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c Institut de Recerca Sant Pau (IR SANT PAU), Sant Quintí 77-79, 08041 Barcelona, Spain
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A B S T R A C T

The secretory granules from the mammalian endocrine system are functional amyloids that act as dynamic
depots to store and release protein hormones into the bloodstream. The controlled in vitro coordination between
divalent cations and solvent-exposed histidine residues triggers reversible, cross-molecular interactions that
result in granular protein aggregates with protein-leaking properties. While these synthetic particles are me-
chanically stable, they progressively disintegrate and release their protein building blocks, mimicking the per-
formance of secretory granules. Envisaged as delivery systems for endocrine-like, time-sustained protein release,
their clinical applicability should be supported by robust storage procedures, so far unset. Being lyophilization a
desirable storage method for protein drugs, how this procedure could preserve the performance of clinically
oriented functional amyloids is a neglected issue. We have here explored, tailored and validated lyophilization as
an industrially and clinically friendly, fully scalable approach to the storage of functional amyloids aimed at
secretion of protein-only nanoparticles. By doing so, protein-protein interactions in such materials have been
characterized, and citrate identified as an efficient modulator of the temporal secretion profile, through which
the sustainability of the leaking process can be finely regulated.

1. Introduction

A foremost topic in drug discovery is the development of systems and
biocompatible materials to support efficient drug delivery [1–10].
Innovative platforms for the sustained release of bioactive molecules are
particularly in demand to reach and maintain steady drug levels in
chronic conditions with a minimal number of administration actions
[11,12]. Looking into nature, non-toxic functional amyloids are protein
materials widely distributed in all types of living beings, exhibiting
numerous regulatory and structural roles [13–20]. Among them,
secretory granules from the mammalian endocrine system are

interesting models of prolonged protein delivery since, in the body, they
ensure the right levels of required hormones in the blood [21–23]. These
particles, which occur at the sub-micron scale [24], are self-organized as
granular protein materials enriched in cross-beta-sheet amyloidal
structure, which ensures cross-molecular interactions that involved
defined protein patches among the full primary sequence [25]. Protein
oligomerization in secretory granules is supported by reversible in-
teractions between histidine residues in the polypeptide chains and ionic
Zinc (Zn+2) [26,27]. The ion-based architectonic nature of the secretory
granules, although not completely understood, allows the
time-prolonged detachment and release of the forming peptidic or
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protein hormones [22,28,29], probably by the displacement or chela-
tion of Zn [28]. Therefore, compared to the administration of soluble
protein drugs in clinics, that result in undesired peak and valley drug
level oscillations [30–32], the application of biocompatible,
slow-release protein depots with such amyloidal architecture offers a
possibility to approach steady drug levels with minimal administration
actions. In this regard, mechanistically recreating the Zn-mediated
protein self-assembling (as artificial, granular amyloid materials) and
self-disassembling as functional forms, ready for their biological func-
tion, might generate, in vitro, biologically friendly dynamic protein
depots responsive to media conditions that could be applied in clinical
settings as protein drug reservoirs.

Following this reasoning, we had previously developed fully
biocompatible, non-toxic amyloids, microscale mimetics of secretory
granules, by divalent cation-mediated in vitro aggregation of his-tagged
proteins under laboratory conditions [33,34]. This is achieved through
the controlled stoichiometric coordination of ions with the imidazole
ring in histidine residues from solvent-exposed hexahistidine (H6) tags,
through a simple mixing approach [35]. Like natural endocrine gran-
ules, these synthetic versions, at the microscale, maintain an amyloidal
architecture and show the capability to allow a time-prolonged release
of the forming protein to the bloodstream from subcutaneous implants
[33]. Several cations, within the recommended dietary doses, have been
assessed for fabrication, including Zn2+, Ca2+, Mg2+, Fe2+ and Mn2+

[36]. By testing this approach with a diversity of therapeutic proteins, in
vitro but also in animal models, these artificial secretory granules have
been fully validated as highly efficient and promising platforms for the
sustained release of cytotoxic proteins in oncology [33,37,38], immu-
nogens in vaccinology [39], growth factors in regenerative medicine
[40] and antimicrobial peptides [41] in infectiology. The successful data
in all these fields, using a diversity of proteins and peptides, confirm the
system as a slow-delivery platform with high versatility and transversal

clinical applicability.
The route towards clinical development is supported by the fact that

