RESEARCH ARTICLE

'-) Check for updates

Engineering Bacteria-Activated Multifunctionalized
Hydrogel for Promoting Diabetic Wound Healing

Yifei Lu, Haisheng Li, Jing Wang,* Mengyun Yao, Yuan Peng, Tengfei Liu, Zhou Li,*

Gaoxing Luo,* and Jun Deng*

Engineering therapeutic angiogenesis in impaired tissues is critical for chronic
wound healing. Materials can be engineered to deliver specific biological

cues that enhance angiogenesis. However, currently available materials have
limitations for use in angiogenesis engineering since the complex inflamma-
tion environment of wounds requires spatiotemporal control. Inmune cells are
the central component of wound microenvironment and orchestrate immune
responses to wound healing. This study presents a novel approach of using

a delivery system comprising living Lactococcus, incorporated in a heparin-
poloxamer thermoresponsive hydrogel, designed to bioengineer the wound
microenvironment and enhance the angiogenesis in a highly dynamic-temporal

growth factor (VEGF), is beneficial for
wound closure and angiogenesis. How-
ever, direct application of VEGF has not
shown clear benefits in clinical trials,?
possibly due to the insufficient VEGF or
its instability in highly proteolytic and
oxidative environment of the chronic
wound.B] The most commonly used
for VEGF delivery is a heparin-based
hydrogel, which has a significant draw-
back of a burst release in the first few
hours, thus requiring the addition of

manner. The living system can produce and protect vascular endothelial

growth factor (VEGF) to increase proliferation, migration, and tube formation of
endothelial cells, as well as secrete lactic acid to shift macrophages toward an
anti-inflammatory phenotype, resulting in successful angiogenesis in diabetic
wounds. Further, the delivery system confines the bacterial population to
wounds, thereby minimizing the risk of systemic toxicities. Therefore, this living
hydrogel system can be harnessed for safe and efficient delivery of therapeutics
that drive the wound microenvironment toward rapid healing and may serve as

a promising scaffold in regenerative medicine.

1. Introduction

Accelerated angiogenesis is crucial in diabetic wound healing
as it provides oxygen and nutrients to the impaired tissue, alle-
viating uncontrolled inflammation.!' Delivery of exogenous
angiogenic growth factors (GFs), such as vascular endothelial

large amounts of growth factors in order
to maintain the long-term release.! This
may cause local or systemic side-effect
profiles including aberrant angiogenesis,
hemangioma, and tumorigenesis due to
the excessive burst release.! Therefore, to
overcome these limitations, we sought
to develop a delivery system that can con-
tinuously produce and release VEGF,
which can directly stimulate angiogen-
esis and subsequent regeneration of the
impaired diabetic wound.

A massive local inflammatory response
impedes angiogenesis in diabetic wounds.®l The wound micro-
environment is characterized by the diverse and sequential
biological activity of macrophages,”) which polarize from a
classically activated M1 phenotype with proinflammatory prop-
erties to alternatively activated M2 phenotype exhibiting anti-
inflammatory and tissue repair functions. In diabetic wounds,
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macrophages exhibit a reduced capability to induce the pheno-
typic switch from M1 to M2 due to hyperglycemia and presence
of excessive glycosylation residues, resulting in a sustained
influx and activation of proinflammatory cells.®! This leads to
accumulation of M1 macrophages, promoting the harsh micro-
environment of prolonged inflammation, strong proteolysis,
and excessive oxidative stress.’l Therefore, a successful strategy
for diabetic wound healing would simultaneously stimulate
angiogenesis and modulate the macrophage polarization to
reduce local inflammation.

Rapidly developing synthetic biology has enabled the appli-
cation of living bacteria as biomolecule factories to treat meta-
bolic diseases, infections, and cancer.' For example, Hay et al.
demonstrated an engineered bacteria expressing fibronectin
(FN) and bone morphogenetic protein-2 (BMP-2) that can con-
trol stem cell growth and differentiation.'! Gurbatri et al. engi-
neered a probiotic bacteria system for controlled production
and intratumoral release of nanobodies targeting programmed
cell death-ligand 1 (PD-L1) and cytotoxic T lymphocyte-asso-
ciated protein-4 (CTLA-4), resulting in tumor regression.l!!
We proposed that nonpathogenic bacteria, specifically the
lactic bacteria Lactococcus lactis,['3! can be programmed with a
designed gene circuit for encoding and secreting the VEGF.
The lactic acid secreted by L. lactis could act as a metabolite
signaling molecule to induce M1 macrophages toward M2-like
polarization,™ thereby reversing the inflammatory and proteo-
lytic characteristic of diabetic wounds.

