations (from 0.2 to 1 mg mL-1) of T22-GFP-H6 particle 

samples was determined at 510 nm upon excitation at 488 nm with an 5 mm emission slit in a 

Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies) in comparison to its 

respective T22-GFP-H6 soluble protein version by using quartz cells with a 10 mm path of 

light. The same samples were afterwards imaged and the fluorescence detected at 0.5 mg mL-1 

final concentration and 10x magnifications in a Nikon-Eclipse Ts2R-FL fluorescence 

microscope by using the same previous wavelength conditions. For stability experiments, 

protein particles were resuspended in 250 µL of respective storage buffer and sonicated (0.5 

on and 0.5 off) for 40 sec at 10 % of amplitude in a Bransons Digital Sonifier. 

 

 

Morphometric and analytical imaging 

High-resolution imaging of granule morphology (size and shape) and elemental analyses at 

nearly native state were performed with a rapid method for field emission scanning electron 

microscopy (FESEM). Pellets of the material were resuspended in deionized water, and 10 µL 

of each sample were placed in silicon wafers (Ted Pella) for 2 min, air-dried and observed in 

a FESEM Merlin (Zeiss). The microscope was equipped with a standard secondary electron 
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(SE) detector operating at 1 kV for morphological assessment and an energy dispersive X-

rays (EDX) detector (Oxford Instruments) working at 18 kV for analytical evaluation. For the 

same particles, images of morphological and both 2D (line scan, 300 s) and 3D (mapping, 500 

s) analyses of Zn localization were obtained to link morphology with elemental distribution. 

 

Release of soluble protein  

Among all manufacturing conditions, 40:1, 50:1, 100:1 and 150:1 ratios were selected to test 

the capacity of the resulting particles to release soluble protein. Stored pellets were thawed at 

room temperature for several min and softly resuspended in 1 mL of PBS (Phosphate-

Buffered Saline). Samples were placed at 37ºC without agitation (mimicking subdermal 

conditions in living systems) and aliquots of 75 µL collected at 0, 0.5, 1, 3, 5, 24, 72, 120, 168 

and 240 h. Soluble and insoluble fractions were isolated after centrifugation for 15 min at 

15,000 g and protein mobility and integrity assessed by SDS-PAGE using TGX Stain-Free TM 

FastCastTM Acrylamide Kit, 12 % (BioRad). Protein bands were immunodetected by Western 

Blot (WB). Band intensity was then quantified by Image Lab software, what allowed to 

calculate the percentage of released protein.  

 

Rational control of soluble protein release 

Among all manufacturing conditions, 100:1 was selected to test the capacity to release soluble 

protein in presence of different chemical compounds, namely EDTA and ZnCl2, acting as 

stimulators or inhibitors of protein delivery respectively. Stored pellets were thawed at room 

temperature for several minutes and softly resuspended in 1 mL of PBS in presence of 19.6 

mM of EDTA or increasing ZnCl2 concentrations (3.92, 11.76 and 15.68 mM). Samples were 

placed at 37ºC without agitation as previously mentioned and aliquots of 75 µL collected at 

times 0, 24, 72, 120 and 168 h. Then, soluble and insoluble fractions were isolated thanks to a 

centrifugation process for 15 min at 15,000 g and protein mobility and integrity equally 
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assessed by SDS-PAGE using TGX Stain-Free TM FastCastTM Acrylamide Kit, 12% (BioRad) 

and by WB. Image Lab software was used to quantify band intensity and the difference (∆) of 

released protein (in percentage) between control and treated samples were calculated.  

 

Size characterization of microparticles and released protein 

The hydrodynamic diameter (in nm) of soluble protein released in previous experiments was 

determined by Dynamic Light Scattering (DLS) at 25 ºC and 633 nm in a Zetasizer NanoZS 

(Malvern Instruments Limited) using ZEN2112 3 mm quartz batch cuvettes. The run duration 

value was 10 s for released protein and 4 s for microparticles. Size was determined by volume 

for released protein nanoparticles and by intensity for microparticles. The polydispersion 

index (PDI) was also obtained.  

 

Internalization of released protein 

Protein internalization was monitored in SW1417 colorectal cancer cell lines both patient-

derived CXCR4+ and ATCC CCL-238 CXCR4. Cells were cultured in 24-well plates 

(120,000 cells/well for CXCR4+ and 180,000 cells/well for CXCR4-) for 24 h in DMEM (1X) 

GlutaMAXTM-I (4.5 g/L D-Glucose and Pyruvate; Gibco) medium supplemented with fetal 

bovine (FBS) at 37 ºC and 5% CO2 humidified atmosphere until a confluence of 70 % was 

reached. Protein was incubated at 0.1 µM for 1h in both cell lines. Cells were then detached, 

and external attached protein removed by adding Trypsin-EDTA (Gibco) at 1 mg.mL-1 for a 

harsh digestion for 15 min at 37 ºC. Such protocol has been designed to remove all potential 

externally attached protein. Protein internalization, detected as intracellular fluorescence, was 

then determined by flow cytometry using a FACS-Canto system (Becton Dickinson) at 15 

mW with an air-cooled argon laser exciting at 488 nm. Receptor mediated internalization was 

assessed by adding AMD3100 at 10 µM, that blocks CXCR4 and prevents its interaction with 

the CXCR4 ligand T22, 1 h prior protein incubation. 
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Standardization of the precipitation curve and statistical analyses  

