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Engineered Near-Infrared Fluorescent Protein Assemblies
for Robust Bioimaging and Therapeutic Applications

Jingjing Li, Bo Li, Jing Sun, Chao Ma, Sikang Wan, Yuanxin Li, Robert Gostl,

Andreas Herrmann, Kai Liu,* and Hongjie Zhang

Fluorescent proteins are investigated extensively as markers for the imaging
of cells and tissues that are treated by gene transfection. However, limited
transfection efficiency and lack of targeting restrict the clinical application

of this method rooted in the challenging development of robust fluorescent
proteins for in vivo bioimaging. To address this, a new type of near-infrared
(NIR) fluorescent protein assemblies manufactured by genetic engineering
is presented. Due to the formation of well-defined nanoparticles and spectral
operation within the phototherapeutic window, the NIR protein aggregates
allow stable and specific tumor imaging via simple exogenous injection.
Importantly, in vivo tumor metastases are tracked and this overcomes the
limitations of in vivo imaging that can only be implemented relying on the
gene transfection of fluorescent proteins. Concomitantly, the efficient loading
of hydrophobic drugs into the protein nanoparticles is demonstrated facili-

(7001700 nm) offers increased tissue pen-
etration depths and a better signal-to-noise
ratio rendering it ideal for biomedical
applications.l”) Currently, NIR fluores-
cent materials mainly comprise quantum
dots,B1% lanthanide-doped upconverting
nanoparticles,''™B organic small mole-
cules,™l and polymer-based systems.!!
However, long-term toxicity and immu-
nogenicity, non-biodegradability, as well
as photo-instability of these non-life-like
materials have restricted their translation
into clinical applications.’22 Thus, the
development of new fluorophores with
increased biocompatibility and biosafety
as imaging diagnostic tools is essential for

tating the therapy of tumors in a mouse model. It is believed that these
theranostic NIR fluorescent protein assemblies, hence, show great potential

for the in vivo detection and therapy of cancer.

Near-infrared (NIR) fluorescence imaging is an evolving
field enabling high-resolution imaging and diagnosis in bio-
medicine. Due to the reduced photon scattering and minimal
tissue absorption, fluorescence imaging in the NIR window
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biomedical application.

Fluorescent proteins (FPs), such as red-
shifted fluorescent protein and engineered
monomeric near-infrared fluorescent pro-
teins (mIFPs), were proven to be excellent
candidates for noninvasive labeling and
whole-body imaging in living organisms due to the low light
scattering/background noise, reduced autofluorescence, and
relatively easy construction procedure.23=3% Typically, those
fluorophores are genetically encoded and must be produced
by gene transfection into living cells and animals for bioim-
aging. However, the transfection efficiency is limited and the
FPs expressed by this procedure are unable to target tumors
effectively owing to the lack of specific binding sites.!3%
Moreover, FPs that are expressed by hosts such as Escherichia
coli and yeast are rarely reported for direct in vivo bioimaging.
This most likely stems from the fast photobleaching in blood
proteases environment when the FPs are injected exogenously.
Therefore, it remains a major challenge to develop robust FPs
for the realization of stable and specific bioimaging and diag-
nosis via a simple and direct exogenous injection of the fluores-
cent markers.

Here, we demonstrate a new type of well-defined mIFP
nanoassembly, which is driven by electrostatic complexation
of positively charged mIFP conjugates and anionic carboxy-
late-terminated poly(ethylene glycol) (PEG-COO™) chains. The
resulting protein nanoparticles exhibit outstanding NIR emis-
sion and photostability, high cell permeability, good biocompat-
ibility, and significantly improved blood circulation time. Stable
and long-time imaging characteristics at the tumor sites were
achieved through a single intravenous injection, which is far
superior to other FPs reported to date. Interestingly, the mIFP
assemblies were accumulated effectively in the metastatic

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. The synthesis and characterization of mIFP-K72-PEG nanoassemblies. A) Schematic representation for the fabrication of mIFP-K72-PEG
assemblies. The protein mIFP-K72 was genetically fused with a cationic polypeptide of (VPGKG);, to the C-terminus of mIFP by recombinant DNA tech-
nology and expressed in Escherichia coli. By complexation with negatively charged PEG-COO™, the mIFP-K72-PEG protein assemblies were produced.
B) TEM image and size distribution of the mIFP-K72-PEG. The protein assemblies exhibit a uniform spherical structure with an average size of about
200 nm in diameter. Scale bar: 0.5 pm. C) Emission spectra of mIFP-K72 and mIFP-K72-PEG (A, = 680 nm). Images of the fluorescent mIFP-K72-PEG

complex (16 x 107

tumor nodules in mice liver, confirming their passive specific
targeting capability. Furthermore, it was found that the hydro-
phobic antitumor antibiotic of thiostrepton was efficiently
encapsulated within the protein nanoaggregates and effec-
tive tumor therapy in mice model was realized. Therefore, the
development of mIFP-based assemblies offers new opportuni-
ties to explore bioimaging and quasi-segment therapeutic appli-
cations in clinical trials.