The therapeutic effect of local administration of living bac-
teria is often limited by several challenges. The lack of space
and environment for bacterial growth helps to reduce bacterial
activity and subsequently affects production of biomolecules.
Additionally, the genetically modified bacteria must be spati-
otemporally restricted to reduce potential diffusion. Besides,
an extracellular-mimicking environment is needed to protect
and sustain release of biomolecules, especially the vulnerable
growth factors. Here, a heparin-poloxamer (HP) hydrogel with
some unique advantages was synthesized for the loading of
L. lactis. HP is a thermosensitive polymer with lower critical
solution temperature, close to human body temperature,’
which can undergo rapid gelation with the engineered L. lactis
and growth medium when applied on the wound, limiting the
bacterial dispersal. The hydrogel is permeable to nutrients to
support the bacterial growth and secretion of VEGF and lactic
acid. Moreover, the hydrogel has a good affinity with VEGF
due to the presence of heparin, which can stabilize, store, and
sustain VEGF release. More important, in our microbial-based
therapeutic device, the production and delivery of growth fac-
tors was simultaneous and dynamically persistent, which over-
came the disadvantages of conventional heparin-functionalized
delivery systems. The overall result of topical wound treatment
with this on-site GF and macrophage polarization regulator co-
delivery system strongly promoted vascularization and acceler-
ated wound healing (Figure 1A).

2. Results and Discussion

L. lactis NZ9000, a GRAS nonpathogenic probiotic, was geneti-
cally modified by transforming a plasmid encoding VEGF
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(Figure S1A,B, Supporting Information). The vegf gene was
codon-optimized for L. lactis and fused to the signal peptide
usp45 secretion leader, which was driven by the inducible
promoter PnisZ. The nisin-controlled gene expression system in
L. lactis is based on the quorum sensor two-component system
NisR and NisK, allowing the overexpression of the downstream
genes after PnisZ (Figure 1B).I%1 As an antimicrobial peptide,
nisin not only enhances the strength of the promoter but
also provides a relative bacteriostatic environment to inhibit
the growth of bacteria. To avoid the inhibition of engineered
L. lactis growth, a nisin resistance gene (nsr) was integrated into
the expression vector. We determined that 10 ug mL™ of nisin
did not influence the growth of engineered L. lactis but inhib-
ited the growth of wild type L. lactis and Staphylococcus aureus
(@ common pathogen causing skin infection) (Figure S1C,
Supporting Information). As replacing proline with alanine at
the N-terminus of a heterologous protein enhances its secre-
tion,[”] we further optimized the VEGF sequence (Figure S1D,
Supporting Information), which exhibited a higher secretion
(Figure S1E, Supporting Information). The secreted VEGF from
medium supernatant was detected by performing a western
blot (Figure 1C). The dynamic secretion of VEGF positively cor-
related with nisin concentration (Figure S1F, Supporting Infor-
mation). Addition of inducer nisin to VEGF-secreting L. lactis
(LL_VEGF) maximized VEGF production (=6 ng per 10° cells)
at 3 h but it gradually decreased over 24 h (Figure 1D) due to
the short halflife of VEGF. Therefore, designing materials to
stabilize and reduce intrinsic deactivation of the VEGF is nec-
essary. The capacity to produce lactic acid of engineered strain
was parallel with that of wild type strains (Figure 1E).

HP was successfully formed by conjugating the heparin
with the mono amine-terminated poloxamer (Figure S2A, Sup-
porting Information), characterized by 'H nuclear magnetic
resonance ('H NMR) (Figure S2B, Supporting Information)
and Fourier transform infrared (FT-IR) spectra (Figure S2C,
Supporting Information). A structural biomaterial suitable for
administration on the skin wound, as a live bacterial delivery
system, should have low viscosity at room (=25 °C) or refrig-
erator temperature (=4 °C), and should rapidly harden after
administration. As the gelation time of poloxamer-based hydro-
gels decreases along with increasing concentration, a 20% (w/v)
HP copolymer solution, with the gelation time of =30 s, was
chosen for probiotic delivery (Figure 1F). Thus a hybrid living
hydrogel (HP@LL_VEGF) was constructed by incorporating
HP and engineered VEGF-secreting L. lactis.