in this type of protein depots, polypeptides are not entrapped in any
chemically heterogeneous holding matrix but self-contained in a gran-
ular structure that will further disintegrate, releasing their functional
building block protein components. The compositional simplicity and
chemical homogeneity are conditions highly convenient regarding the
clinical implementation of the platform. A further requisite would be the
availability of convenient storage conditions that enable high product
stability, and easy and simple manipulation during administration
[42–46]. In this regard, lyophilization is a preferred method for the
storage of protein drugs [46–50], but its utility and possible impact on
the performance of functional amyloids, during preparative formula-
tions, have never been tested. Lyophilization of pathogenic amyloids for
their biophysical characterization modifies their structural properties
[51–53], an observation that might represent a problem regarding the
application of this method to equivalent druggable materials. In general,
challenges faced when approaching lyophilization of a new drug include
the buffer choice but also the optimization of the final formulation [54].
The catalogue of available buffers offers a range of options regarding pH
and ionic strength, parameters that are pivotal when considering protein
stability during the freeze-drying process [55]. In comparison with
phosphate and acetate buffers, the versatility of citrate buffer regarding
the wide working pH range makes it very attractive [56]. However, its
chelating properties observed under a diversity of molecular environ-
ments [57–60] and the consequent potential interactions of citrate with
the coordinated metal ions pose concerns about the stability and per-
formance of Zn-assisted protein clusters. Apart from the generic need of
balancing stability, solubility, and compatibility with a particular
polypeptide, lyophilization of functional amyloids should orbit around
preserving the reversible stability of the metal-mediated cross-protein
interactions that allow the endocrine-like functions for which these

Fig. 1. A schematic illustration depicting the whole picture of this study. Cytotoxic protein nanodrugs of interest in oncology, prepared as amyloidal, endocrine-
mimetic secretory granules, have been used as models to explore lyophilization protocols. Several citrate buffers (namely B1, B2, B3 and B4, see the composition
in Figure 3) have been explored for lyophilization. The resulting reconstituted materials have been assessed regarding structure and cytotoxic activity over target
cancer cells.
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emerging materials are valuable. In the present study (Fig. 1), and by
using receptor-targeted antitumoral drugs as models, we have deeply
explored how lyophilization protocols and the composition of the
lyophilization buffer, focusing on citrate, can be adapted to the storage
of synthetic secretory granules. Also, we have investigated how the
endocrine-like, protein leakage function can be maintained or even
improved in the resulting material. In addition, the obtained results
provide intriguing clues to understand the intricate molecular environ-
ment of the proteins within the secretory protein platform and its

adaptation for high bioavailability, functionality and efficient and reg-
ulatable time-prolonged release of the embedded protein.

2. Experimental section

2.1. Materials

Gene constructions were purchased from Geneart (ThermoFisher).
The protease inhibitor cOmplete was purchased from Roche. IMAC

Fig. 2. Protein description and formation of secretory microgranules. (A) Protein sequence and corresponding structure of the modular T22-GFP-H6 and T22-PE24-
H6, highlighting the harbored functional peptides. The Polydispersion index (PDI) is also displayed. The table indicates the molecular weight (MW), the percentage of
double strand DNA (dsDNA) content, Zeta potential (Zp) and hydrodynamic size (measured by DLS) of each protein upon purification. (B) Schematic representation
of the Zinc-mediated formation of secretory microgranules. The addition of ionic Zinc as a cross-linking reagent to either soluble proteins or oligomeric nanoparticles
generates amyloidal endocrine-like secretory granules that slowly release the forming protein as oligomeric nanoparticles.
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columns were supplied by Cytiva. For buffer preparation, we acquired
Tris and NaCl from Fisher, Sodium bicarbonate from Sigma, and Imid-
azole from Millipore. Bradford reagent was purchased from Biorad. Cell
culture medium and supplements (MEM Alpha GlutaMAX medium,

RPMI 1640 medium, FBS, StrepPen, Trypsin-EDTA, Glutamine and
Dulbecco’s Modified medium) were purchased from Gibco, while the
MTT reagents were purchased from Promega and Roche diagnostics.
Cell lines cell lines HeLa (ATCC–CCL-2) and Toledo ATCC–CRL-

Fig. 3. Lyophilization steps and buffer evaluation in downstream processing of secretory microgranules. All secretory granules were prepared following a standard
protocol. Except for control granules (C), the others were lyophilized without any further preparation (WB – lyophilized without any buffer) or after being briefly
resuspended in buffers 1–4. After complete lyophilization, granules were resuspended in the original protein storage solution (for samples C and WB), or in water (for
samples B1-B4 that already contained the original buffer elements). The table summarizes the final buffer condition where granules are in all downstream appli-
cations. WB refers to secretory granules lyophilized without the presence of any solution and subsequently resuspended with a storage solution. C refers to secretory
granules directly resuspended with a storage solution without undergoing lyophilization.
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2631™) were acquired from ATCC, while UM-SSC-22A-CXCR4+ was
provided by Dr. Gregory Oakley and subsequently transfected with
CXCR4-Luciferase lentiviral plasmid [61].

