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Engineered nanomaterials hold great promise to improve the specificity of
disease treatment. Herein, a fully protein-based material is obtained from
nonpathogenic Escherichia coli (E. coli), which is capable of morphological
transformation from globular to fibrous in situ for inducing tumor cell
apoptosis. The protein-based material P1 is comprised of a 𝜷-sheet-forming
peptide KLVFF, pro-apoptotic protein BAK, and GFP along with targeting
moieties. The self-assembled nanoparticles of P1 transform into nanofibers in
situ in the presence of cathepsin B, and the generated nanofibrils favor the
dimerization of functional BH3 domain of BAK on the mitochondrial outer
membrane, leading to efficient anticancer activity both in vitro and in vivo via
mitochondria-dependent apoptosis through Bcl-2 pathway. To precisely
manipulate the morphological transformation of biosynthetic molecules in
living cells, a spatiotemporally controllable anticancer system is constructed
by coating P1-expressing E. coli with cationic conjugated polyelectrolytes to
release the peptides in situ under light irradiation. The biosynthetic
peptide-based enzyme-catalytic transformation strategy in vivo would offer a
novel perspective for targeted delivery and shows great potential in precision
disease therapeutics.
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1. Introduction

Peptide-based materials (PBMs) are a class
of attractive biomaterials with excellent
biodegradability, high biocompatibility, and
well-modified structures.[1] Benefiting from
the rapid development of chemistry and
biology, PBMs are endowed with var-
ious functions for different application
scenarios like tissue engineering, drug
delivery, and bioimaging.[2] As the sub-
structure of proteins, peptides also dis-
play the potential to form higher or-
der structures via the self-assembly me-
diated by hydrophobic, electrostatic, and
hydrogen-bond interactions,[3] which are
endowed with well-controllable assembly
properties and superior bio-functions. Con-
trollable self-assembly of PBMs in living
cells triggered by enzyme,[4] reactive oxygen
species (ROS),[5] pH,[6] and light[7] allows
for the creation of peptide nanostructures
with broad functions ranging from dis-
ease diagnostics to therapeutics. However,
most in vivo transformable peptide-based

materials presently utilize chemically synthetic methods requir-
ing multi-step reactions, which are time-consuming and uneco-
nomic because of the sophisticated separation and purification
processes. Moreover, it is difficult to chemically synthesize long
peptides with biological activities.

Living bacteria have been employed to treat a broad vari-
ety of cancers. Bacterial and mammalian cells can be engi-
neered to complete the biosynthesis of PBMs. The advantages
of biosynthesis include better biocompatibility and biosafety,
as well as reduced production time and cost.[8] In addition,
the facile editability of biosynthesis endows more possibility
to this technique, where the various functions could be in-
tegrated by adding a corresponding sequence into the DNA
of the plasmid.[9] For instance, Wang and co-workers reported
nano-vaccines which consist of self-assembled proteinaceous
nanoparticles and could act as an immunostimulant against
tumors.[10] Despite all the advantages of the biosynthesis of
PBMs, precisely manipulating the morphology transformation of
biosynthesized PBMs in living cells with regulated functions re-
mains challenging because of the complexity of the intracellular
environment.
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Figure 1. a) Schematic illustration of the modular design, expression, and self-assembly behavior of the recombinant protein P1, and the enzyme
catalytic morphology transformation strategy to form nanofibrous structures. For the control peptide P2 without GFLG units, there is no conformational
change after the treatment of CtsB. b) Morphology transformation of P1 by CtsB enzyme catalysis to form nanofibrous structures for inducing tumor
cell apoptosis in the mouse model.