In rheology tests (Figure S2D, Supporting Information), a
sol-gel phase transition process between 25 and 30 °C resulted
in a sharp increase of storage modulus (G’) and loss modulus
(G”). Introducing LL_VEGF into the HP hydrogel did not affect
the transition temperature and modulus. The storage modulus
of the solidified HP@LL_VEGF (=9 kPa) complies with that of
skin (=4.5-8 kPa),® indicating that the prepared HP thermo-
sensitive hydrogel incorporating LL_VEGF would be a suitable
skin dressing for local administration.

The spatial distribution and growing capacity of engineered
probiotics in HP hydrogel were visualized using L. lactis
expressing mCherry fluorescent protein.”) Scanning electron
microscopy (SEM) and confocal laser scanning 3D reconstruc-
tion images showed that L. lactis was evenly distributed within

© 2021 Wiley-VCH GmbH
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Figure 1. Engineering bacteria activated multifunctionalized hydrogel for diabetic wound repair and regeneration. A) A sketch showing the facile devel-
opment of living hydrogel for accelerating angiogenesis in diabetic wounds by promoting the angiogenic capacity of endothelial cells and inducing
macrophages toward M2 polarization. B) Schematic showing the design by which engineered L. lactis continuously secrete produced VEGF under the
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the HP hydrogel (Figure 1G,H). We observed that fluorescence
intensity was positively correlated with bacterial activity. Con-
tinuous measurement of fluorescence intensity inside the
hydrogel demonstrated that the bacterial viability of engineered
probiotics peaked at 18 h and maintained a plateau phase
within 24 h. The fluorescence intensity decreased gradually
after 24 h and was at half levels at 48 h when compared with the
plateau value. At 72 h, the fluorescence intensity had decreased
to initial levels, indicating depletion of bacterial activity
(Figure 1I). These results indicated that the thermosensitive
HP hydrogel supported bacterial growth and plasmid expres-
sion of engineered probiotics for at least 24 h, which main-
tained the bacterial activity and prolonged its retention on the
skin wound. Although HP hydrogels have been used for dress-
ings or drug delivery, their degradability has been largely over-
looked. Recently, Wu et al. designed two different experimental
strategies to examine HP hydrogel degradation; immersing
whole hydrogels in bulk water and allowing the bottom face
of the hydrogel to contact water.2%) Within 10 days, no degra-
dation was observed in both cases, but a slight gel dissolution
had occurred at the hydrogel-water interface. The degradation
rate of the poloxamer is known to be pH dependent and is
thus likely coupled to lactic acid production. The degradation
tests of in vitro simulation of wound administration showed
gradual gel dissolution of HP and HP@LL_VEGF, with =10%
weight loss in 24 h. Our results were similar to Wu and the
pH reduction had a slight effect on gel dissolution (Figure S3,
Supporting Information).

We next sought to identify the kinetics of VEGF protein
secreted from engineered probiotics inside the hydrogel using
ELISA (Figure 1J). In simple poloxamer hydrogel loaded with
LL_VEGF (P@LL_VEGF), the concentration of VEGF increased
rapidly during the first 6 h with a peak of 4.5 ng mL™! followed
by a gradual decrease (Figure 1J) due to the intrinsic degra-
dation of VEGF, which showed a similar trend as in a liquid
medium (Figure 1D). Interestingly, heparin modification,
which shows affinity to GFs, resulted in a continuous increase
of VEGF concentration to about 10 ng mL™! (Figure 1J). Further,
we observed that the amount of VEGF released in the medium
from the HP@LL_VEGF was significantly higher than from
P@LL_VEGF after 24 h (P < 0.01) (Figure 1K). These results
highlight the predominant biological role of heparin in pro-
tecting VEGF from deactivation, which limited VEGF diffu-
sion and facilitated VEGF storage for local release to amplify
the angiogenic signal. Moreover, lactic acid was generated sus-
tainably from engineered probiotics for 24 h and no obvious
difference was observed between the HP@LL_VEGF and
P@LL_VEGF (Figure 1L,M).

