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ABSTRACT

Nanostructures decorated with antibodies (Abs) are applied in bioimaging and therapeutics. However,
most covalent conjugation strategies affect Abs functionality. In this study, we aimed to create protein-
based nanoparticles to which intact Abs can be attached through tight, specific, and noncovalent interac-
tions. Initially considered waste products, bacterial inclusion bodies (IBs) have been used in biotechnology
and biomedicine. However, the amyloid-like nature of IBs limits their functionality and raises safety con-
cerns. To bypass these obstacles, we have recently developed highly functional a-helix-rich IBs exploit-
ing the natural self-assembly capacity of coiled-coil domains. We used this approach to create spherical,
submicrometric, biocompatible and fluorescent protein nanoparticles capable of capturing Abs with high
affinity. We showed that these IBs can be exploited for Ab-directed cell targeting. Simultaneous deco-
ration of the nanoparticles with two different Abs in a controllable ratio enabled the construction of a
bispecific antibody mimic that redirected T lymphocytes specifically to cancer cells. Overall, we describe
an easy and cost-effective strategy to produce multivalent, traceable protein nanostructures with the po-
tential to be used for biomedical applications.

Statement of significance

Functional inclusion bodies (IBs) are promising platforms for biomedical and biotechnological applica-
tions. These nanoparticles are usually sustained by amyloid-like interactions, which imposes some lim-
itations on their use. In this work, we exploit the natural coiled-coil self-assembly properties to create
highly functional, nonamyloid, and fluorescent IBs capable of capturing antibodies. These protein-based
nanoparticles are successfully used to specifically and simultaneously target two unrelated cell types
and bring them close together, becoming a technology with potential application in bioimaging and im-
munotherapy.

© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

nant protein (Fig. S1). For decades, these refractile aggregates have
been considered waste products [3]. However, it has gradually been

The use of microorganisms as cell factories to produce recom-
binant proteins often leads to the formation of protein inclusion
bodies (IBs) in the cytoplasm [1,2]. The formation of such protein-
based nanoclusters is the consequence of an inside-the-cell assem-
bly reaction consisting in the establishment of noncovalent inter-
molecular interactions between different copies of the recombi-
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revealed that IBs might contain a significant degree of properly
folded and functional proteins [4,5]. These nanometric protein par-
ticles are mechanically stable [6,7] and their production and pu-
rification are cost-effective and fully scalable, making them attrac-
tive and ready-to-use functional nanostructured materials [8-10].
In this regard, IBs are increasingly used in biotechnological and
biomedical applications, i. e., as reusable biocatalysts [11-13] or in
cancer therapy, since they can penetrate cells and release antitu-
moral polypeptides [14,15].
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The mechanical stability of IBs relies on the amyloid-like nature
of the interactions that stabilize these nanoparticles [16-18]. This
amyloidogenic character raises two critical concerns. First, the for-
mation of nonnative intermolecular B-sheet conformations comes
at the expense of the native structure, implying that a significant
fraction of the protein inside IBs becomes necessarily inactivated
[18]. Second, together with the release of adequately folded moi-
eties, the liberation of toxic oligomeric B-sheet species from these
nanostructures cannot be disregarded. To offer an alternative to
classical amyloid-like IBs, we have recently developed functional
IBs exploiting the antiparallel coiled-coil fold of the ZapB protein.
This domain promotes intracellular self-assembly into nonamyloid,
nontoxic, a-helix-rich IBs. The native-like nature of the interactions
that sustain these IBs may preclude the inactivation of ZapB-fused
globular domains during the assembly reaction, resulting in highly
active nanometric particles [19]. This high functionality seems to
be a common property of coiled-coil stabilized IBs [11,13,20-22].
Active ZapB-based IBs can be produced in high yields and easily
purified to homogeneity [19], thus they are amenable for use in
preparative applications.

The globular nature of proteins confers the main advantage
onto protein-based materials, allowing the alteration of material
functionality by genetic redesign to fit the intended application
[23]. We explored the potential of ZapB-based protein nanopar-
ticles to generate functionalized nanostructures by creating a tri-
partite fusion protein consisting of ZapB, as the assembling unit,
sequentially connected to the green fluorescent protein (GFP) and
the Z-domain, as the active moieties (ZapB-GFP-Z). GFP is widely
used for in vivo imaging [24], whereas the Z-domain [25] is an
engineered analog of the B-domain of Staphylococcus aureus pro-
tein A with high affinity (in the nanomolar range) for IgGs [26-
28]. The binding of this alla-helix protein to the Fc region of an
IgG is mainly mediated by hydrophobic and noncovalent interac-
tions involving residues located at helices 1 and 2 (Fig. S2) [29,30].
Considering this, the objective was to create traceable fluorescent
submicrometric particles that can be easily decorated with an an-
tibody of interest and directed to a specific cellular antigen.

Bispecific antibodies (BsAbs) are mAbs engineered to recognize
and bind to two different epitopes simultaneously. BsAbs are in-
creasingly used in cancer therapy since they can recognize tar-
gets in cancer cells and immune cells, helping to bring the two
cell types together and facilitating tumor cell destruction [31-33].
However, the generalized use of these BsAbs in the clinic is hin-
dered by the high costs and low yields of production and the short
half-life of these molecules in vivo [34]. Dual-targeting nanopar-
ticles conjugated to two different monoclonal antibodies (mAbs)
[35] or binding proteins [36] are being developed to bypass these
obstacles and generate new therapeutic applications. We show
how ZapB-GFP-Z IBs behave as spherical and fluorescent protein
nanoparticles that, when decorated with two different antibodies,
promote selective interactions between different cell types, specif-
ically redirecting T lymphocytes to tumoral cells.