In this study, we report a biosynthetic peptide-based mate-
rial, P1, which possesses the ability to transform from globu-
lar to fibrous morphology in situ for inducing tumor cell apop-
tosis (Figure 1). This enzyme-catalytic transformable recombi-
nant protein H6-T22-GFP-BAK-KLVFF-RGD was designed to in-
tegrate multiple functions. The 6× His tag would facilitate purifi-
cation and detection in cells with antibody-based methods. GFP
and T22 would function as the tracker of nanoparticles and tar-
geting moieties that could target CXCR4+ cancer cells.[11] The
BAK motif was introduced to induce tumor cell apoptosis.[12] As a
member of the Beclin-2 family, BAK is the only pro-apoptotic pro-
tein localized on the mitochondrial outer membrane (MOM).[13]

The functional BH3 domain of BAK could oligomerize at the mi-
tochondrial, the exposure of which is considered a key step in
apoptosis, leading to dimerization and the release of cytochrome
C and other proapoptotic factors from mitochondria.[14] There-

fore, a hydrophilic peptide was incorporated to envelop BH3 to
reduce its pro-apoptotic activity, which could facilitate P1 to reor-
ganize into 𝛽-sheet fibrous structures to expose the BH3 due to
the shedding of the hydrophilic green fluorescent protein shell.
A hydrogen-bonding peptide KLVFF would work as the scaffold
for the formation of 𝛽-sheet structured fibers with targeting pep-
tide RGD terminal. The RGD peptide would enhance the target-
ing of the integrin 𝛼v𝛽3 over-expressing tumor cells. Enzyme-
cleavable peptide GFLG was placed at opposite ends of BAK-
KLVFF.[5a,15] Meanwhile, the control peptide P2 without enzyme-
cleavable site GFLG was biosynthesized by similar methods. An-
other peptide P3 was the enzyme digestion product of P1 and
was prepared by standard solid-phase peptide synthesis. Due to
the overall balance of hydrophilic GFP peptide and hydropho-
bic organizing sequence, P1 could self-assemble into nanopar-
ticles, which could target the tumor site and internalize into the
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cells. Cathepsin B (CtsB) is a significant lysosomal protease over-
expressed in various tumors.[16] The presence of the CtsB en-
zyme cleavage sites allows the P1 shed the hydrophilic GFP shell
in tumor cells, which makes the nanoparticles transform into
nanofibers to expose their active site (BH3 domain). Besides, the
generation of nanofibrils is more favorable for its dimerization
on MOM. Finally, the nanofibers localized to the MOM and ag-
gregated to mediate the membrane permeabilization leading to
the release of cytochrome C, resulting in efficient inhibition of tu-
mor growth. Compared to other peptide-based materials, the en-
gineered PBM exhibited great biocompatibility and capability of
organelle-located morphological transformation with enhanced
biological functions. In addition, a spatiotemporally controllable
anticancer system was constructed by coating P1-expressing Es-
cherichia coli (E. coli) with cationic conjugated polyelectrolytes to
release the peptides in situ.

2. Results and Discussion

Isopropyl-beta-d-thiogalactopyranoside induced E. coli trans-
formed with the plasmid of pET21a-His-T22-GFP-BAK-KLVFF-
RGD were lysed and the recombinant protein was subsequently
purified using Ni-NTA affinity chromatography to purify the 6×
His-tagged protein products. The proteins were confirmed by the
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) and western blotting analysis, and coomassie blue stain-
ing showed that fusion monomers were the expected 38.44 kDa
in size (Figure 2a), which was consistent with the mass spectrum
results of P1 (Figure S1, Supporting Information). The purified
peptide P1 exhibited the characteristic fluorescence of GFP with
an emission maximum at 520 nm, as depicted in Figure S2, Sup-
porting Information. The successful expression of P1 by bacteria
was verified, and the probable structure of this peptide was in-
vestigated by molecular modeling. As shown in Figure S3, Sup-
porting Information, the iterative threading assembly refinement
(I-TASSER) model showed a cylindric GFP extending a positive
charge of the T22 peptide.[17] Meanwhile, the mass spectrum and
SDS-PAGE assessment of the control peptide P2 were performed
and shown in Figure S4, Supporting Information.