Angiogenesis, the formation of new blood vessels, is a key
activity during wound healing. In damaged tissue, angiogenesis

www.afm-journal.de

provides blood supply to support cells with nutrition and
oxygen, which determines their repair and regeneration.l?!
VEGF is one of the most important proangiogenic mediators
and activates various components of the angiogenic cascade.l??l
Responding to VEGF signaling, endothelial cells undergo a
series of cellular activities including proliferation, migration,
and differentiation to dominate the morphogenesis of blood
vessels.[?3] Proliferation assay, scratch assay, and tube formation
assay were conducted to verify the effect of HP@LL_VEGF on
human umbilical vein endothelial cells (HUVECs) (Figure 2A).

The cell counting kit-8 (CCK8) assay revealed that viability
of HUVECs was prominently enhanced after treatment of P@
LL_VEGF and HP@LL_VEGF (Figure S4A, Supporting Infor-
mation), and HP@LL_VEGF showed an effect stronger than
P@LL_VEGF (P < 0.05). Compared to control and HP loaded
with wild type L. lactis (HP@LL) groups, HP loaded with
recombinant human VEGF (HP@rhVEGF, 0.1 ug mL™) and
HP@LL_VEGF strongly promoted endothelial cell prolifera-
tion (P < 0.01). There was no significant difference between the
HP@rhVEGF and HP@LL_VEGF (Figure S4A, Supporting
Information) (P > 0.05). Ki67, a marker of proliferating cells
whose function is strongly associated with mitosis, was stained
to confirm the trend (Figure 2B). We examined the effect of
HP@LL_VEGF accelerated cell migration via scratch assay. As
shown in Figure 2C and Figure S4B in the Supporting Infor-
mation, addition of HP@LL_VEGF and HP@rhVEGF boosted
the migration of HUVECs and expedited the closure of cell-free
gaps compared to the control and HP@LL groups (P < 0.01),
suggesting that both commercial GF and VEGF produced by
engineered L. lactis enhanced the mobilization of HUVECs.

Using a Matrigel tube formation assay, we next evaluated
the vessel-forming capability of HUVECs treated in different
groups (Figure 2D). Results showed that the total tube length
assessed after 24 h in HP@LL_VEGF and HP@rhVEGF
groups was significantly higher than in the HP@LL and con-
trol groups (P < 0.01). Collectively, these results suggested that
VEGF from engineered L. lactis promoted angiogenesis, which
was comparable to the commercial GF (P > 0.05). Using live
engineered bacteria as microbial biomolecule delivery systems
is advantageous for green synthesis, incurs low cost, and shows
high efficiency.?¥ Furthermore, the angiogenic effects of local
application of VEGF alone with little or no effort to prepare
the complex and hostile wound microenvironment was always
limited.%]

Macrophages are the key players in the local immune
responses to tissue damage and coordinate the progress and
resolution of tissue repair.l?’! In impaired diabetic wounds, the
proinflammatory M1 macrophages accumulate and the phe-
notypes switching to M2-like macrophages is dysregulated,
leading to the formation of a poor regenerative environment,

induction of nisin. C) Detection of the VEGF in the supernatant via western blot. D) Level of VEGF in the supernatant at 1, 2, 3, 6, 12, and 24 h after
10 pug mL™ nisin inducing (n = 3). E) Quantification analysis of lactic acid concentration after 12 h culture of L. lactis strains. F) Temperature revers-
ible transformation and topical administration on skin wounds of HP@LL_VEGF. G) Scanning electron microscopy (SEM) of engineered probiotics
encapsulated inside the HP hydrogel. Scale bar, 1 um. H) 3D laser scanning confocal micrographs of distribution and growth of LL_mCherry at 3 and
24 h. 1) Quantifications of fluorescence intensity of HP@LL_mCherry along with time (n = 3). ]) Kinetics of VEGF protein produced in P@LL_VEGF and
HP@LL_VEGF using ELISA (n = 3). K) Cumulative VEGF released from the hydrogel after 24 h expressed as ng cm™ gel (n = 3). L) Kinetics of lactic
acid production from engineered probiotics inside the P@LL_VEGF and HP@LL_VEGF (n = 3). M) Cumulative lactic acid released from the hydrogel
after 24 h expressed as pmol cm™ gel (n = 3). P < 0.01; ns, not significant.
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Figure 2. HP@LL_VEGF activated HUVECs and altered M1 macrophages switching to M2 phenotype in vitro. A) lllustration of the in vitro activa-
tion of vascular endothelial cells and polarization of M2 macrophages stimulated by HP@LL_VEGF. B) Representative fluorescence images of Ki67
staining (green) of HUVECs and the percentage of the Ki67-positive population (n = 3). Yellow arrows indicate Ki67-positive cells. Scale bar, 50 um.
C) Representative images and quantification of HUVECs migration (n = 3). Red area indicates the migrated cells. Scale bar, 50 um. D) Representative
images and quantitative analysis of tube formation assay in HUVECs stained with calcein-AM (green) (n = 3). Yellow arrows indicate the structure of
vessel tubes. Scale bar, 50 um. E) Representative fluorescence images of the macrophage phenotypes after different treatments (green: Argl, CD86;
red: CD206; blue: cell nuclear). Scale bars, 50 um. F) Flow cytometry analysis indicating the proportion of M2 macrophages (F4/80*CD206") (n = 3).
G) Heat map for expression analysis (using RT-qgPCR) of M1 and M2 macrophages marker genes (n = 3). H) Protein expression level of CD206, Argl,
VEGF, and MMP9 in macrophages determined by western blot. *P < 0.05 and **P < 0.01; ns, not significant.