2. Materials and methods
2.1. Protein production and purification

The ZapB-GFP-Z gene fragment (the DNA sequence is presented
in the Supplementary Information) was cloned into a pET-28a vec-
tor between the Ncol and BamHI restriction sites.

For the production of ZapB-GFP and ZapB-GFP-Z IBs, Es-
cherichia coli (E. coli) BL21 (DE3) (Invitrogen, USA) competent
cells were transformed with the corresponding plasmids and
grown aerobically in Luria-Bertani broth (LB) medium supple-
mented with 100 pg/mL ampicillin and 50 pg/mL kanamycin, re-
spectively. After absorbance ODgg of 0.6 was reached, protein ex-
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pression was induced by treatment with 1 mM isopropyl $-D-1-
thiogalactopyranoside (IPTG) for 6 h at 30 °C. The cells were col-
lected after centrifugation at 5000 g for 20 min and the pelleted
cells were resuspended in 400 pL of buffer A (50 mM Tris and
100 mM NaCl, pH 7.4) supplemented with 4 puL of 100 mM PMSF
and 6 pL of 10 mg/mL lysozyme. Then, the cells were incubated
for 1 h at 37 °C, cooled on ice and sonicated for 3 min at 15%
amplitude in 1 s cycles. 4 pL of Nonidet P40 (NP-40) was added
to the sonicated cells, and the mixture was incubated for 1 h at
4 °C. Next, 12 puL of 1 M MgSO4 and 10 pL of 1 mg/mL DNase I
were added and the mixture was incubated for 45 min at 37 °C.
The mixture was centrifuged at 15,000 g for 15 min at 4 °C, and
the pellet was washed with buffer A containing 0.5% Triton X-100.
All incubations were performed under agitation. Purified IBs were
washed three times with buffer A, and the remaining detergent
was removed. The purity of the IBs was confirmed by SDS-PAGE,
and the protein concentration was estimated by measuring the ab-
sorbance of IBs dissolved in guanidine hydrochloride at 280 nm
using a Specord 200 Plus spectrophotometer (Analytik Jena, Ger-
many).

For the production of soluble and His-tagged Z-domain, E.
coli BL21 (DE3) (Invitrogen, USA) competent cells were trans-
formed with the corresponding plasmid and grown aerobically in
LB medium supplemented with 50 pg/mL kanamycin. After an ab-
sorbance ODgyg of 0.6 was reached, protein expression was in-
duced by treatment with 1 mM IPTG for 16 h at 20 °C. The cells
were collected after centrifugation at 5000 g for 20 min and resus-
pended in buffer A containing 20 mM imidazole and 1 mM PMSFE.
The solution was sonicated on ice, and the supernatant was col-
lected after centrifugation at 15,000 g for 30 min, and the protein
was purified by a 5 mL HisTrap FF column (GE Healthcare, USA)
using an AKTA chromatograph (GE Healthcare, USA).

a-Synuclein was produced, purified and aggregated as previ-
ously described in Pujols et al. [37].

2.2. Cell fractionation

The distribution of the expressed ZapB-GFP-Z protein in E. coli
was analyzed by SDS-PAGE. After protein expression, the cells
were centrifuged at 5000 g for 20 min and resuspended in buffer
A. Then, the cells were lysed by sonication and centrifuged at
15,000 g for 15 min at 4 °C, and the soluble fraction (supernatant)
was separated from the insoluble fraction (pellet). The insoluble
fraction was resuspended in buffer A to be the same volume as
the soluble fraction, and both fractions were heated for 10 min
at 98 °C. Finally, 10 pL of the different fractions were loaded onto
SDS-PAGE gels.

2.3. Preparation of antibody-loaded IBs

For the preparation of the IgG-IB complexes, 5 tM ZapB-GFP-Z
and 5 uM ZapB-GFP IBs were incubated in the presence of 1 g
of IgG for 45 min at room temperature. Due to the nature of the
noncovalent but strong interaction between the Z-domain and the
IgGs, the preparation of antibody-decorated IBs was performed by
simple mixing. Then, the IBs were harvested by centrifugation at
15,000 g for 20 min and resuspended in buffer A. Next, five wash-
ing steps were performed to remove unbound antibody molecules
and prevent nonspecific binding.

For the competition assay with ZapB-GFP-Z IBs and soluble Z-
domain protein, 1 pg of IgG labeled with Alexa Fluor 555 was in-
cubated in the presence of 5 uM ZapB-GFP-Z IBs, either with an
excess (50 uM) or without soluble Z-domain. After incubation for
45 min at room temperature, the samples were centrifuged, and
the presence of the IgGs labeled with Alexa Fluor 555 in the insol-
uble fraction (corresponding to the IBs) was analyzed by measuring
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their fluorescence in a Jasco FP-8200 fluorescence spectrofluorom-
eter (Jasco Corporation, Japan).

For the determination of the antibody-binding capacity of the
ZapB-GFP-Z IBs, 0.5 pg of IgG labeled with Alexa Fluor 555 was in-
cubated in the presence of increasing concentrations of ZapB-GFP-Z
IBs (from 0.5 to 20 pM) for 45 min. Then, the GFP and Alexa Fluor
555 fluorescence of the IBs was measured using a Jasco FP-8200
fluorescence spectrofluorometer (Jasco Corporation, Japan).

2.4. Stability in bovine serum

ZapB-GFP-Z IBs were incubated in bovine serum at room tem-
perature for 15 days. Then, samples obtained at different time
points were loaded onto SDS-PAGE gels to evaluate the integrity
of the ZapB-GFP-Z protein fusion.