2.2. Protein production and purification

Genes encoding the modular proteins T22-GFP-H6 and T22-PE24-H6
(Fig. 2) were designed in-house and provided by Geneart as Escherichia
coli codon-optimized genes hosted in a pET22b plasmid. All plasmids
were transformed, and recombinant proteins produced in E. coliOrigami
B (BL21, OmpT− , Lon− , TrxB, Gor− ; Novagen) at 20 ◦C overnight upon
induction of gene expression with 0.1 mM of Isopropyl-β-d-thio-
galactopyronaside (IPTG). Bacterial cultures were harvested by centri-
fugation (15 min, 5000 x g) and resuspended in Wash buffer (20 mM
Tris, 500 mM NaCl, 10 mM Imidazole, pH 8) in the presence of protease
inhibitors (cOmplete EDTA-Free, Roche). Cells were disrupted by three
rounds of disruption (Emulsiflex-C5—Homogenizer; Avestin) at
500–1000 psi and the soluble fraction was separated by centrifugation
(45 min, 15.000 x g). Purification was performed by Immobilized Metal
Affinity Chromatography (IMAC) using HiTrap Chelating HP 5 mL col-
umns in an ÄKTA pure system (GE Healthcare). Elution was achieved by
a linear gradient of elution buffer (20 mM Tris, 500 mM NaCl, 500 mM
Imidazole, pH 8) and eluted proteins were finally dialyzed against so-
dium carbonate solution (166 mM NaCO3H, pH 8) for T22-PE24-H6 and
sodium carbonate with salt solution (166 mM NaCO3H, 333 mM NaCl,
pH 8) for T22-GFP-H6. Protein purity was determined by Sodium
Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) and
Western blot immunodetection with anti-H6 monoclonal antibody
(Santa Cruz Biotechnology). Protein integrity was assessed by Matrix-
Assisted Laser Desorption Ionization Time-of-Flight (MALDI-TOF)
mass spectrometry. Final protein concentration was determined by
Bradford assay. DNA content was determined using the formula% DNA
= (11.6R - 6.32)/(2.16-R), considering R = A260/A280 ratio.

2.3. Manufacturing of secretory microgranule and lyophilization

The manufacture of secretory microgranules followed methods as
previously described [41]. ZnCl2 was used as a divalent cation and
cross-linking agent to interact with histidine residues in the C-terminal
his-tag of both T22-GFP-H6 and T22-PE24-H6. Briefly, a molar excess of
ZnCl2 (diluted from a stock of 200 mM) was added to the proteins pre-
viously diluted in Milli-Q water to a final protein concentration of 2
mg/mL in 250 µL, with ZnCl2 used in a molar 1:300 ratio of protein:
cation. The mixtures were incubated for 10 min without agitation at
room temperature, and later centrifuged in 1.5 ml eppendorf tubes at 15,
000 x g for 15 min to collect the secretory granules and separate them
from the residual supernatant. The supernatant was assessed by Brad-
ford to determine the percentage of precipitation. Secretory granules
were stored at − 80 ◦C for further use without the addition of buffer or
storage solution. For lyophilization, granules were thawed and briefly
resuspended by pipetting up-and-down in 100 µL of Buffers 1–4 (com-
positions available on Fig. 3) to act as protective buffering conditions to
endure lyophilization. Granules that were lyophilized without buffer
(WB) were equally thawed and received no manipulation. All samples
were prepared for lyophilization in a biosafety cabin, and then frozen for
2 h at − 80 ◦C. The lyophilization process was carried out in 1.5 ml
Eppendorf tubes that were left open and covered with Parafilm pierced
6–8 times per tube. Frozen Eppendorf tubes were placed in a Lyophilizer
LyoQuest (Telstar) previously stabilized for temperature and vacuum
conditions, and the process was carried out during 16 h under vacuum
levels lower than 0.05 mbar. Granules C were not lyophilized as control.

2.4. Release of soluble protein from secretory microgranules

Quantification of protein release from secretory microgranules was
performed in triplicate using a spectrophotometric method. All granules

(irrespective of lyophilization or downstream processing) were resus-
pended in 250 μL of protein storage solution (granule C and WB) or
Milli-Q water (granules B1-B4), as schematized in Fig. 3. Buffers 1–4
were prepared with 20 mM Citrate pH 6 and varying percentages of
additives, as follows: buffer 1 (4% Trehalose); buffer 2 (4% Trehalose,
0.01% Polysorbate 80), buffer 3 (8 % Trehalose, 0.01% Polysorbate 80)
and buffer 4 (6% Trehalose 0.04% Polysorbate 80). Resuspended gran-
ules were then incubated at 37 ◦C without agitation for time frames
varying from 7 to 30 days. At each time point, samples were briefly
centrifuged to collect all drops from the lid and granules were resus-
pended by pipetting up-and-down 10 times. 50 µL were taken from each
sample and centrifuged for 10 min at 15 000× g at 4 ◦C to isolate soluble
and insoluble fractions. Soluble protein was then quantified in triplicate
in a NanoDrop One System (Thermo Scientific) and plotted.