The molecular transformation of P1 incubated with CtsB was
investigated with high-performance liquid chromatography-MS.
A new peak corresponding to P3 in LC-MS (Figure 2b) ver-
ified that P1 was cleaved by CtsB at the designed digestion
site GFLG. To investigate the conformational change of P1 as-
semblies, transmission electron microscopy (TEM) and circu-
lar dichroism (CD) spectra were performed. As evidenced in
Figure 2d, P1 formed nanoparticles about 20 nm in diame-
ter, which was consistent with the dynamic light scattering re-
sult of 22.2 ± 2.3 nm (Figure S5, Supporting Information).
The self-assembly of P1 appeared concentration dependent. At
500 μg mL−1, P1 formed a spherical morphology as observed by
TEM (Figure S6, Supporting Information). At concentration of
50 μg mL−1 or lower, the morphology of P1 became sparse and
irregular due to a significant reduction in concentration. The for-
mation of the spherical shape of the engineered PBM was real-
ized by the hydrophilic GFP and the other hydrophobic amino
acids, which could self-assemble into a spherical shape due to
hydrophilic and hydrophobic interactions.[18] The morphology
did not change from spherical to fibrous after being treated with

CtsB for 5 h, because the concentration of generated P3 was too
low, while obvious nanofibers were observed with the incuba-
tion time up to 10 h. For the control peptide P2, there was no
obvious conformational change after the treatment of CtsB for
10 h (Figure S7, Supporting Information). Therefore, P1 could
be cleaved by CtsB to generate the residue P3[19] (Figure S8, Sup-
porting Information), realizing the nanoparticles-to-nanofibers
morphological change. As shown in Figure 2c, the P1 assemblies
showed a positive CD signal at 195 nm and negative signals at
210 and 223 nm after incubation with CtsB for 10 h, which sug-
gested the typical fibrous structure,[20] while there was no sig-
nal over 200 nm for P1 in the absence of CtsB. Furthermore,
wide-angle X-ray scattering (WAXS) was employed for analyzing
the molecular arrangement mode (Figure 2e). The WAXS gave
two d-spacings (Figure 2f), where the distance between two ad-
jacent strands is 4.6 Å, and 15.1 Å spacing was relevant to two
sheets in the bilayers.[21] According to the analysis of CD and
WAXS results, a molecular arrangement model was presented in
Figure 2g.

Given that CtsB is mainly overexpressed in lysosomes of can-
cer cells, efficient cellular endocytosis and lysosomal location
of P1 are the primary requirement for their catalytic transfor-
mation. The location of P1 nanoparticles in CtsB-overexpressed
HeLa cells was monitored by confocal laser scanning micro-
scope (CLSM), and as expected, the intensive green fluorescence
of GFP from P1 distinctly overlapped with lysotracker labeled
with red fluorescence (Figure 3a). Furthermore, the location of
P3 was tracked upon chemical labeling with the fluorescent dye
ATTO 488 (called P3-FL). The green fluorescence from P3-FL
could overlap well with the red fluorescence from mitochondria
(Figure S9, Supporting Information), showing P1 could act on
mitochondria after CtsB digestion. The intracellular morphol-
ogy transformation of P1 was studied by Bio-TEM, as shown in
Figure 3b, the fibrous structures were observed for P1-treated
cells, while there were no corresponding structures for P2-treated
cells or PBS-treated cells (Figure S10, Supporting Information).
This phenomenon demonstrated the formation of nanofibers in
cells originated from the transformation of P1 nanoparticles and
nanofibers were generated in the cytoplasm. Both SEM and Bio-
TEM images of isolated mitochondria prove that the nanofibers
can entangle the mitochondria, while the nanoparticles cannot
attach to the mitochondria (Figures S11 and S12, Supporting In-
formation).