exacerbating tissue damage, and delaying wound healing.?l  causes a “phenotype switch,” driving M2-like gene expression
Recent evidence has demonstrated that tumor-derived lacticacid ~ in macrophages to promote tumor growth.?’l L. lactis shows a
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strong capability to produce lactic acid due to its high carbon
flux via metabolic pathways, which are optimized to con-
vert simple carbohydrates into lactic acid, catalyzed by lactate
dehydrogenase (LDH).!®! Quantification of lactic acid and the
acidification kinetics assay confirmed that the lactic acid pro-
ducing capability of engineered LL_VEGF was similar to that of
a wild type, whereas it was markedly impaired in ldh deficient
strain L. lactisAldh (LLAldh) (Figure 1E; Figure S5, Supporting
Information).

We predicted that L. lactis, with its stronger ability to pro-
duce lactic acid, can be bioengineered to target macrophages
and modulate the wound healing microenvironment. To test
the hypothesis in vitro, F4/80 and CD11b (markers of mac-
rophages) double-positive bone marrow-derived macrophages
were first characterized with flow cytometry (Figure S6A, Sup-
porting Information). Next, they were treated with lipopolysac-
charide (LPS) and interferon-y (IFN}) to drive M1 polarization
(Figures S6B,C and S7A, Supporting Information). We ana-
lyzed the changes in expression of related marker genes in
macrophages after administration of HP@LL, HP@LL_VEGF,
and HP loaded with LLAldh (HP@LLAIdh). Mannose receptor
(MMR, CD206) and ARG, associated with M2-like macrophage
phenotype, as well as CD86, a marker of M1 macrophages, were
stained by immunofluorescence (Figure 2E). Confocal laser
scanning microscope images showed that HP@LL and HP@
LL_VEGF significantly induced the expression of CD206 and
ARG1 on the cell membrane and in the cytoplasm, respectively,
whereas control and HP@LLAldh groups displayed weak fluo-
rescence intensity. Furthermore, the expression of CD86 was
downregulated in response to HP@LL and HP@LL_VEGF
administration. The effect of lactic acid producing L. lactis on
induction of M2-like phenotype was similar to that observed by
adding 30 x 1073 m pure 1-lactic acid (Figures S7B, S8, and S9,
Supporting Information).

Flow cytometry was performed to quantitatively analyze the
proportion of M2-like macrophages (F4/80*, CD206%) during
M1 polarization and our results verified the trend observed
thus far (Figure 2F). Moreover, real-time quantitative PCR (RT-
qPCR) and western blot were performed to detect the mRNA
and protein level expressions of M1 markers (related to pro-
inflammation and proteolysis; TNF-¢, iNOS, and MMP9), M2
markers (anti-inflammatory; ARG1 and CD206), and other
anti-inflammatory and angiogenic markers (IL-10, VEGF). The
relative mRNA expression of M1 markers was significantly
decreased, whereas that of M2 markers was promoted in the
HP@LL and HP@LL_VEGF groups than in the other groups
(Figure 2G; Figure S10, Supporting Information) (P < 0.01).
Furthermore, the protein expression results from the western
blot were consistent with the results of RT-qPCR (Figure 2H).
In addition, the function of VEGF and HP hydrogel in altering
macrophages polarization had been excluded (Figure S11, Sup-
porting Information).