2.5. Size measurement by dynamic light scattering

Size measurements of the intensity and volume size distribution of
T22-GFP-H6 and T22-PE24-H6 were performed by Dynamic Light
Scattering (DLS) at 25 ◦C and 633 nm in a Zetasizer Nano ZS (Malvern
Instruments Limited). All samples were measured in 5 replicates. Only
values obtained by intensity are presented in the graphs, and only
samples presenting a concentration > 0.1 mg/ml were measured.

2.6. Determination of specific fluorescence

For fluorimetry assays, soluble T22-GFP-H6 was diluted in buffers
1–4 and compared to T22-GFP-H6 released from granules lyophilized in
the presence of buffers 1–4. All samples were diluted to the same con-
centration before measurements. The excitation wavelength (λex) was
set at 488 nm and the emission spectra collected, while the excitation slit
was set at 2.5 nm and the emission slit at 5 nm. Fluorescence was
measured in a Cary Eclipse Fluorescence Spectrophotometer (Agilent
Technologies) in a quartz cell with a 10 mm path of light.

2.7. Electron microscopy

For high-resolution electron microscopy, drops of 10 μL of each
sample at 0.3 mg/mL were deposited on silicon wafers (Ted Pella Inc.)
and air dried overnight. The images of the secretory microgranules,
lyophilized or not, were obtained using field emission scanning electron
microscopy (FESEM Zeiss Merlin) operating at 2 kV and equipped with a
high-resolution secondary electron detector. Representative images
were obtained at a wide range of high magnifications.

2.8. Cell culture and internalization assay

CXCR4+ cervical cancer cell lines (HeLa ATCC–CCL-2) were used to
study the activity of secretory microgranules in vitro. Cells were
routinely cultured in Minimum Essential Medium (Mem Alpha Medium
1X + GlutaMAX™), supplemented with 10 % fetal bovine serum (FBS
and incubated in a humidified atmosphere at 37 ◦C and 5 % of CO2. For
internalization assays, HeLa cells were cultured in 24-well plates in its
medium until 70 % confluence was reached. The medium was then
exchanged for OptiPRO Serum Free Medium before the addition of T22-
GFP-H6 in granules or in soluble form. Protein uptake was determined at
24 h at a final concentration of 100 nM. Cells were detached, and
external bound protein was removed by Trypsin-EDTA at 1 mg/mL
exposure for 15 min at 37 ◦C. Intracellular protein fluorescence was
determined by flow cytometry using a CytoFLEX (Beckman Coulter)
with blue laser (488 nm). The resultant data were processed by a
CytExpert software. In addition, the internalization specificity through
the CXCR4 receptor was tested by exposing cells to the CXCR4 antago-
nist AMD3100 1 h prior to protein incubation at a 1:10 ratio (protein/
AMD3100). The displayed relative fluorescence values were obtained by
dividing the intracellular fluorescence values under each condition by
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the background fluorescence values of non-exposed control cells in the
same experiment.

2.9. Cell viability assays

For cell viability assays, human CXCR4+cancer cell lines HeLa (cer-
vical cancer, ATCC–CCL-2), Toledo (diffuse large B cell lymphoma,
ATCC–CRL-2631™) and UM-SSC-22A-CXCR4+ (head and neck squa-
mous carcinoma kindly provided by Dr. Gregory Oakley and subse-
quently transfected with CXCR4-Luciferase lentiviral plasmid) [61]
were used [61,62]. The HeLa cell line was grown in previously described
conditions. For viability assays, cells were cultured in opaque-walled
96-well plates at a final concentration of 3500 cells per well for 24 h
until 70 % confluence was reached. Granules and soluble proteins were
incubated at different concentrations for 48 h using MEM Alpha Glu-
taMAX medium. Toledo cells were initially grown in RPMI 1640 me-
dium supplemented with 10 % FBS, 1 % Glutamine, 1 % StrepPen and
seeded at a final concentration of 27,000 cells per well, being main-
tained in a 5 % CO2 humidified atmosphere. For HeLa and Toledo cell
viability experiments, we followed the commercial recommended pro-
tocol using CellTiter-Glo Luminescent Cell Viability Assay (Promega),
measuring results in a Multilabel Plate Reader Victor3 (Perkin Elmer).
For UM-SSC-22A CXCR4+, a similar protocol was performed, but cells
were initially grown in Dulbecco’s Modified medium (DMEM High
Glucose) supplemented with 10 % FBS, 1 % Glutamine, 1 % StrepPen
and seeded at a final concentration of 5000 cells per well, being main-
tained in a 10 % CO2 humidified atmosphere. In this case, the cell
viability assay was performed using the colorimetric cell proliferation
kit II (XTT, Roche Diagnostic), following supplier instructions (4 h of
incubation). Results were measured in a Multilabel Plate Reader Victor 3
(Perkin Elmer).