A protein precipitation curve was represented for each modular protein type as percentage of 

material formation in respect of Zn2+ concentration (in mM), and statistically analyzed by an 

asymmetric sigmoidal 5 parameter logistic (PL) model. From curve fitting, R square (R2) and 

maximum percentage of precipitated protein (max P%) were numerically obtained and 

graphically represented as displayed in Figure 1B. Max P% protein values were compared 

with the presence or absence of T22 ligand, histidine tag, protein scaffold or number of 

histidines in the primary sequence, respectively. An initial variety of normality and 

lognormality tests (Anderson-Darling, D’Agostino & Pearson, Shapiro-Wilk and 

Kolmogorov-Smirnov) were used to determine the well-modeled normal distribution of all 

data sets. For parametric data, a t-test (single comparisons) or one/two-way ANOVA 

(multiple comparisons) tests were used, meanwhile for non-parametric data, a Mann-Whitney 

test was used. All statistical analyses were performed in comparison with the control or initial 

specified time = 0 respectively (*p ≤ 0.05), expressed as mean ± standard error of the mean 

(SEM) and at least in triplicate (n=3).  

 

In vivo kinetic biodistribution from subcutaneously implanted protein particles  

In vivo experiments were approved by the Animal Ethics Committee at the Hospital de la 

Santa Creu i Sant Pau and performed according to European Council directives. Four-week-

old female mice of the Swiss nude strain, in the 18-20 g body weight range (Charles River, L-

Abreslle, France), maintained in pathogen-free conditions, were used for the in vivo 

experiments. To generate the CXCR4+ SW1417 CRC cancer model, 

5 × 106 CXCR4+ SW1417 human CRC cells, resuspended in 150 μL of media, were injected 

in the mouse flank (n=12). When tumors reached approximately a 120-200 mm3 volume, 

animals were randomly allocated to the different groups and administered in the subcutis of 
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the mouse lumbar region, at the site contralateral to the tumor site, with a pellet of 1mg of 

T22-GFP-H6 Zn2+ granules suspended in a 150 μL PBS buffer. Buffer injection was used as a 

negative control. Ten minutes, and 5 or 10 days after the administration, we drew 

approximately 1 ml of blood in EDTA anticoagulated collection tubes. In these samples we 

measured the exact volume of obtained plasma and their fluorescent emission at each studied 

time, and calculated the concentration of nanoparticle as referred to the total fluorescence 

emitted by the administered dose. We euthanized each mouse, resected the kidney, liver and 

tumor and the tissue surrounding the injection point. Following, we ex vivo registered the 

intensity of the fluorescence emitted by the nanoparticles released by the protein particles and 

biodistributed to tumor and non-tumor organs and also the fluorescence remaining at the IP, 

using the IVIS® 200‐Spectrum (PerkinElmer). Fluorescent signal was digitalized, displayed as 

pseudocolor overlay, and expressed as radiant efficiency. Statistical analysis was performed in 

GraphPad Prism (v8.0.2). Unpaired t-test was used to evaluate differences between means of 

the average radiant efficiencies extracted from each IVIS images, and at least three replicates 

were analyzed for each time-point. 
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Figure 1. The concept of artificial secretory granules for time-prolonged drug release. 

Conventional drug depots (top) are based on a scaffold structure (grey material) constructed 

by polymers, hydrogels, matrices or in general, porous composites that entrap the drug 

(yellow balls) in a reversible way. The drugs are then released along time in a passive fashion, 

while the scaffold itself remains as a stable entity. On the other hand, the scaffold imposes 

fabrication costs and additional complexity in the fabrication process, apart from biological 

risks associated to limited biocompatibility and toxicity of the material. On the contrary, the 

spectrum of payload drugs is potentially broad. In contrast, artificial secretory granules 

(bottom) are formed in absence of heterologous scaffolds, and polypeptides of a single species 

act as both scaffolds and releasable protein drugs. The material, that is mechanically stable, is 

constructed by the simple coordination of Zn2+ cations (small green dots) with histidine-rich 

stretches of the protein, in absence of additional agents or complex fabrication settings. The 

protein is slowly released under physiological conditions by still unknown mechanisms, 

which mimic the secretion of peptide hormones in the mammalian endocrine systems. 