Lactic acid from L. lactis induced M2 polarization of mac-
rophages in a dose-dependent manner as observed by adding
different concentrations of L. lactis culture medium superna-
tant (Figure S12, Supporting Information). These results indi-
cated that L. lactis, with its strong capacity to produce lactic acid,
would promote macrophages switching to M2 phenotype and
the deficiency of ldh would attenuate this effect. Specifically,
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reduction of M1 macrophage-derived inflammatory mediators
(such as TNF-¢@), nitric oxide, iNOS, and proteases (such as
MMP9) modulates the wound environment to relieve the tissue
damage and improve growth signaling. Increase in M2 mac-
rophage-related ARG1, which produces ornithine to facilitate
cell proliferation and VEGF production, further supple-
mented the angiogenic effect of engineered probiotics, thereby
improving the tissue regeneration and recovery potential.

Our initial in vivo experiments aimed to demonstrate the
viability and distribution of HP@LL_VEGF on the cutaneous
wound following topical administration. We used LL_mCherry
to track plasmid expression and bacterial retention. Following
in situ application of LL_mCherry alone and in combination
with HP hydrogel (HP@LL_mCherry) in living mice, fluores-
cence expressions were visualized and quantified using an in
vivo imaging system (IVIS). As shown in Figure 3A, the rapid
decrease of fluorescence intensity in LL_mCherry alone indi-
cated that probiotics were eliminated quickly and thus, adhered
poorly to the wound site, suggesting significant shortening of
the effective time. It is challenging to restrict bacteria into the
target site, and protect them from the complex immune envi-
ronment without a bacterial-supportive medium.8! In combi-
nation with the hydrogel, the probiotics were restricted locally
in the wound, plasmid expression peaked at 12 h, and lasted for
atleast 24 h (Figure 3B). These results implied that HP hydrogel
overcame the spatiotemporal challenge of bacterial growth and
activity. We also evaluated the capacity of HP@LL_VEGF in on-
site retaining nisin and producing VEGF in wounds (Figure S13,
Supporting Information). A large proportion of the cationic
nisin could be retained within the negatively charged HP
hydrogel, allowing for the enhancement of VEGF production.
Next, the distribution and amounts of engineered probiotics
were visualized in the cryosections collected at different time
points (Figure 3C). We observed that engineered probiotics
were mainly distributed in the hydrogel. We combined the lim-
ited nutrition and physical encapsulation of hydrogel materials
to reduce bacterial spread and increase biocontainment in 24 h.

To investigate whether probiotics loaded in HP hydrogel
could elicit acute inflammatory response, we first monitored the
local inflammation-induced hyperemia using noninvasive laser
speckle contrast analysis (LASCA) for blood flow (Figure S14A,
Supporting Information). Cutaneous wound induction
increased inflammation. Interestingly, the hyperemia around
the wound decreased after the topical application of HP@
LL and HP@LL_VEGF (P < 0.05) (Figure S14B, Supporting
Information), indicating that immune response was amelio-
rated. Moreover, the expression of genes related to inflamma-
tion, including II-18, Nf-xb, Nos2, and Tnf-or did not increase
significantly. In contrast, HP@LL and HP@LL_VEGF partially
reduced the activation of Nf-kb and Tnf-or compared to the con-
trol wound (P < 0.05) (Figure S14C, Supporting Information).
These results confirmed that probiotics in hydrogel applied to
open wounds could partially reduce the local inflammation.
Risks of systemic infection and inflammation were excluded
analyzing the white blood cells, lymphocytes (LYM), and
monocytes (MONO) in peripheral blood (Figure S14D, Sup-
porting Information). Systemic acid-base balance was main-
tained, as the serum lactate level was not notably different
between the groups (Figure S14E, Supporting Information).

© 2021 Wiley-VCH GmbH
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Figure 3. Effects of HP@LL_VEGF on bacterial growth, macrophage polarization, and angiogenesis in vivo. A) Representative images and B) quan-
tification of retention and plasmid expression of LL_mCherry alone and with HP@LL_VEGF after in situ application on the wounds using an in vivo
imaging system (IVIS) (n = 3). C) Representative images of in vivo distribution of engineered probiotics on the wound tissue. Scale bar, 50 pm.
D) Representative images of iNOS (M1 macrophages) and Argl and CD206 (M2 macrophages) immunofluorescence staining on day 6 (green: iNOS;
red: Argl and CD206; blue: cell nuclear). Scale bar, 100 um. E) Statistical data of the percentage of INOS*, Argl*, and CD206" macrophages (n = 3).
F) Representative images of blood flow in the wounds on day 6 and CD31 immunofluorescence on day 12. Scale bar, 100 um. G) Statistical data of
blood flow of the wounds (n = 3) and CD31 positive area in the wound tissue (n = 3). P < 0.01.