The protein nanoparticle assembly is a two-component
system, including a cationic chimera protein and a chemi-
cally synthesized anionic polyelectrolyte (Figure 1A). The pro-
tein entity consists of recombinant mIFP or GFP and cationic
fusion polypeptides. This highly charged species is derived
from elastin-like pentapeptide (ELP) with characteristic repeat
units (VPGKG),,. Notably, the digit here denotes the amounts of
charges involved in the specific recombinant protein. A series of
chimera samples, including mIFP-K72 and GFP-K72, and other
polypeptides, including K18 and K36 for control experiments,
were designed and prepared (preparation details are given in
Supporting Information, Figures S1 and S2 and Table S1, Sup-
porting Information).3*34 All proteins were characterized by
both polyacrylamide gel electrophoresis and matrix-assisted
laser desorption/ionization time-of-flight mass spectrometry,
respectively (Figures S3 and S4, Supporting Information). The
anionic polyelectrolyte component is a biocompatible carboxy-
lated polyethylene glycol (PEG-COO) (Figure S5, Supporting
Information). PEGylation was performed through combination
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M) in D) blood and E) PBS buffer. Here A, = 665 nm and A, = 710 nm.

of anionic PEG-COO™ and cationic mIFP-K72 conjugates by
electrostatic interaction, generating mIFP-based nanoparticles
(e.g., mIFP-K72-PEG).

The morphology of the assembled protein nanostructures
was investigated using transmission electron microscopy
(TEM) and atomic force microscopy. As shown in Figure 1B and
Figure S6, Supporting Information, a highly uniform spher-
ical structure of mIFP-K72-PEG with an average size of about
200 nm in diameter was observed. This was consistent with
dynamic light scattering analysis, in which the hydrodynamic
size of the prepared protein assemblies was determined to be
=200 nm (Figure S7, Supporting Information). In the protein-
PEG complex, the hydrophobic properties of the mIFP chromo-
phore and its charge shielded elastin-like chains together with
the hydrophilic PEG chains endowed mIFP-K72-PEG with
amphiphilic characteristics, resulting in the aggregation and
phase separation in aqueous solutions and thereby formed
nanoparticles. As the neutralization of positively charged
ELP polypeptide, the typical behavior with phase transition
from soluble to insoluble state might also contribute to the
nanoparticle formation. Moreover, the nanoaggregation behav-
iors of the K36-PEG and K18-PEG were investigated, indicating
that the nanoparticle sizes can be manipulated by the length
of the fused K polypeptides (Figures S7-S9, Supporting Infor-
mation). Next, the fluorescence spectra of the complexed mIFP-
K72-PEG and the pristine mIFP-K72 were recorded (Figure 1C).
It was found that both showed comparable emission peaks

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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around 710 nm, suggesting that the PEGylation on mIFP-K72
had negligible effect on its intrinsic structure and fluorescence
performance. In addition, there was no significant fluorescence
alteration for the mIFP-K72-PEG within 1 week, highlighting
the photostability of the protein assemblies in blood serum
(Figure S10, Supporting Information).

The cytotoxicity of the mIFP-K72-PEG nanoparticles was inves-
tigated by propidium iodide and calcein AM staining assays in
human fibroblast cells. As shown in Figure S11, Supporting Infor-
mation, the cell viability remained at 95% after 24 h incubation
with 800 x 107 M of the protein sample. Moreover, the in vivo tox-
icity was assessed by intravenous injection of the mIFP-K72-PEG
in a mouse model (Animal experiments were approved by the
Institutional Animal Care and Use Committee of Jilin University).
Over a period of 2 weeks, a survival rate of 100% was observed and
no difference in the mice’ overall appearance when treated with
the protein sample and phosphate-buffered saline (PBS), respec-
tively, could be noted (Figure S12, Supporting Information). Fur-
thermore, the cellular uptake of the protein assemblies in Hela
cells was investigated. Since the bathochromic excitation wave-
length (A = 680 nm) of the mIFP-K72-PEG was not available in
our applied fluorescence microscopy setup, here the GFP-K72-PEG