Therefore, the whole granule disintegrates along with protein release, without leaving any 

remaining structure. The system is then limited to protein drugs, but it offers high versatility 

regarding the spectrum of suitable protein species as it is fully regulatable through the 

addition and engineering of Histidine tags to the desired protein. 
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Figure 2. Fabrication of secretory granules using the T22-GFP-H6 modular protein as a 

model. A. Schematic representation of the modular T22-GFP-H6 protein and the 

manufacturing process (30 min of duration as standard). B. Protein precipitation curve 

represented as the % of the formed material relative to Zn2+ concentration (in mM, black), 

with the respective R square value. The corresponding non-linear fitting curve (Asymmetric 

Sigmoidal 5 Parameters Logistic; PL) is represented in blue. The maximum % of protein in 

the aggregate is expressed as (max P%) and indicated in y axes with a red cross. Additionally, 

the picture displays the fluorescent pellet that is usually obtained by this process at different 

concentrations or the ionic Zn (mM). C. Optical imaging and fluorescence detection of 

granules. White bar corresponds to 100 µm. D. Representative high-resolution images linking 

the granule ultrastructure with 2D (line scan) and 3D (mapping) Zn2+ localization at different 

constructive doses of the metal.   
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Figure 3. In vitro physicochemical analysis of protein released from T22-GFP-H6 granules. 

A. Percentage of released protein (in regard to pellet signal after First Resuspension) at 

different times in granules formed at different Zn2+ doses (in mM, each colored line). B. 

Hydrodynamic diameter (in nm) of released protein from panel A. Polydispersion Indexes 

(PDI) and mean ± Standard Error of the mean (SEM) are also shown. C. Fluorescence of 

granules and soluble protein given in arbitrary units (au). D. Percentage of released protein 

from granules formed by 19.6 mM Zn2+ after different times of incubation in alternative 

buffers (+EDTA or +Zn2+). The increase or decrease % (Δ%) of soluble protein is also shown. 

Data are expressed as mean ± SEM, n = 3 and statistical comparisons in relation to the control 

group for panel A, C and D (*p < 0.05).  
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Figure 4. Domain organization of the fusion proteins used in the study and amino acid 

sequences of relevant modules. A. Modular organization of fusion proteins. The conventional 

His tag (hexahistidine or H6) is displayed in blue, the modified His tag versions in green and 

T22 peptide in black. Box sizes are only indicative. PE24 is a fragment of the Pseudomonas 

aeruginosa exotoxin and DITOX a fragment of the diphtheria toxin. [5] HSA is the human 

serum albumin and BSA the bovine serum albumin. Additional information about GFP-based 

constructs can be found elsewhere. [15, 24, 35] B. Sequences of protein scaffolds and peptidic 

tags. Note that a spacer sequence (GGSSRSS) was accommodated between T22 and each 

scaffold protein in all cases (not displayed in the modular scheme). More details about the 

modified His tags used here can be found elsewhere. [36] 
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Figure 5. Analytical modelling of granule formation. Protein precipitation curves represented 

as the % of material formation versus Zn2+ concentration in mM (black). Respective statistical 

fittings by non-linear curve model (Asymmetric Sigmoidal of 5 parameters Logistics; PL) are 

represented in continuous blue lines. For each plot, the R square and the maximum percentage 

of protein that can precipitate (max P%) are displayed. Data are expressed as mean ± SEM 

(n=3). 
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Figure 6. Statistical analysis comparing parameters involved in protein aggregation with 

intrinsic characteristics of each protein. A. Analysis of max P% depending on the presence, 

absence or modification of histidine tag. B. Analysis of max P% depending on the type of 

protein scaffold (GFP-based versus other scaffolds). C. Analysis of max P% depending on the 

presence or absence of T22. D. Analysis of max P% depending on the number of histidine 

residues in the protein sequence (more or less than 15). Data are expressed as scattered dot 

plots with mean ± SEM, n=3 and significance (*p ≤ 0.05).  
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Figure 7. Global validation of the depot/secretion platform, selecting 9.8 mM cationic Zn 

(metal: protein ration of 50:1) as a convenient model.  A. Reproducibility of the fabrication 

process tested through the percentage of aggregated material. The insert displays the emitted 

fluorescence from replicates at 510 nm of both control (black) and sonicated (brown) versions 

of secretory granules. Data derive from fully independent processes in a sixtiplicate 

experiment. B. Hydrodynamic diameter, expressed in nm, of sonicated and non sonicated 

secretory granules. C. Hydrodynamic diameter, expressed in nm, of released protein 

nanoparticles. D. Protein (released nanoparticles) internalization into cultured SW1416 cells, 

overexpressing and non-expressing CXCR4, in presence and in the absence of the CXCR4 

antagonist AMD3100. Intracellular material was determined by GFP fluorescence. E. Kinetic 

analysis of GFP fluorescence in the injection point, tumor and relevant major organs, at 

different times post-administration. At the right, an example of IVIS images at the injection 

point and the tumor, in a representative animal. F. Comparative weigth of treated and 

untreated animals before and after injection. Data expressed as mean ± SEM, n=6, and 

statistical analysis performed in relation to the control group (*p ≤ 0.05). 
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A novel type of microscale protein materials has been proposed to act as mechanically stable 

secretory granules. The use of ionic Zn to cluster histidine rich polypeptides keeps their 

functionality and allows the further slow release under physiological conditions. The 

versatility to control protein clustering and its further release profile supports the development 

of such materials as new biocompatible and disintegrable delivery systems for time-sustained 

release of protein drugs. 
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