The open wounds, especially in diabetic patients, are prone
to bacterial infection, resulting in production of proinflamma-
tory mediators by the recruited immune cells (neutrophils and
macrophages).?’l Thus, biological safety is vital when live bac-
teria are applied in the therapeutics and biomedicine, which
determines their clinical and translational applicability. In our
study, L. lactis administration did not show any symptoms of
infection due to its probiotic nature, while the biocompatible
hydrogel relatively isolated the microorganism, thereby pre-
venting it from entering the wound tissue and ensuring the
biosafety, which highlights its potential application in clinical
management of wounds, especially in diabetic patients.

Adv. Funct. Mater. 2021, 2105749

2105749 (7 of 13)

We hypothesized that enhanced proliferation, migration, and
vessel-forming capability of endothelial cell as well as M2 polar-
ization of macrophages stimulated by HP@LL_VEGF in vitro
would translate to angiogenesis and accelerate wound healing
in vivo. To test the efficacy of HP@LL_VEGF in healing chronic
wounds, a diabetic mouse with full-thickness skin defect was
chosen. Diabetic mouse wounds were treated by HP hydrogel,
HP@LL, HP@rmVEGF, and HP@LL_VEGF once a day. The
untreated mice were taken as controls.

A key challenge in treating chronic wounds is the persis-
tence of the chronic inflammatory stage, while normal wounds
exhibit acute inflammation that resolves in a few days.’"

© 2021 Wiley-VCH GmbH
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Inability of macrophages to switch from a proinflammatory
to an anti-inflammatory phenotype combined with persistent
inflammation is a hallmark of diabetic wounds.*¥ Therefore,
we performed immunofluorescence staining of macrophages
in wound sections during the proliferation phase (day 6)
to elucidate the in vivo effect of HP@LL_VEGF in inducing
M1 macrophages to M2 phenotype. As shown in Figure 3D,E,
administration of HP@LL and HP@LL_VEGF significantly
decreased the proportion of iNOS M1 marker positive cells,
whereas the infiltration and distribution of CD206 and Argl
M2 markers positive cells was enhanced compared to the other
groups that did not produce lactic acid (P < 0.01). In wound
healing, M2 macrophages promote the recovery of regenera-
tion potential via secreting anti-inflammatory mediators and
releasing angiogenic and GF. Our results further confirmed
that HP@LL_VEGF could drive the shift in macrophage pheno-
type for tissue repair and regeneration.

Insufficient angiogenesis is a key cause of impaired healing
of diabetic wounds.?? To investigate the effect of HP@LL_
VEGF in promoting angiogenesis, blood flow at the diabetic
wound sites was monitored using LASCA. Compared to the
other treatments, the wounds treated with HP@LL_VEGF

A

HP@LL_VEGF

D

Control HP HP@rmVEGF

Masson

displayed a significantly higher blood perfusion (P < 0.01).
Immunofluorescence staining of CD31, the marker of the vas-
cular endothelial cells involved in neovascularization, was per-
formed for histological analysis of angiogenesis. An increased
CD31 positive area, representing the vascular structure, was
observed in the HP@LL_VEGF group (P < 0.01) (Figure 3F,G).
HP@rmVEGF and HP@LL treatments too showed positive
effects on increasing the CD31 positive area, but their effects
were inferior to that of HP@LL_VEGF treatment. These
results demonstrated that treatment with HP@LL_VEGF re-
established structural and functional blood vessels network in
wounds.