2.5. Epifluorescence microscopy

Ten microliters of 5 uM decorated IBs in buffer A were de-
posited on top of microscopy glass slides and covered with cover-
slips. Fluorescence was observed using an Eclipse Ts2R-FL inverted
microscope (Nikon, Japan) with a C-LED385 filter for eFluor 450
fluorescence (excitation (390/38 nm) and emission (475/90 nm)),
C-LEDA470 filter for GFP fluorescence (excitation (470/40 nm) and
emission (534/55 nm)) and C-LED525 filter for Alexa Fluor 555 flu-
orescence (excitation (525/50 nm) and emission (597/58 nm)).

2.6. Confocal microscopy

Ten microliters of the solution containing 5 ptM ZapB-GFP-Z IBs
decorated with two different IgGs labeled with eFluor 450 and
Alexa Fluor 555 were deposited on top of microscopy glass slides
and covered with coverslips. Then, the fluorescence intensity of the
different fluorophores (eFluor 450, GFP and Alexa Fluor 555) was
observed upon excitation at a specific wavelength for each fluo-
rophore in a Leica SP5 confocal fluorescence microscope (Leica Mi-
crosystems, Germany). Undecorated ZapB-GFP-Z IBs at a concen-
tration of 5 pM were used as negative controls, as no fluorescence
signal corresponding to eFluor 450 or Alexa Fluor 555 fluorophores
was observed.

2.7. Fourier transform infrared spectroscopy (FTIR)

ZapB-GFP-Z IBs at 5 pM were washed with H,0 to remove the
presence of salts, placed on ATR crystals and dried under N, flow.
The experiment was carried out in a Bruker Tensor 27 FTIR (Bruker
Optics, USA) supplied with a Specac Golden Gate MKII ATR acces-
sory. The spectrum consisted of 32 acquisitions measured at a res-
olution of 1 cm~!. The data were acquired and normalized using
OPUS MIR Tensor 27 software (Bruker Optics, USA). The IR spec-
trum was fitted employing the nonlinear peak-fitting equation in
PeakFit package v4.12 (Systat Software, USA). The area for each
Gaussian curve was calculated in the amide I region from 1700 to
1600 cm~! using the second derivative deconvolution method with
PeakFit package v4.12 (Systat Software, USA).

2.8. Circular dichroism (CD) spectroscopy

CD spectroscopy was used to analyze the secondary structure
content of the ZapB-GFP-Z IBs. Specifically, 5 pM ZapB-GFP-Z IBs
were resuspended in buffer A, and the far-UV CD spectrum was
recorded at a 1 nm bandwidth, scan speed of 100 nm/min and
response time of 1 s using a Jasco-815 spectropolarimeter (Jasco
Corporation, Japan) at 25 °C.
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2.9. Scanning electron microscopy (SEM) and dynamic light
scattering (DLS)

Scanning electron microscopy (SEM) was used to analyze the
morphology of the undecorated and antibody-decorated ZapB-GFP-
Z IBs. Specifically, 10 pL of 5 pM IBs with and without antibodies
resuspended in H,O were deposited on silicon wafers (Ted Pella
Inc., USA), air-dried and observed using a Merlin scanning electron
microscope (Zeiss Merlin, Germany) operating at 2 kV.

Dynamic light scattering (DLS) was used for quantitative size
determination of 5 uM ZapB-GFP-Z IBs undecorated or decorated
with antibodies. For the determination of the stability of the ZapB-
GFP-Z IBs, the size of the nanoparticles was monitored for 15 days.
The size of the IBs was determined using a Zetasizer Nano S90
(Malvern Instruments Limited, UK) at 25 °C.

2.10. Congo red (CR) binding assay

A Congo red (CR) assay was performed to determine the pres-
ence of amyloid structures. For the CR assay, 5 pM ZapB-GFP-Z IB
was resuspended in buffer A and mixed with CR to a final concen-
tration of 10 uM CR. Aggregated a-synuclein was used as a positive
control for protein amyloid aggregation. Optical absorption spectra
were recorded in the range from 375 to 700 nm in a Specord 200
Plus spectrophotometer (Analytik Jena, Germany). The spectrum of
the protein alone was acquired to subtract protein scattering.

2.11. Fluorescence spectra

The emission spectrum of Alexa Fluor 555 IgG was obtained by
recording the emitted fluorescence between 560 and 700 nm using
an excitation wavelength of 555 nm.

The emission spectrum of eFluor 450 IgG was obtained by
recording the emitted fluorescence between 440 and 660 nm using
an excitation wavelength of 410 nm.

The emission spectrum of the ZapB-GFP-Z IBs in buffer A was
obtained by recording the emitted fluorescence between 500 and
600 nm. The excitation spectrum was obtained by exciting the
samples at a range of 400-500 nm.

Three spectra were accumulated at 25 °C using a Jasco FP-8200
fluorescence spectrofluorometer (Jasco Corporation, Japan) with slit
widths of 5 nm, a 0.5 nm interval, and a 1000 nm/min scan rate
for each sample.

For the thermal unfolding of unloaded and IgG-loaded ZapB-
GFP-Z IBs, the GFP fluorescence signal was recorded in a range of
25-95 °C with an increasing heat rate of 1 °C/min and slit widths
of 5 nm and 600 rpm. ZapB-GFP-Z IBs were excited at 495 nm and
emission was recorded at 514 nm using a Jasco FP-8200 fluores-
cence spectrofluorometer (Jasco Corporation, Japan).

2.12. Toxicity assay

HelLa cells and MRC-5 cells were seeded into 96-well plates and
cultured for 24 h in Dulbecco’s Modified Eagle Medium (DMEM)
and Minimum Essential Medium o (MEM a), respectively, supple-
mented with 10% Fetal Bovine Serum (FBS). The ZapB-GFP-Z IBs
were resuspended in PBS at pH 7.4 and added at a concentration
ranging from 2 to 12 uM. PBS was used alone as a control.