2.10. Statistical analysis

Statistical significance was analyzed using GraphPad Prism 8.0.2. We
employed one-way ANOVA followed by a Tukey post-test for T22-GFP-
H6 cell viability experiments. For experiments carried out with
AMD3100 to measure specificity, we used an unpaired t-test. For protein
release assays, significance was determined by two-way ANOVA fol-
lowed by Bonferroni post-test. Significance was established (*) when p<
0.05. For IC50 the significance was expressed in terms of the confidence
interval of 99 %, calculated using GraphPad Prism.

3. Results

For the construction of the model secretory granules, we have
selected here T22-GFP-H6 and T22-PE24-H6 (Figure 2A), both being
modular proteins of biomedical interest in oncology and therefore with
potential clinical application. The structure of the core domains in these
multifunctional proteins is very different (Fig. 2A) and this fact prevents
any bias or structure-influenced deviation of the results in the analysis of
the granules. Upon production in bacteria, they assemble as oligomeric,
nearly DNA-free nanoparticles with negative Z potential and sizes of
around 16 and 111 nm respectively (Figure 2A). These proteins attach to
and internalize into CXCR4-overexpressing cells, through the highly
precise binding of the peptide T22 to the cell surface chemokine receptor
CXCR4 [63–66]. This molecule is an important marker in prognosis,
diagnosis and therapy in oncology [67–70]. Because of the proper
folding and biological activities of GFP (fluorescence) and PE24 (a
cytotoxic fragment of the Pseudomonas aeruginosa exotoxin), the sys-
temic administration of these constructs in animal models of CXCR4+

cancers causes either the selective fluorescent enlightening of the tumor
and metastatic foci [66] or the selective destruction of tumoral cells and
tissues [71,72]. In the presence of a molar excess of divalent cations,
they form micro-scale aggregates [33] with potential as protein drug
depots [33], with a molecular architecture and protein leakage

capabilities similar to those of endocrine secretory granules (Figure 2B).
Usually, His-tagged proteins are released from these granules in the form
of oligomeric nanomaterials (Figure 2B), whose multivalence, envis-
aging biomedical applications, is very appropriate for cooperative re-
ceptor binding and cellular uptake [73,74].

Taking the resulting granules as models, we wanted to explore how
lyophilization (Fig. 3), the preferred storage approach for protein drugs
[49], might affect the protein leakage profile of these materials and,
also, the conformational and functional quality of the products once
released. A negative impact would of course preclude further scaling up
development and transfer to the pharma sector of these and other clin-
ically appealing proteins formulated as secretion materials. For that,
variations of a citrate buffer with trehalose and polysorbate 80 (B1-B4),
one of the most used formulations for the lyophilization of protein drugs
[75,76], have been explored (Fig. 3). In contrast to alternative buffers,
citrate is appreciated for its wide pH working range (typically 3.0–6.2
[56]), and trehalose and polysorbate for their capability to stabilize the
native structure of biological systems in extreme environments,
including lyophilization [77,78]. Appropriate controls in which protein
samples were lyophilized without buffer (WB) or not lyophilized (C)
were also included (Fig. 3).

In a first look, the level of hydration of the granules upon lyophili-
zation, visually interpreted through their powder-like or paste-like
appearance, seemed to be highly dependent on the buffer used
(Fig. 4A). The samples processed directly from precipitated, non-
resuspended material (WB) were estimated to retain, visually, less
water than the others did. The formation of a proper lyophilized cake,
beyond being an anecdotal issue, is relevant because the condition of the
material and its level of hydration may impact its functionality, as well
as to contribute to decreased preservation. Under electron microscopy
observation (Fig. 4B), the WB material showed a rougher surface
compared with buffer-treated versions, that exhibited a smooth pati-
nated surface. No clear difference was observed among granules pre-
pared with different compositions of excipients (buffers B1–4), with a
size range moving between approximately 10 and 50 µm.

At this point, we wanted to explore how de-hydration treatment
might have impacted the endocrine-like functionalities of the materials.
When protein release from buffer-treated granules was tested compared
with fresh (C) material, not submitted to lyophilization/reconstitution,
WB samples of both proteins showed a reduced leakage, indicating, in
this case, a narrower availability of the embedded protein (Fig. 5). In
contrast and surprisingly, all types of citrate buffer used for lyophiliza-
tion/reconstitution allowed the release of amounts of T22-GFP-H6 or
T22-PE24-H6 higher than the those leaked from the control C sample
(Fig. 5). Despite the slight variability observed in the observed leaking
profiles, the impact of specific buffers over the amount of released
protein was highly coincident when comparing the two model proteins,
with B4 being the optimal (Fig. 5). This observation was suggestive of a
consistent buffer-controlled protein leakage rather than data scattering.