Furthermore, the cytotoxicity of P1 and P2 to HeLa cells was
evaluated after co-incubation with HeLa cells for 48 h, as pre-
sented in Figure 3c, P2 was almost no cytotoxic, while P1 in-
duced significant cell death with a low IC50 of 15.24 μm, revealing
that morphologic transformation could increase the inhibition
of HeLa cells by exposing the active site BAK. Similarly, P1 also
showed significant cytotoxicity to A375 cancer cells that also over-
expressed cathepsin B. In contrast, P1 and P2 showed no toxicity
at the same concentration toward the normal cell line of HPF
with a low level of cathepsin B expression (Figure S13, Support-
ing Information). To further study the mechanism of cell death,
immunoblot analysis of anti-apoptosis proteins, pro-apoptosis
proteins, and apoptosis-related proteins was conducted for HeLa
cells treated with 15.24 μm of P1, P2, and PBS, respectively. P1
strongly inhibited Anti-apoptotic Bcl-2 family proteins includ-
ing Bcl-2, Bcl-xL, and Mcl-1 were inhibited for P1 treated cells
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Figure 2. a) SDS-PAGE with a marker range from 5 to 270 kDa and Western blot analysis of the integrity and purity of recombinant protein P1.
b) High-resolution LC-MS of P1 incubated with CtsB in an acetate buffer solution (AB, 0.01 m, pH 5.0) for 10 h. c) CD spectra of P1, and P1 treated with
CtsB, as well as P3. d) Schematic illustrations of morphology transformation of P1 induced by CtsB, and representative TEM images of P1 and P1 in
the presence of CtsB (1.0 μg mL−1, acetate buffer, 0.01 m, pH 5.0) for 5 and 10 h, respectively. Scale bars, 200 nm. e) 2D wide-angle X-ray scattering of
P3, and f) the d-spacings of 4.6 and 15.1 Å were attributed to the spacing of the adjacent strands and laminates, respectively. g) The proposed 𝛽-sheet
molecular arrangement of P3.

(Figure 3d and Figure S14a, Supporting Information), while the
expression of apoptotic family proteins Bim, Bad, Bax, and Bak
increased (Figure 3e and Figure S14b, Supporting Information).
In contrast, the corresponding proteins of these two families
were not altered after being treated with P2. Moreover, the level

of cytochrome c, cleaved-caspase-9, and cleaved caspase-3 was
increased for P1-treated cancer cells compared with that of P2
(Figure 3f and Figure S14c, Supporting Information). Together,
these results indicate that P1 induced mitochondria-dependent
apoptosis through the Bcl-2 pathway (Figure 3g).[22]
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Figure 3. a) CLSM images of HeLa cells treated with P1. b) Bio-TEM images of the ultrathin cell sections of P1. The red arrows indicated the nanofibers.
c) Cell viability of P1 and P2 to HeLa cells. Immunoblot analysis of d) anti-apoptosis proteins, e) pro-apoptosis proteins, and f) apoptosis-related proteins
in HeLa cells after incubation with PBS, P1, and P2. 𝛽-actin was analyzed as the internal control. g) Schematic representation of the caspase-dependent
apoptosis pathway of the nanofibers acted on the mitochondria.

Living bacteria therapies have been proposed as an alterna-
tive approach for the treatment of cancers due to their superior
tumor colonizing ability.[23] Here, we constructed a spatiotem-
porally controllable anticancer system by coating E. coli capable
of expressing P1 with cationic conjugated polymer (Figure 4a).
Cationic conjugated polyelectrolytes could be used for coating E.
coli through electrostatic and hydrophobic interactions.[24] E. coli
capable of expressing P1 (E. coli-[P1]) were coated with a polyflu-
orene derivative PFP, which could serve as a photosensitizer to
generate ROS under white light irradiation.[25] The generated
ROS facilitated the fracture of E. coli to release the expressed pro-
tein P1, which could perform the morphological transformation
and induce apoptosis of cancer cells. The CLSM images revealed
that almost all the bacteria were effectively labeled by PFP af-
ter incubating E. coli with PFP for 30 min (Figure 4b). Isother-
mal titration microcalorimetry and zeta potential measurement
were conducted to confirm the interactions of PFP with E. coli.
(Figure S15, Supporting Information). The initial negative ΔHobs

values demonstrated the electrostatic binding of cationic PFP
with negatively charged E. coli. The ΔHobs values became less
exothermic with the titrations of PFP into E. coli solutions, and
finally reached a platform close to zero, suggesting that the PFP
and E. coli interaction attains the saturation point. The zeta po-
tential of separated E. coli was−44.5± 0.2 mV, and the zeta poten-
tial of E. coli gradually exhibited a positive shift after incubation
with different concentrations of cationic PFP. These results also
indicated that PFP would bind to the surface of E. coli through
electrostatic interaction.