A GFP-K72-PEG B

mIFP-K72-PEG C

www.advmat.de

as an alternative was utilized. Intracellular fluorescence of HeLa
cells treated with the GFP-K72-PEG sample was observed when
incubated for 10 min (Figure S13, Supporting Information), con-
firming the efficient cellular uptake of the protein nanoparticles.
Fluorescent nanoparticles typically target tumors via passive
accumulation due to the enhanced permeability and retention
(EPR) effect.3>3¢] A comparably large size is useful to prevent
penetration of nanoparticles into normal cells and increase
accumulation in the target tissue and thus enhance signal
intensity within the target. In the present system, K72-PEG
was larger compared to K36-PEG and K18-PEG (Figure S9,
Supporting Information). Thus, the feasibility of the mIFP-
K72-PEG probe for in vivo tumor imaging was investigated.
For this purpose, a tumor xenograft was induced in the right
hind leg of mice by subcutaneous injection of HeLa cells. After
inoculation for 3 weeks, the mice were intravenously injected
with the mIFP-K72-PEG (800 nmol kg), GFP-K72-PEG
(800 nmol kg™), and PBS buffer, respectively. Fluorescence
imaging was performed using a Maestro (CRi) in vivo imaging
system and analyzed at multiple time points after injection
(Figure 2). No fluorescence was detected in mice when treated
with GFP-K72-PEG, suggesting photoinstability and poor

mIFP-K72-PEG

21-Day xenografts

D Brightfield

21-Day xenografts

14-Day xenografts

NIR fluorescence

particles
L.v.

Figure 2. In vivo and ex vivo imaging of tumor xenografts. Tumor xenograft was induced in the right hind leg of mice by subcutaneous injection of
Hela cells. HeLa cells were incubated for A,B) 3 or C) 2 weeks, respectively. A,B) In vivo NIR fluorescence imaging of mice with tumor xenografts in
the right hind leg after administration of GFP-K72-PEG (A, 800 nmol kg™') or mIFP-K72-PEG (B, 800 nmol kg™). C) In vivo NIR fluorescence imaging
for earlier detection of tumor xenografts after injection of mIFP-K72-PEG (800 nmol kg™'). D,E) Brightfield and NIR fluorescence imaging of excised
tumor xenografts. Ex vivo imaging analysis was performed by harvesting tumor xenografts from mice treated with mIFP-K72-PEG (upper panel) or
PBS (lower panel) at 24 h post-injection (N = 3). Tumor sites are indicated by dashed circles. Scale bar: 1 cm. NIR fluorescence imaging: A, = 665 nm
and A, =710 nm.
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Figure 3. In vivo and ex vivo imaging of metastatic tumor nodules. A) Schematic representation for imaging mice metastatic tumor nodules. The
human hepatocellular carcinoma cells (MHCC97-H) were inoculated intravenously and incubated for 2 weeks in mice, followed by intravenous injection
of the mIFP-K72-PEG protein nanoparticles. The images were recorded after irradiation with light at A,, = 665 nm. B) In vivo NIR fluorescence imaging
of mice with metastatic tumor nodules in liver after administration of mIFP-K72-PEG (800 nmol kg™'). PBS-treated as a control group. Scale bar: T cm.
C) Ex vivo imaging of mice tissues from different groups: the mice injected with a,b) both MHCC97-H cells and mIFP-K72-PEG, c,d) mice treatment
only with mIFP-K72-PEG or e,f) PBS buffer. Only the group treated with both MHCC97-H cells and mIFP-K72-PEG exhibited the fluorescent signals in
the liver. Scale bar: 0.5 cm. NIR fluorescence imaging: A, = 665 nm and A, = 710 nm.