In all the conditions under which protein release was detected, the
size of the leaked T22-GFP-H6 was determined by intensity to be around
15 nm, and slightly higher in the case of T22-PE24-H6, both with ex-
pected and moderate polydispersion indexes (Fig. 6A). This was indic-
ative, as expected, of oligomeric nanosized versions reached or
maintained by the proteins once solubilized. It is noteworthy that some
buffer compositions, such as B1 and B2, induced the release of nano-
particles with deviations from the expected size. In this regard, it must
be noted that a precise multimeric supramolecular architecture (iso-
metric, virus-like organization) reached by the present (and other)
nanoparticles might be necessary or highly convenient for refined
functions such as cell targeting and internalization [79]. Therefore,
uncontrolled variations in such defined organization occurring in the
downstream processing/storage of biomaterials is undesirable. Down-
stream and storage comprise a set of processes that should primarily
preserve the specialized activities of such smart materials. Interestingly,
the fluorimetry spectra of the released protein revealed a more
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consistent tertiary structure in the released protein when compared to
the soluble building blocks (freshly purified polypeptides) used for the
generation of the granules (both compared in the same buffer and
dilution). Therefore, the aggregation of the proteins as secretory gran-
ules resulted in a detectable structural stabilization that was retained
upon protein release (Fig. 6B).

In the context of the previous data and to finely examine the prop-
erties of the citrate buffer that are relevant to the endocrine-like function

of the materials, we adjusted and tested both the pH and citrate con-
centration (starting from the optimal formulation of B4) in a compara-
tive way. As a first observation, B4 was able to recover and even to
maximize the secretory capabilities of C and WB materials formed by
either protein (Fig. 7A). This fact indicated that the loss of endocrine-
like functions observed in WB was reversible, and that the protein-
leaking capabilities of the fresh C materials can be improved just by
the selection of a proper buffer. The decrease observed for some samples

Fig. 4. Hydration and morphology of lyophilized granules. (A) Qualitative analysis of lyophilized cakes regarding their visual aspect. Pictures depict representative
images of granules lyophilized without buffer (WB) or prepared with different buffer compositions, depicting the powdery level of lyophilized cakes, ranging from
high (completely powdery) to low (hygroscopic). (B) FESEM micrographs showing randomly picked granules lyophilized under different conditions.

Fig. 5. Protein release from lyophilized granules. SDS-PAGE based quantification of T22-GFP-H6 and T22-PE24-H6 released from secretory granules lyophilized
without any downstream processing (WB), in comparison with control granules (C) that were not lyophilized. Also, the SDS-PAGE based quantification of T22-GFP-
H6 and T22-PE24-H6 released from secretory granules lyophilized after their preparation in different buffers B1-B4 is shown, in comparison with the control granules
(C). Data are expressed as mean ± SEM, n = 3. Statistical comparisons in relation to C and/or WB (****p < 0.0001 or **p < 0.01). Slight decreases in the amount of
soluble released proteins can be due to their precipitation during the analysis.
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may be due to protein precipitation either during the incubation at 37 ◦C
or analysis. Then, citrate buffer is a regulatory agent that can modulate
protein release irrespective of the process step when it is added to the
granules, either before or after lyophilization, acting even on non-
lyophilized granules. Also, the specific combination of pH 6 and cit-
rate was clearly optimal to enhance protein release (Fig. 7B), while
citrate was clearly active in assisting disintegration only above 10 nM
(Fig. 7C). It must be noted that, using PBS pH 6, the acidic pH, per se, was
not able to regulate protein leakage and that citrate was necessary.
Interestingly, these experiments were performed with citrate buffer
without any additives (trehalose or polysorbate 80). This observation
confirmed that citrate, but not other elements of the buffer formulation

is responsible for the secretory control.
Finally, the biological activity of the lyophilized endocrine-like

granular system was explored over cell culture. Testing the biological
activity of the model polypeptides was especially necessary since
conformational arrangements of the protein submitted to aggregation
and disaggregation events had been observed (Fig. 6B). First, by using
versions of the T22-GFP-H6-based material, we assessed that the gran-
ular particles were not intrinsically toxic upon exposure to HeLa
cultured cells (Fig. 8A). After 24 h of exposure and upon a harsh trypsin
treatment, the fluorescence of T22-GFP-H6 was detected inside the cells.
This uptake was inhibited by AMD3100 (Fig. 8B), a selective antagonist
of CXCR4 that specifically blocks T22-CXCR4 interactions [80–82]. This