For the evaluation of the potential antibody-associated ZapB-
GFP-Z IBs toxicity, HeLa cells were seeded into 96-well plates and
cultured in DMEM supplemented with 10% FBS for 24 h. ZapB-GFP-
Z IBs loaded with anti-EGFR IgGs were resuspended in PBS at pH
74 and added at a concentration ranging from 2 to 12 uM. PBS
alone and anti-EGFR IgGs were used as controls.

In the case of the potential toxicity induced by ZapB-GFP-Z IBs
loaded with anti-CD3 IgGs, T cells (Jurkat cell line) were seeded
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into 96-well plates cultured in Roswell Park Memorial Institute
(RPMI) 1640 + GlutaMAX medium supplemented with 10% FBS for
24 h. ZapB-GFP-Z IBs decorated with anti-CD3 IgGs were resus-
pended in PBS at pH 7.4 and added at a concentration ranging from
2 to 12 pM. PBS alone, anti-CD3 IgGs and undecorated ZapB-GFP-Z
IBs at 10 pM were used as controls.

Treated and control cells were incubated at 37 °C in 5% CO,
for 72 h. Then, 10 uL of PrestoBlue cell viability reagent (Thermo
Fisher Scientific) was added and incubated for 30 min. Cell viabil-
ity was determined by quantifying the fluorescence with a Victor3
fluorescent plate reader (Perkin Elmer, USA).

2.13. Statistical methods

All experimental values are presented as the means + standard
error of the mean (SEM). Measurements are taken in duplicate.
GraphPad Prism software (GraphPad Software, USA) was used to
calculate the mean and SEM values.

2.14. Specific cell targeting by decorated IBs

HeLa cells were cultured on a 35 mm cell culture dish (SARST-
EDT AG & Co, Germany) to a confluence of 70-80%. The initial
DMEM was replaced with fresh medium containing 10 ptM ZapB-
GFP-Z-anti-EGFR IgG IB labeled with Alexa Fluor 555 and prepared
as previously described in the “Preparation of antibody-loaded IBs”
section. Then, HelLa cells were incubated with ZapB-GFP-Z-anti-
EGFR IgG IBs for 1 h at 37 °C and 5% CO,, and ZapB-GFP-Z-IgG anti-
rabbit IBs were used as controls. The incubated cells were washed
five times with fresh medium to remove unbound molecules.

T cells were maintained in RPMI 1640 + GlutaMAX medium
supplemented with 10% FBS. T cells were harvested and resus-
pended in fresh medium containing 5 ptM ZapB-GFP-Z-anti-CD3
IgG IB labeled with eFluor 450. The cells were incubated with
ZapB-GFP-Z-anti-CD3 IgG IBs for 1 h at 37 °C and 5% CO,, precip-
itated and washed five times with fresh medium. ZapB-GFP-Z-1gG
anti-rabbit and anti-EGFR IBs were used as controls.

For the binding of unrelated cell types, HelLa cells were cul-
tured on a 35 mm dish cell culture (SARSTEDT AG & Co, Germany)
to a confluence of 70-80%. Then, the initial medium was replaced
with T cells and dual antibody-decorated 10 pM ZapB-GFP-Z IBs
(anti-EGFR labeled with Alexa Fluor 555 and anti-CD3 labeled with
eFluor 450). The cells with antibody-decorated IBs were incubated
for 1 h at 37 °C and 5% CO, and washed five times with fresh
medium. IBs decorated with only anti-EGFR IgGs were used as con-
trols.

Finally, the cells incubated with decorated IBs were visualized
using an Eclipse Ts2R-FL inverted microscope (Nikon, Japan), and
images were acquired using the appropriate filters and brightfield.

2.15. Flow cytometry assay

ZapB-GFP-Z IBs were decorated with anti-EGFR IgG labeled with
Alexa Fluor 555 as previously described. Then, HeLa cells were in-
cubated with the decorated IBs for 1 h, pelleted and washed five
times to discard unbound molecules. HeLa cells incubated with
ZapB-GFP IBs (previously incubated with anti-EGFR IgGs), ZapB-
GFP-Z IBs decorated with anti-rabbit IgG, ZapB-GFP-Z IBs alone,
and buffer alone were used as controls. For the T cell experiments,
the procedure was the same as previously described for HeLa cells,
decorating ZapB-GFP-Z IBs with anti-CD3 IgG. In this case, T cells
incubated with ZapB-GFP IBs (previously incubated with anti-CD3
IgGs), ZapB-GFP-Z IBs decorated with anti-rabbit IgG, ZapB-GFP-Z
IBs alone, and buffer alone were used as controls.

A total of 10,000 cells incubated with IBs were analyzed using
a FACSCanto flow cytometer (BD Biosciences, USA) equipped with
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a FITC laser to detect the green fluorescence of GFP. Fluorescence
intensities of cell-bound IBs were analyzed and quantified using
FlowJo (BD Biosciences, USA).

For the evaluation of the localization of HeLa and T cells in the
presence of dual-decorated (anti-EGFR and anti-CD3 IgGs) ZapB-
GFP-Z IBs, Hela cells were cultured on a 35 mm cell culture dish
(SARSTEDT AG & Co, Germany) to a confluence of 70-80%. Then,
the initial medium was replaced with T cells and dual antibody-
decorated 10 pM ZapB-GFP-Z IBs (anti-EGFR and anti-CD3 IgG).
Cells with decorated IBs were incubated for 1 h at 37 °C and
5% CO, and washed five times with fresh medium. ZapB-GFP-Z
IBs decorated with only anti-EGFR IgGs were used as controls.
Then, trypsin was added to the solution and neutralized with FBS-
supplemented medium. Then, the cells were centrifuged, resus-
pended in PBS at pH 7.4 and analyzed using a FACSCanto flow cy-
tometer (BD Biosciences, USA). FSC and SSC signals were measured
for the detection of both cell types, and untreated HeLa and T cells
were used alone as controls. Finally, the percentage and quantifi-
cation of the cells were determined using FlowJo (BD Biosciences,
USA).