The ability of PFP to damage the bacterial membrane was
assessed by live/dead co-staining assays. Most E. coli remained
alive in the dark after being treated with different concentra-
tions of PFP, indicating the good biocompatibility of PFP. Upon
white light irradiation (50 mW cm−2) for 30 min, most E. coli
were dead because of the generated ROS from PFP (Figure
S16, Supporting Information), which suggested that 40 μm PFP
could cause a high level of bacterial membrane destruction. SEM
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Figure 4. a) Schematic diagram of cationic PFP-coated live bacteria for controlled intracellular release of transformable peptides with light manipulation.
b) CLSM of PFP-coated E. coli-[P1] (40 μm PFP). c) SEM images of PFP-coated E. coli-[P1] with and without light irradiation. d) The fluorescence spectra
of the released P1 from E. coli induced with and without light irradiation. Insets: western blot analysis of the released P1 from E. coli with and without
light irradiation. Cell viability analysis of PFP-coated E. coli against HeLa cells with e) and without f) white light irradiation.

was then utilized to get an intuitive state of the bacterial mem-
branes treated by PFP. As shown in Figure 4c, E. coli alone pos-
sesses clear edges and smooth outer surfaces, and the outer
surfaces remained intact but became rough after coating with
PFP. Under light irradiation, the collapse, rupture, and fusion
of E. coli were greatly enhanced, and the shape of E. coli was
hardly recognized. The damage of bacterial membrane favors
the persistent release of various intracellular contents including
P1. After centrifuging the bacterial solutions, the supernatant
was collected and a sharply increased fluorescence intensity of
GFP was observed (Figure 4d). The bacterial fragments and pro-
teins were observed by TEM (Figure S17, Supporting Informa-
tion). The successful release of P1 from E. coli in the super-

natant was also confirmed by western blotting assay (inset in
Figure 4d).

The cellular uptake of PFP-coated E. coli-[P1] by HeLa cells was
observed by CLSM. Green fluorescence from GFP overlapped
well with blue signals of PFP in the cytoplasm of HeLa cells,
which indicated that most bacteria were tightly covered by the
PFP (Figure S18, Supporting Information). The previously intact
E. coli disintegrated upon irradiation with white light (Figure S19,
Supporting Information). As depicted in Figure 4e, the killing ef-
ficiency of expressed P1 increased dramatically and the highest
killing efficiency reached over 50% after light irradiation, while
there was no obvious cytotoxicity for E. coli expressed P2 even
with relatively high bacterial concentration. For the dark groups,
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Figure 5. a) Time-dependent ex vivo fluorescence of tumor tissues and major organs in P1 treated mice at 6, 12, 24, and 48 h after single dose i.v.
administration. b) Bio-TEM images of distribution in tumor tissue and in situ fibrillar transformation of P1 at 48 h post-injection. c) Relative tumor
volume and d) weight change of mice in the subcutaneous tumor model during the therapy for 21 days (n = 5 per group). e) Representative photos of
mice tumors after 21 days of treatments.

cells were all basically unaffected for 48 and 72 h, which veri-
fied that the PFP-coated bacteria were biocompatible (Figure 4f
and Figure S20, Supporting Information). These results demon-
strated that the release of active drugs from living bacteria was
successfully regulated in time through light manipulation in a
non-invasive and remote-control manner.