penetration depth of the GFP derivatives for in vivo bioim-
aging (Figure 2A; Figure S14, Supporting Information).””) Most
notably, however, the fluorescence emitted from the mIFP-
K72-PEG assemblies was easily recorded on the tumor sites at
16 h post-injection and the fluorescence maintained well even
after 24 h (Figures 2B). The fluorescence signal gradually faded
after 36 h, which might be ascribed to the clearance and degra-
dation of the protein assemblies in the tumor surrounding pro-
teases environment. It should be noted that the 36 h imaging
characteristic of the NIR protein nanoparticles is sufficient for
diagnostic test in future clinical applications. Furthermore,
the size effect of tumor xenograft on the in vivo imaging was
explored by shortening the inoculation time with HeLa cells to
2 weeks. Immediately after tail vein injection, the fluorescent
marker was extensively distributed throughout the entire mice
at 3 h post-injection (Figure 2C). It was found that fluorescence
intensities at the tumor site were increased at 16 and 24 h
post-injection, suggesting the mIFP-K72-PEG nanoassemblies
gradually permeated tumors through passive targeting and
EPR effect. Those experiments confirmed the capacity of mIFP-
K72-PEG for tumors’ imaging and diagnostics even though at
early stage, they are in small sizes. Ex vivo imaging analysis was
performed by harvesting tumor xenografts from the right hind
legs of mice at 24 h post-injection (Figure 2D,E). In comparison

Adv. Mater. 2020, 32, 2000964
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with the PBS control group, the tumor xenografts treated by
the mIFP-K72-PEG exhibited obvious fluorescence. These
results demonstrate that the mIFP-K72-PEG accumulated in
tumor sites specifically, indicating mIFP-based assemblies are
applicable for in vivo tumor imaging. Moreover, in the present
system, the PEGylation with the proteins might be important to
prevent early recognition of the nanoparticles by the immune
system, ¥ thus leading to increased circulation time of protein
assemblies in blood and enhance their stability in vivo.

Due to the robust in vivo fluorescence imaging of mIFP-
K72-PEG, we next investigated our protein assemblies as fluo-
rescent probes for the detection of metastatic tumor nodules.
This was carried out using a mice cancer model of liver metas-
tasis. As depicted in Figure 3A, =10° of human hepatocellular
carcinoma cells (MHCC97-H) were inoculated intravenously
and incubated for 2 weeks in mice, followed by intravenous
injection of the mlIFP-K72-PEG nanoparticles (Figure 3A).
Significant fluorescence around the liver was achieved at 12 h
post-injection of the protein sample when comparing with the
PBS treatment (Figure 3B). In addition, it was found that the
fluorescence signal in the liver area gradually increased after
12 and 24 h post-injection, respectively. An outstanding fluo-
rescence contrast between the tumor and normal tissues was
observed, clearly confirming a high uptake and accumulation

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Investigation of antitumor effect of TSR-encapsulated mIFP-K72-PEG nanoparticles. A) Schematic of the TSR encapsulation within the
mIFP-K72-PEG nanoparticles. B) TEM image and size distribution of the TSR-encapsulated mIFP-K72-PEG nanoparticles. The TSR-encapsulated mIFP-
K72-PEG has a uniform structure with an average size of about 200 nm in diameter. Scale bar: 0.5 um. C) The release rate of TSR from mIFP-K72-PEG
nanoparticles (characterized by a percentage of original dose). D) Photographs of the mice with tumor xenografts in the right hind leg after treatment
with TSR-encapsulated mIFP-K72-PEG, pristine TSR, PEG-TSR, and PBS. Tumor sites are indicated by dashed red circles. Scale bar: T cm. E) Investiga-
tion of tumor volumes treated by each group (sn =5, *p < 0.05; ***p < 0.001). Tumors treated with TSR-encapsulated mIFP-K72-PEG nanoparticles
were 6x smaller in size than others. F) After the mice were sacrificed after 21 day treatment, all tumors were isolated and their size and morphology

were captured. Scale bar: 0.5 cm.

of the mIFP-K72-PEG nanoparticles in the tumor area. Ex vivo
imaging analysis was performed by harvesting the liver after
24 h post-injection (Figure 3C). In comparison with the mice
treatment only with mIFP-K72-PEG (Figure 3C[c,d]) and PBS
buffer (Figure 3C[e,f]), the mice injected with both MHCC97-H
cells and mIFP-K72-PEG (Figure 3CJ[a,b]) exhibited fluorescence
mainly in the liver. These results further suggest the feasibility
of mIFP-K72-PEG for the detection of metastatic tumor nod-
ules in vivo.