3. Results
3.1. ZapB-GFP-Z forms nonamyloid a-helix-rich IBs

To generate nonamyloid fluorescent IBs with antibody capturing
activity, ZapB was N-terminally fused to two consecutive globular
domains: GFP and the Z-domain. This created a tripartite fusion
protein named ZapB-GFP-Z. The Z-domain [25] is an engineered
analog of the B domain of Staphylococcus aureus protein A, consists
of 58 residues (6.6 kDa), and folds into three a-helices. Therefore,
the fusion protein consisted of sequentially ordered coiled-coil, all-
B, and all a- domains (Fig. S3).

ZapB-GFP-Z was expressed in E. coli and located in the insolu-
ble cell fraction (Fig. S4), from which IBs composed of assembled
copies of the fusion protein were purified to homogeneity (Fig. S5)
at a yield of 98.5 + 5.5 mg/L. The secondary structure of the IBs
was analyzed using Fourier Transform Infrared Spectroscopy (FTIR).
We recorded the infrared spectrum of the ZapB-GFP-Z IBs in the
amide 1 region (1700-1600 cm~!), corresponding to the absorp-
tion of the main chain carbonyl group. As shown in Fig. 1A, the
primary contributor to the ZapB-GFP-Z IBs spectrum was a signal
located at 1654 cm~! (44% of the area), assigned to the a-helix
conformation. This outcome is reasonable since the ZapB and Z-
domains both consist of a-helices. A second band at 1631 cm~! ac-
counts for 35% of the spectrum area and likely represents the low-
frequency coiled-coil signal [38] and the B-sheet signal of the GFP
B-barrel. The third band at 1676 cm~! (21% of the area) possibly is
attributable to the mixed contribution of structurally different do-
mains at high frequencies. Although the far-UV Circular Dichroism
(CD) spectrum of the ZapB-GFP-Z IBs is influenced by the p-barrel
structure of GFP, the two main o-helical signals are still evident,
with a minimum at 224 nm and an inflection at 210 nm, in good
agreement with the FTIR data (Fig. S6) and with the previous sec-
ondary structure analysis of ZapB IBs and ZapB-GFP IBs [19]. These
results corroborate the native-like secondary structure of the ZapB-
GFP-Z polypeptides embedded in these IBs.

Scanning Electron Microscopy (SEM) revealed that the ZapB-
GFP-Z IBs were of submicrometric size and displayed a spheri-
cal shape (Fig. 1B). Dynamic light scattering (DLS) data revealed
a moderately polydisperse size distribution with an average diam-
eter of 560 + 157 nm (Fig. S7) that remained stable in size for at
least 15 days (Fig. S8). This submicrometric size is the result of the
high order assembly of multiple copies of the ZapB-GFP-Z fusion
protein inside the bacteria, already before their purification. To as-
sess whether ZapB-GFP-Z IBs were stable under close to physiolog-
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Fig. 1. Conformational properties of the ZapB-GFP-Z IBs. (A) FTIR absorbance spectrum of the ZapB-GFP-Z IBs in the amide I region (dashed line). The different component
bands (solid lines) were obtained by deconvolution of the spectrum using PeakFit software. (B) SEM image of a ZapB-GFP-Z IB. (C) CR absorbance spectra of the ZapB-GFP-Z

IBs (solid line) and buffer alone (dashed line).

ical conditions, they were incubated with bovine serum for up to
15 days. The SDS-PAGE analysis revealed that the fusion protein in
these IBs remained stable for at least 10 days at room temperature
(Fig. S9).

An amyloid-like nature for ZapB-GFP-Z IBs was excluded using
one of the most common dyes to detect amyloid-like structures,
the Congo red (CR) [39]. The CR absorption spectrum is sensitive
to the presence of amyloid structures, displaying a redshift in their
presence, caused by the cooperative binding of CR molecules along
the fibril axis [40]. As shown in Fig. 1C, the spectra of CR dye in
the presence and absence of ZapB-GFP-Z IBs were very similar. In
contrast, when CR was incubated with aggregated a-synuclein, the
displacement of the spectrum was evident (Fig. S10).

Finally, the thermal stability of the fusion protein within the
ZapB-GFP-Z IBs was analyzed by monitoring the changes in the
GFP fluorescence intensity upon heating. As shown in Fig. S11, the
melting curve is indicative of cooperative GFP unfolding with a Tp,
of 74.5 £+ 3.0 °C.

Overall, the biophysical analysis indicates that ZapB-GFP-Z IBs
are a-helix-rich and stable nanometric spherical particles, likely
sustained by coiled-coil interactions, and devoid of amyloid-like in-
termolecular B-sheet structures.

3.2. ZapB-GFP-Z IBs are bifunctional

The conformational traits of ZapB-GFP-Z IBs suggest that the
different domains in the protein fusion might maintain their native
structure in the assembled state. Therefore, they were expected
to emit green fluorescence and bind antibodies simultaneously. To
confirm that the spectral properties of the GFP embedded in the
ZapB-GFP-Z IBs were preserved, the excitation and emission spec-
tra were recorded. As shown in Fig. S12, the GFP located in the
IBs displays the characteristic excitation and emission profiles, in
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good agreement with our previous studies [19], with excitation and
emission maxima at 495 nm and 514 nm, respectively. To confirm
the expected bifunctional activity of these IBs, we incubated ZapB-
GFP-Z 1Bs with an IgG antibody labeled with Alexa Fluor 555 at
room temperature for 45 min. Then, the IBs were precipitated and
washed five times to minimize nonspecific binding, and the fluo-
rescence of these nanoparticles was analyzed by fluorescence mi-
croscopy. The ZapB-GFP-Z IBs emitted the characteristic GFP green
fluorescence and the labeled antibody red fluorescence, with a per-
fect overlap between both signals (Fig. 2). When ZapB-GFP IBs
without the Z-domain were used as controls, green fluorescence
was evident, but we could not detect red fluorescence coming from
the labeled IgG (Fig. S13), indicating that the Z-domain was essen-
tial for the binding of IgG to the IBs. The ability of the ZapB-GFP-Z
IBs to bind antibodies was tested in the presence and in the ab-
sence of 10-fold molar excess of soluble Z-domain. As shown in
Fig. 3A, the binding of these IBs to antibodies labeled with Alexa
Fluor 555 was strongly reduced in the presence of the competing
soluble Z-domain, as it was evident by the much lower fluores-
cence intensity. This indicates that, as intended, the binding of the
antibodies to the IBs is mediated by the Z-domain.