Fig. 6. Characterization of nanoparticles released from granules lyophilized under different conditions. (A) DLS plots representing measurements of the hydrody-
namic size of nanoparticles released from granules at different time points. ND stands for not detectable and the term is used for samples in which insufficient
nanoparticle was released to perform a reliable size measurement. The average polydispersion (PDI) index is shown at the bottom, for each condition and time. (B)
Fluorimeter spectra of T22-GFP-H6 comparing nanoparticles diluted in buffers 1–4 (left) and nanoparticles released from secretory granules lyophilized in buffers 1–4
(right). The scheme represents how the heterogeneity of nanoparticle fluorimeter intensity in different buffer compositions is reduced when nanoparticles are
incorporated in SG and later released. All samples were adjusted to be assessed in the same concentration. Data expressed as mean ± SEM, n = 3. Statistical
comparisons between time 0 and 7 days were done for each sample (****p < 0.0001).
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fact demonstrated the expected performance of T22, displayed on the
surface of the released nanoparticles, in promoting CXCR4-mediated cell
internalization. In a similar way, the cytotoxicity of T22-PE24-H6
released from microparticles in HeLa cells was also inhibited when
AMD3100 was added to the cell culture media as a competitor (Fig. 8C).
The CXCR4-dependent cytotoxicity of T22-PE24-H6, representative of
its therapeutic potential as a targeted anticancer drug, was further
evaluated and fully assessed in three different patient-derived cancer
cells lines, namely HeLa (cervical cancer), UM-SSC-22A-CXCR4+ (head
and neck squamous cell carcinoma) and Toledo (diffuse large B cell
lymphoma) (Fig. 8D-F, respectively). Again, in this particular study,
citrate was required for a proper performance of the released material,
matching that of the soluble protein freshly recovered from recombinant
bacteria. Again, WB samples showed a reduced cytotoxicity, as high-
lighted in the table presented in Fig. 8G. Such a level of cell death
probably resulted from a residual CXCR4-dependent effect of the whole
granules over cells rather than to a precise activity of the released pro-
tein. In this context, protein release from this material was not detected
in previous experiments (Fig. 3).

4. Discussion

Synthetic secretory granules, resulting from metal-his coordination,
are emerging platforms for time-prolonged protein drug delivery [33,
83], with clinical applications in oncology [33], regenerative medicine
[40], immunization [84] and antimicrobial therapies [41]. Being

mimetics of secretory granules in mammals that store and deliver pep-
tide and protein hormones [21,28], their sustained endocrine-like pro-
tein release is linked to the spontaneous and slow disintegration process
undergone by such microparticles under physiological conditions [36].
As dynamic protein depots, their subcutaneous administration makes
possible a steady supply of biologically functional protein for a few
weeks [33,38]. This fact, in a clinical setting, is expected to minimize the
undesired drug level oscillations (peak and valley) associated to the
systemic administration of soluble, conventional drugs [85,86]. How-
ever, so far, the kinetics and extent of protein release from the granular
system have been reluctant to rational engineering, with the selection of
the clustering cation being the only possibility of relatively rough con-
trol [38]. Such a cation-dependent modulation of protein release is due
to the different coordination strengths shown by metals according to the
Irving-William series [87], and the relative easiness of protein detach-
ment provided by each of the possible clustering agents.

In the present study, we have explored whether lyophilization could
be an appropriate protocol envisaging the long-term storage of these
materials in compliance with industrial demands and transfer, and
clinically oriented large-scale handling. If so, a proper formulation of the
lyophilization buffer should also be set to ensure not only the func-
tionality of the clustered building block proteins but also the capability
to be detached from the granules, under physiological conditions, and
through kinetics compatible with prolonged drug release purposes.
Since citrate combined with sugar is a preferred media for drug lyoph-
ilization [88], and citrate buffers are very well-known stabilizers of