As the nanostructures of the mIFP-K72-PEG assembled in
a well-defined manner, the drug loading and tumor therapy
using these protein assemblies were evaluated by encapsu-
lating the hydrophobic anticancer antibiotic thiostrepton (TSR)
(Figure 4A).5% It was found that =36 nmol of TSR were encapsu-
lated in every nmol of the mIFP-K72-PEG complex (Figure S15,
Supporting Information). A spherical structure of TSR-encapsu-
lated nanoparticles (mIFP-K72-PEG-TSR) was observed by TEM
(Figure 4B). There was no obvious difference in the sizes of
nanoparticles before and after TSR encapsulation. This hinted
toward the existence of free volume within mIFP-K72-PEG
nanoparticles, which is useful for loading hydrophobic drugs,
such as TSR. Moreover, it was found that nanoparticles assem-
bled from short polypeptide chains, including K18 and K36,
exhibited a lower encapsulation efficiency of TSR (Figure S15,
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Supporting Information). Unlike PEGylation reactions through
covalent binding between lysine or cysteine residues and
PEG,™ PEGylation via electrostatic interactions often is weak-
ened in physiological environments due to ion presence and
variable pH values, which allows for the release of anticancer
drugs. Thus, in the present system, the release of TSR from
its nanocarriers was examined by incubating mIFP-K72-PEG-
TSR in PBS solutions at 37 °C. As shown in Figure 4C, more
than 96% of TSR was retained in the nanocarriers within 10 h
and 30% of the drug was released within 30 h. These results
suggested the long-period maintenance of TSR encapsulation
in the nanocarriers, which is required for sufficient drug accu-
mulation in tumor sites and important for in vivo applications.
In order to evaluate the effect of mIFP-K72-PEG-TSR on cancer
cells, HeLa cells were used for the in vitro experiment. The
results showed that treatment with 800 x 10°® m of the mIFP-
K72-PEG-TSR for 24 h led to about 95% apoptosis of Hela cells
(Figure S16, Supporting Information). MTT assays also con-
firmed the significant activity of mIFP-K72-PEG-TSR against
Hela cells (Figures S17 and S18, Supporting Information).

The in vivo effect of TSR-encapsulated nanoparticles on
tumor treatment was subsequently tested in mice bearing
Hela «cell =xenografts. After establishing subcutaneous
tumor xenografts, 60 nmol kg™ of the mIFP-K72-PEG-TSR

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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nanoparticles and 2 pmol kg™ of pristine TSR were admin-
istered through mice tail vein, respectively. Another control
group (PEG-TSR) was also treated with both 60 nmol kg™! of
PEG-COO™ and 2 pmol kg™ of TSR simultaneously. Tumor
growth was then recorded after the drug treatment (Figure 4D;
Figure S19, Supporting Information). It is clear that the group
treated with mIFP-K72-PEG-TSR showed complete inhibi-
tion of tumor growth by up to 6x when compared with the
other three control groups (Figure 4E,F). Moreover, the group
treated with PEG-TSR and pristine TSR had similar tumor
sizes, indicating the used PEG chain had no anticancer effect.
Those results clearly indicated the TSR encapsulation via
mlIFP-K72-PEG nanoparticles greatly enhanced the antitumor
effect of TSR. This might be ascribed to the outstanding accu-
mulation behavior of the mIFP-K72-PEG assemblies in tumor
sites. Furthermore, the enhanced antitumor properties were
also observed in the treatment of GFP-K72-PEG-TSR, sug-
gesting the FPs had no side effect on the drug delivery process
(Figure S20, Supporting Information).

In summary, we have developed a new type of NIR FPs nano-
particle by the assembly of positively charged mIFP conjugates
and negatively charged PEG-COO™ chains. The robust protein
assemblies provide attractive features: 1) NIR excitation and
emission within the phototherapeutic window; 2) high cell per-
meability; 3) negligible cytotoxicity and high biocompatibility;
and 4) long-time and stable in vivo imaging by direct exogenous
injection. Those characteristics are completely different from
traditional imaging reagents, and overcome the limitations of
FP bioimaging relying on gene transfection and fast fluores-
cence decay. Particularly, our strategy was successfully used
for tracking subcutaneous tumor xenografts and deeply located
metastatic tumor nodules in vivo. In addition, these types of
protein assemblies were employed as a theranostic nanocar-
rier to encapsulate and deliver hydrophobic antitumor drugs
effectively. Due to the deep penetrability, photostability, and
biocompatibility of this class of protein nanomaterial, they offer
a new opportunity for biomedical diagnosis and treatment.
Furthermore, inspired by this strategy, various protein-based
nanomaterials can be easily fabricated by genetically fusing
other functional proteins for medical applications.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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