To determine the IgG loading capacity of these IBs, we per-
formed a titration assay by measuring the fluorescence of the la-
beled IgG bound to the IBs. As shown in Fig. 3B, the GFP fluo-
rescence of these IBs increases linearly with the concentration. In
contrast, the binding of the Alexa Fluor 555-labeled IgG reached a
plateau at 2 uM ZapB-GFP-Z IB, revealing a conventional saturation
binding curve, with an apparent binding capacity of 130 ng of an-
tibody per pg of IB and 867 ng of antibody per pg of Z-domain in
the IB (Fig. 3C).

We characterized the size and morphology of these nanoparti-
cles when loaded with antibodies using DLS and SEM. The pres-
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Fig. 2. Bifunctional activity of the ZapB-GFP-Z IBs. Representative fluorescence microscopy images of (A) GFP fluorescence and (B) IgG labeled with Alexa Fluor 555 fluores-
cence. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)

ence of the IgGs increased the average diameter of the IBs to
724.8 + 292.7 nm, while they kept the spherical shape (Fig. S14).
The stability of the IBs constituent fusion proteins was not signifi-
cantly altered by the presence of the IgGs, as it was deduced from
the cooperative melting curve of GFP, with a Tm of 75.0 + 2.1 °C,
fairly similar to that of undecorated IBs (Fig. S11).

3.3. ZapB-GFP-Z IBs are biocompatible

Once the functionality of ZapB-GFP-Z IBs was confirmed, we
sought to determine whether they induce toxicity in human cells
since it would preclude any further cellular assay. Hela cells were
incubated with different concentrations of ZapB-GFP-Z IBs (from 0
to 12 pM), and we monitored their viability using a PrestoBlue®
fluorescent assay. As it can be observed in Fig. 4A, ZapB-GFP-Z IBs
did not show associated toxicity at any of the assayed concen-
trations. The IBs toxicity was further tested in the MRC-5 nontu-
mor human lung fibroblast line. As shown in Fig. 4B, ZapB-GFP-Z
IBs were innocuous to MRC-5 cells at all the assayed concentra-
tions, corroborating that these functional protein-based nanoparti-
cles have optimal biocompatibility.

3.4. Antibody-decorated ZapB-GFP-Z IBs specifically target human
cancer cells

We aimed to assess whether ZapB-GFP-Z IBs can target spe-
cific antigens in living cells once they have been loaded with an-
tibodies through their Z-domain. First, we decorated ZapB-GFP-Z
IBs with an anti-EGFR antibody labeled with Alexa Fluor 555 as
described above. Anti-EGFR antibodies recognize epidermal growth
factor receptor (EGFR) overexpressed on the membrane of epithe-
lial cancer cells such as Hela cells [41,42]. We incubated the anti-
EGFR antibody-loaded ZapB-GFP-Z IBs with Hela cells. The pres-
ence of IBs attached to the cell membranes was corroborated us-
ing fluorescence and brightfield microscopy (Fig. 5). We observed
a good overlay between green and red fluorescence signals, emit-
ted from the GFP and the antibody, respectively, indicating that
the nanoparticles maintained their bifunctionality in the assay. In
contrast, when HelLa cells were incubated in the presence of ZapB-
GFP-Z IBs loaded with an anti-rabbit antibody, IBs binding to cells
was not detected (Fig. S15), indicating that the recognition of HelLa
cells by IBs is specific and depends on the presence of anti-EGFR
antibodies anchored to their Z-domains.

The binding of IBs to cells was also investigated using flow cy-
tometry (FC). We incubated ZapB-GFP-Z IBs alone and loaded with
either anti-EGFR or anti-rabbit antibodies with HelLa cells, followed
by a washing step. The cells were immediately analyzed by FC,
taking advantage of GFP fluorescence using a FITC emission de-
tector. The analysis revealed that approximately 80% of the HelLa
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cells were labeled with anti-EGFR decorated IBs (Fig. S16), whereas
no significant labeling was observed in the other cases. Similarly,
when ZapB-GFP IBs were incubated with the anti-EGFR antibody,
and these IBs were added to Hela cells, the cells remained unla-
beled. Furthermore, when ZapB-GFP-Z IBs loaded with anti-EGFR
antibody were incubated with cells deficient in EGFR expression,
such as T lymphocytes, the IBs did not recognize them (Fig. S17).

Finally, we wanted to discard any antigen-specific toxicity of the
antibody-decorated IBs. ZapB-GFP-Z IBs loaded with anti-EGFR an-
tibody were incubated with HeLa cells. As shown in Fig. S18, these
functionalized IBs did not induce any detectable antigen-associated
toxicity in the HeLa cells, which displayed viability values similar
to the cells treated with buffer or anti-EGFR soluble antibody.