Fig. 7. Impact of citrate buffers on protein release. (A) Impact of the addition of Buffer 4 at different steps of downstream processing. Protein release was measured
by SDS-PAGE for secretory granules that were lyophilized without buffer (WB) or not lyophilized (control – C) and received B4 only in the final step of reconstitution
of lyophilized granules, in comparison with WB and C reconstituted in carbonate storage solution. (B) Evaluation of the impact of acidic pH on protein release over 7
days. Protein released was quantified in granules lyophilized without buffer (WB) and reconstituted in citrate buffer in different pH (5.0 or 6.0), in comparison with
PBS pH 6.0. (C) Quantification by Nanodrop, expressed in percentage, of total protein released vs retained from secretory granules at day 30, comparing granules
lyophilized without buffer (WB) and reconstituted in citrate buffer with molarities from 1.5 to 16 mM. Data expressed as mean ± SEM, n = 3. Statistical comparisons
in relation to C and WB for panel A and Ci-pH5 and PBS-pH6 for panel B (****p < 0.0001 or *p < 0.05). Slight decreases in the amount of soluble released proteins
can be due to their precipitation during the analysis.
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protein conformation [89], we performed our testing using variations in
a citrate buffer formulation [78–80]. According to the obtained data, the
use of this buffer largely stabilizes, from structural and functional points
of view, the secretory microparticles formed by two modular proteins
validated in oncology and used here as models, namely T22-GFP-H6 and
T22-PE24-H6 (Figs. 6A-B). Such stabilization and further secretory
performance require a precise combination of citrate and pH 6, while pH
5 is already nonfunctional (Fig. 7B) and citrate concentrations below 10
nM are also nonfunctional (Fig. 7C). From 12 to 16 nM, the extent of
disintegration and the consequent protein release can be finely regu-
lated (Fig. 7C). Importantly, the use of an appropriate citrate buffer is
not only keeping and stabilizing the therapeutic protein within the
granules (Fig. 6B) but it is also recovering the secretory and functional
properties of granules lyophilized in the absence of buffer, and thus
biologically inactive (Fig. 7A). Under these conditions, the embedded
protein is effectively released for at least 30days (Fig. 7C), in the form of
stable nanoparticles (Fig. 6A), that keep the fluorescence (for
T22-GFP-H6), cytotoxicity (for T22-PE24-H6) or selective cell targeting
(both) of the building blocks (Figs. 8A-C). Importantly, the protein
nanoparticles, upon release, are fully functional and perform as ex-
pected in cell culture (by either illuminating or killing CXCR4+ cells in a
CXCR4-dependent fashion), in absence of unexpected intrinsic toxicity
of either released protein or granular depots (Fig. 8A-F). The action of
the released protein is clearly observed two days after the addition of the
granules to the culture media, a time by which an important fraction of
the material has already disassembled (Figs. 5 and 7A). The role of so-
dium citrate in the enhancement and in the fine regulation of the
endocrine-like functionalities might be related to its chelating properties
[59,60,90] that make it routinely used as a chelating agent [91]. Thus,
the presence of citrate in the granules stimulates protein leakage, which
would be the result of moderate chelation plus conformational changes
undergone within the aggregates (Fig. 6B) and assisted by the buffer
components. From a separate point of view, the above buffers and
handling conditions are routinary and lack structural or methodological
complexity. Also, the procedures proposed here are compliant with in-
dustrial demands and needs. Therefore, since lyophilization is a
preferred storage form for protein drugs [92,93] and aligned with the
long term lyophilization technology roadmap for industrial pre-
competitive research and development [94], the approach proposed
here opens clear clinical possibilities for artificial secretory granules in
oncology [34], vaccinology [81], tissue engineering [95] and antimi-
crobials [41], among others. Of course, the sensitivity of particular
protein species to lyophilization might restrict the universal applica-
bility of the platform, although this storage method is particularly
friendly for proteins and protein drugs, to which it has been adapted
during decades of development in the biopharma industry [96]. As an
additional checkpoint, it must be noted that the Zn-assisted aggregation
as endocrine-like protein clusters has His as a preferred residue for
cation binding [97], and ideally, the target proteins must contain His
clusters consisting of a few residues. The number of His residue in these
clusters critical for precipitation has not been finely determined, but
previous analyses have observed that the close occurrence of 2–3 His is
sufficient for Zn-mediated cross-linking [98].

The present study is limited to two model proteins. However, the
obtained data are sufficient to assertively prove lyophilization as a
suitable method for the storage, in a functional form, of a new and
intriguing type of protein materials intended for the time-prolonged
delivery of protein drugs in vivo. It must be noted that the structural
differences between the core parts of the modular T22-GFP-H6 and T22-
PE24-H6 (Fig. 2), even though they do not guarantee the universality of
the approach, are sufficient to dismiss the utility of lyophilization as
restricted to a single and very particular conformation. Considering the
potency of protein drugs and relevance of protein-based drugs in the
BioPharma industry [99–101], the identification of lyophilization as a
convenient preservation method is a step forward the clinical develop-
ment of synthetic, protein secretory granules for endocrine-like, time
prolonged protein delivery.

5. Conclusions

We have determined a lyophilization protocol suited to the stable
storage and effective reconstitution of synthetic secretory granules, thus
enabling the transfer of this platform to the industrial sector. It is also a
step further towards the regulatory route aiming at the development and
implementation of drugs based on this emerging time-prolonged drug
delivery system. Additionally, we have identified physicochemical pa-
rameters that allow a very fine and robust control of the protein release
profile. Lyophilization in a standard citrate-sugar buffer not only keeps
protein stability, but it enhances secretion compared to control hydrated
granules (Fig. 7A). On the other hand, variations of citrate concentra-
tion, at pH 6, tightly regulate the endocrine-like profile, offering not
only a preservation tool but also an unexpectedly useful mechanism for
the design and regulation of the dynamism of protein release from the
granular depots.
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