The effect of morphology transformation on tumor accumula-
tion and therapeutic efficacy were evaluated in vivo with cervical
tumor-bearing female BALB/c nude mice models. After being ad-
ministered with P1, P2, or PBS, the tumor and major organs were
collected for ex vivo fluorescent imaging at 6, 12, 24, and 48 h, re-
spectively (Figure 5a and Figure S21, Supporting Information).
The highest fluorescence intensity in tumor tissue was observed
at 24 h and began to decline after 24 h. In contrast, there was neg-
ligible signal in major organs during the whole process, which
proved that the biosynthesized peptides exhibited good tumor-
targeting ability due to the moiety of T22. Bio-TEM was utilized to
study the morphological transformation of P1 on excised tumor

tissues after 48 h intravenous (i.v.) administration. As illustrated
in Figure 5b, the fibrous structures were observed in tumor slices
for P1 treated mice, while not for P2 and PBS groups (Figure S22,
Supporting Information). To evaluate therapeutic efficiency, P1
was injected consecutively six times q.o.d. in the tail vein and con-
tinuously observed for 21 days, as displayed in Figure S23, Sup-
porting Information. P1 exhibited more significant tumor inhi-
bition efficacy than other groups and tumor volume of P1-treated
mice gradually shrank (Figure 5c,e), which could be attributed to
the exposure of the active sites after digestion. Compared to the
PBS group, a relatively poor response was obtained for negative
control P2-treated mice, where cleavable sites of the enzyme were
not introduced.

There is no obvious body weight loss for all mice groups
(Figure 5d). Hematoxylin–eosin (H&E) staining of the major
organs did not display obvious pathological changes at the treat-
ment dose, which proved that the transformable P1 treatment
for tumor ablation was biocompatible (Figure S24, Supporting
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Information). Next, both H&E staining and TdT-mediated dUTP
nick end labeling assay exhibited a large amount of necrosis in
the tumor tissues after being treated with P1 (Figure S25a,b,d,
Supporting Information). Immunofluorescence staining was
conducted to further confirm the activation of the endogenous
apoptosis pathway of P1. As shown in Figure S25c,f, Supporting
Information, 81% cleaved-caspase-3 was observed in P1 treated
group, which was higher than that for the P2 treatment. In
contrast, the expression level of Ki-67 in tumor tissues was
found to be significantly reduced after being treated with P1,
in comparison with the P2 treatment group (Figure S25e, Sup-
porting Information). All these results demonstrated that P1
promoted apoptosis of cancer cells.

3. Conclusion

In summary, we introduced biosynthesized PBMs capable of in-
tracellular morphological transformation that can efficiently in-
duce tumor cell apoptosis. The recombinant protein P1 was com-
posed of H6-T22-GFP-BAK-KLVFF-RGD integrated with mul-
tiple functions. GFP and BAK-KLVFF were released by CtsB
digestion, leading to the transformation from nanoparticles to
nanofibers in situ, which could expose the BAK active sites. BAK
could bind to mitochondria and change the mitochondrial per-
meability, which further promoted apoptosis of cancer cells. Ex-
tensive ex vivo and in vivo experiments demonstrated that this
enzyme-catalytic transformation strategy based on in situ self-
assembly could effectively suppress tumor growth. Moreover,
a photo-responsive protein-releasing system was established by
introducing PFP as the photosensitizer. Taking the PFP-coated
bacteria as the carriers, the cargo could be released in a photo-
controlled manner. Consequently, the morphology transforma-
tion of recombinant protein was initiated to induce cell apoptosis
in situ. These characteristics of biosynthesized PBMs will facili-
tate their further use in the treatment of cancers. Moreover, it is
worth mentioning that the proposed biomaterials are prolifera-
tive and evolvable living materials. They could contribute to better
therapeutic performance and advance more specific biochemi-
cal applications when genetically integrated with more functions.
For example, the biosynthesized PBMs could change the active
site BAK to immune-active proteins such as the anti-PDL1 se-
quence to improve the immunotherapeutic effect on tumors.[15]

In the future, multimodal therapy will be developed on the basis
of PBMs to efficiently improve the therapeutic effect on tumors.
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the author.
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