Overall, we can conclude that ZapB-GFP-Z IBs can be used to
target specific human cell epitopes and that this activity depends
both on the presence of the Z-domain and the identity of the con-
jugated antibody, without any antigen-associated toxicity. The in-
trinsic green fluorescence of these nanoparticles allows to localize
them easily without need for post-assembly IBs labeling.

3.5. Dual antibody binding by the ZapB-GFP-Z IBs

In principle, these bifunctional IBs can be endorsed with mul-
tivalency simply by loading different IgG antibodies onto the Z-
domain. To confirm this possibility, ZapB-GFP-Z IBs were simul-
taneously incubated with two different antibodies labeled either
with Alexa Fluor 555 (red fluorescence) or eFluor 450 (blue flu-
orescence). As shown in Fig. 6, ZapB-GFP-Z nanoparticles emit-
ted three different fluorescence signals, green from GFP, and red
and blue fluorescence from the antibodies, with a perfect over-
lap, indicating that both antibodies were bound to the IBs, as in-
tended. This dual antibody-loading was confirmed using confocal
microscopy. A good overlap of the three fluorescence signals in
the dual-decorated IBs was observed, without detecting blue or red
fluorescence signals in the undecorated ZapB-GFP-Z IBs (Fig. S19).
Moreover, controlling the proportion of the antibodies in the initial
mixture allowed us to obtain IBs decorated with a defined ratio of
these molecules (Fig. S20).

Overall, the data indicate that ZapB-GFP-Z IBs can be function-
alized with the desired proportion of two, and likely more, differ-
ent antibodies.

3.6. Dual antibody-conjugated ZapB-GFP-Z IBs direct T lymphocytes
to Hela cells

Once we confirmed the ability of ZapB-GFP-Z IBs to capture dif-
ferent antibodies simultaneously, we wondered whether they can
be used as scaffolds to bring two different cell types together. To
this end, we first analyzed the ability of the ZapB-GFP-Z IBs to tar-
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get T lymphocytes when they were decorated with anti-CD3 IgG
labeled with eFluor 450. This anti-CD3 antibody recognizes the
TCR/CD3 complex of T cells [43]. ZapB-GFP-Z IBs loaded with anti-
CD3 IgG were incubated with T cells for one hour and washed to
prevent nonspecific binding. As shown in Fig. 7, the presence of
conjugated IBs attached to T cells was evident in the fluorescence
and brightfield microscopy images. In addition, there was a per-
fect overlap between the green and blue fluorescence emitted from
the GFP and anti-CD3 antibody, respectively. When T cells were
incubated with ZapB-GFP-Z IBs loaded with anti-rabbit IgG, these
nanoparticles did not recognize the T lymphocytes (Fig. S21).

The binding of IBs to T cells was also investigated using FC, as
previously described with HeLa cells. As shown in Fig. S22, the
analysis indicated that approximately 60% of T cells were labeled
when incubated with ZapB-GFP-Z IBs conjugated to the anti-CD3
antibody. In contrast, T cells incubated with IBs loaded with non-
specific antibodies, unloaded IBs or IBs incubated with the anti-
CD3 antibody but devoid of the Z-domain remained unlabeled and
were nonfluorescent.

To confirm that ZapB-GFP-Z IBs decorated with anti-CD3 an-
tibody did not induce antigen-specific toxicity, T cells were in-
cubated with different concentrations of anti-CD3-loaded IBs for
72 h. As is shown in Fig. S23, these functionalized IBs did not in-
duce any significant toxicity at the tested concentrations.

The data indicate that, as shown for Hela cells, the binding to T
lymphocytes is controlled by the specificity of the bound antibody.
Next, we loaded ZapB-GFP-Z IBs simultaneously with two antibod-
ies, namely, fluorescently labeled anti-EGFR and anti-CD3. These
dual-antibody decorated IBs were incubated with HeLa and T cells
for one hour, and the culture was washed to remove unbound par-
ticles. Brightfield microscopy analysis showed abundant circular T
cells and polygonal HeLa cells connected by fluorescent IBs (Figs. 8
and S24). In contrast, when Hela cells and T cells were incubated
in the presence of ZapB-GFP-Z IBs loaded only with anti-EGFR IgG,
the IBs targeted HelLa cells but did not capture T lymphocytes (Fig.
S25).

The IBs mediated colocalization of the two cell types was fur-
ther studied using FC. As shown in Fig. S26, the dual decoration of
ZapB-GFP-Z IBs with anti-EGFR and anti-CD3 antibodies promoted
the association of T cells and HeLa cells. However, in the absence
of anti-CD3 antibody, the ZapB-GFP-Z IBs failed to promote this cell
association. A quantitative analysis indicated that dual anti-EGFR
and anti-CD3 antibody decoration of ZapB-GFP-Z IBs increased the
number of T cells associated to HeLa cells by at least 14-fold, when
compared with IBs decorated only with anti-EGFR antibody (Table
S1).

Overall, the data indicate that dual antibody-loaded ZapB-GFP-
Z IBs can simultaneously bind at least two different antigens and
approach unrelated cell types.
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Fig. 4. Cytotoxicity induced by the ZapB-GFP-Z IBs. HeLa (A) and MRC-5 (B) cell viability was tested at different concentrations (from 2 to 12 pM) of ZapB-GFP-Z IBs. IBs

were added to the cells and incubated for 72 h. PBS buffer was used as the control.

478



M. Gil-Garcia and S. Ventura

A

Acta Biomaterialia 131 (2021) 472-482

Fig. 5. Specific binding of functionalized ZapB-GFP-Z IBs to human cells. Representative microscopy images of green fluorescence emitted from the ZapB-GFP-Z IBs (A), red
fluorescence emitted from anti-EGFR IgG labeled with Alexa Fluor 555 (B), HeLa cells with brightfield microscopy (C), and the three images merged (D). (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Discussion

Functional IBs are becoming promising sources of active protein
for biotechnological and biomedical purposes [44]. These protein
nanoparticles are easy to produce and purify at preparative yields
and have been applied in tissue engineering, protein delivery, as
vaccines, and for catalysis [45-48].

We have recently succeeded in exploiting the ability of a nat-
ural coiled-coil domain to self-assemble inside bacterial cells to
generate highly active IBs [19]. These a-helix-rich protein nanopar-
ticles overcome the drawbacks of classical B-sheet-rich, amyloid-
like IBs. Here, we address whether this inside-the-cell coiled-coil-
driven assembly strategy can be used to create multifunctional IBs
containing two different folded and active globular domains.

The tripartite ZapB-GFP-Z fusion protein was successfully ex-
pressed in E. coli cells as IBs. These nanoparticles have been pu-
rified to homogeneity, and they display a spherical submicrometric
size that remains stable in solution for more than a week, sug-
gesting suitability for their use in nanotechnological or biomedical
applications [49,50]. In this study, we showed that these IBs are
sustained by native-like a-helical interactions and that the activ-
ity of the all-B GFP and all a- Z-domain moieties is preserved, as
evidenced by the perfect overlap between the green fluorescence
of GFP and the red or blue fluorescence emitted from the labeled
IgG antibody attached to the Z-domain. This outcome suggests a
generic ability of proteins to keep their active structures within
ZapB-based IBs, as indicated by the cooperative melting of the GFP
moiety. Importantly, ZapB-GFP-Z IBs keep a submicrometric size
when bound to antibodies, without their shape or the constituent
proteins stability being altered.

Biomaterials for in vivo applications need to be nontoxic to hu-
man cells [19]. As intended, generating IBs without amyloid char-
acteristics resulted in innocuous and biocompatible IBs potentially
suitable for biomedical purposes, as it has been corroborated with
different cell lines. Another requirement for future in vivo uses is
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negligible antigen-specific toxicity when they are loaded with an-
tibodies, a feature that IgG-decorated ZapB-GFP-Z IBs fulfill.

Selective targeting of defined cell types has emerged as a safe
alternative to conventional therapies, minimizing toxic side effects.
The ability of BsAbs to simultaneously recognize two different epi-
topes is increasingly exploited in immuno-oncology, gradually dis-
placing monovalent therapies, since this capacity allows redirection
of immune cells to selected cancer cell types [51].

Dual-targeting nanoparticles that combine two different mAbs
are receiving increasing attention as alternatives to BsAbs for can-
cer immunotherapy [35]. The FDA has approved many monovalent
mAbs for targeted cancer treatment, and these mAbs are manufac-
tured at a much lower cost than BsAbs. In addition, mAb immobi-
lization in a nanoscopic assembly results in significant stabilization
relative to short-lived soluble BsAbs. Current methods for develop-
ing multivalent antibody nanostructures rely on covalent strategies
that require consecutive chemical conjugations steps [52], which
can potentially modify the antibody structure and function. In con-
trast, in ZapB-GFP-Z protein nanoparticles, antibody decoration re-
lies on the strong, specific, and noncovalent interaction between
the Z-domain and the Fc-region of IgG, as shown in the compe-
tition binding assay, which is not expected to alter the antibody
affinity/specificity for its target.

Once we demonstrated the ability of antibody decorated ZapB-
GFP-Z IBs to recognize different cell types specifically, we ratio-
nalized that our multifunctional nanoparticles can be a convenient
way to promote dual epitope targeting when decorated with two
different specific antibodies and, indeed, dual-loaded nanoparticles
effectively redirect T cells to cancer cells.

The intrinsic fluorescence of these nanostructures makes them
traceable in vivo, without the need for fluorescent dyes, and they
can be simultaneously loaded with two, and likely more, antibod-
ies in a user-defined stoichiometry. These features, together with
the high yield of production confer them advantages, relative to
BsAbs, from a biotechnological point of view.
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Fig. 6. Multifunctional ZapB-GFP-Z IBs decorated with two different antibodies. Representative microscopy images of GFP fluorescence (A), red fluorescence emitted from

IgG labeled with Alexa Fluor 555 (B), blue fluorescence emitted from IgG labeled with eFluor 450 (C), and the three images merged (D). (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

A

Fig. 7. Specific binding of bifunctional ZapB-GFP-Z IBs to T lymphocytes. Representative microscopy images of GFP fluorescence (A), blue fluorescence emitted from anti-CD3
IgG labeled with eFluor 450 (B), and merging of these images and brightfield image (C). (For interpretation of the references to color in this figure, the reader is referred to
the web version of this article.)
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Fig. 8. Dual IgG-decorated ZapB-GFP-Z IBs direct T cells expressing CD3 to HeLa cells expressing EGFR. Representative microscopy images of GFP fluorescence (A), red
fluorescence emitted from anti-EGFR IgG labeled with Alexa Fluor 555 (B), blue fluorescence emitted from anti-CD3 IgG labeled with eFluor 450 (C), and merging of these
three images and brightfield (D). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Overall, the present proof-of-concept study describes a novel
kind of protein-based nanoparticles with potential applications
in biomedicine, although the in vivo usefulness of this approach
needs to be further validated.

5. Conclusion

In this work, we created fluorescent nonamyloid IBs able to
capture antibodies with high affinity. These submicrometric, spher-
ical, and a-helix-rich protein nanoparticles are innocuous for hu-
man cells. They can potentially recognize any cell type of interest
when loaded with the proper antibody. Furthermore, these func-
tional IBs can be easily functionalized by adding different anti-
bodies simultaneously, promoting the association of unrelated cell
types, acting as mimics of BsAbs. Their production is cost-effective
and fully scalable, and therefore, they are convenient sources of in
vivo traceable protein nanoparticles for potential biomedical appli-
cations.
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