A diabetic mouse model was first established by feeding
mice a high-fat and high-sugar diet and by streptozotocin
(STZ) injection (Figure S15A, Supporting Information). We
observed that diabetic mouse wounds were difficult to heal
even after 20 days, whereas wounds in normal mice healed in
12 days (Figure S15B, Supporting Information). Digital photo-
graphs of wounds showed that mice treated with HP@LL_
VEGEF exhibited significantly faster wound closure compared to
the other groups, with nearly 50% closure achieved on day 6
(Figure 4A-C). On day 12, =90% wound closure was achieved
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Figure 4. HP@LL_VEGF promoted diabetic wound repair and regeneration in vivo. A) Representative digital images of the wound area in response
to different treatments on day 0, day 6, day 9, and day 12. The round blue card with a 6 mm diameter indicates initial wound size. B) Fractions of the
wounds healed by the different treatments on day 6, day 9, and day 12 (n = 6). C) Quantitative analysis of wound area for each group (n = 6). Asterisks
with colors represent comparisons of corresponding groups versus HP@LL_VEGF group. D) H&E staining of the wound area reflected the granula-
tion tissue on day 12 (n = 3). Yellow arrows indicate thickness of granulation tissue. Scale bar, 100 um. E) Masson staining of the wound area reflected
collagen deposition on day 12 (n = 3). Scale bar, 100 um. *P < 0.05 and **P < 0.01.
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with HP@LL_VEGF treatment, whereas only =30-50% clo-
sure was achieved in the control and HP groups, and =70-80%
closure was achieved in the HP@LL and HP@rmVEGF
groups. Moreover, addition of the experimental concentrations
of nisin did not significantly affect the wound healing of the
mouse model (Figure S15C, Supporting Information). Thus,
the accelerated wound healing would mainly benefit from
the delivery of VEGF and the phenotypic regulation of mac-
rophages. And lactic acid from L. lactis had no significant effect
on blood sugar level (Figure S15D, Supporting Information).

Granulation tissue formation and tissue maturation were
evaluated histologically 12 days after inflicting wounds by meas-
uring granulation tissue thickness and collagen deposition.
Histology analysis revealed that HP@LL_VEGF treatment sig-
nificantly increased the granulation tissue thickness compared
to other groups (P < 0.01) (Figure 4D). Massive collagen deposi-
tion, indicating recovery and maturation from damaged tissues,
was observed in HP@LL_VEGF-treated wounds (P < 0.01)
(Figure 4E).

These data showed that therapeutic effect of HP@LL_VEGF
outperformed other groups. Further, this confirmed that the
combination of the direct enhancement of growth signals and
indirect modulation of immune responses is an efficient and
promising strategy to treat delayed cutaneous wound healing
observed in diabetic conditions.

For global assessment of diabetic wound microenvironment
after treatment with HP@LL_VEGF, RNA-sequencing (RNA-
seq) was performed on samples collected from wound tissue
on day 6, which indicates transition from the inflammatory
phase to proliferation phase during normal wound healing.
Tissue from untreated diabetic wounds was taken as control.
A significant difference between the transcriptomic profiles of
the control and HP@LL_VEGF-treated groups was observed by
the unguided principal component analysis (PCA) (Figure 5A).
After administration of HP@LL_VEGF, 3080 significant dif-
ferentially expressed genes (DEGs) were identified, with 1026
upregulated and 2054 downregulated genes, according to the
empirical Bayes method (fold change >4; g value < 0.05), as
showed in the volcano plots (Figure 5B).

Enrichments analysis based on DEGs were conducted for
up- and downregulation gene sets. Hierarchical cluster analysis
separated and screened the gene expression differences
between the wound tissue from control and HP@LL_VEGF-
treated mice (Figure 5C). Specifically, the expressions of genes
related to angiogenesis and wound healing (Vegfa, Fgfl, Vegfb,
Egf, and Notch4) were upregulated after the HP@LL_VEGF
treatment, whereas the expressions of genes related to inflam-
mation (Tnf, Ccl2, II-18, II-1r1, and Myd88), proteolysis (Mmp9,
Mmp2, and Mmp3), and apoptosis (Caspl and Casp3) were sig-
nificantly downregulated (Figure 5D; Figure S16, Supporting
Information). Gene ontology (GO) analysis revealed that the
1026 upregulated genes focused on cellular homeostasis, cel-
lular response to oxygen and GF, and blood vessel and tissue
morphogenesis (Figure 5E). Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway enrichment analysis revealed that
HP@LL_VEGF-treatment enhanced the signal transduction
of cGMP-PKG, VEGF, and PPAR pathways, which enhanced
angiogenesis (Figure S17A,C, Supporting Information). These
results suggested that the regenerative potential was restored in
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treated diabetic wounds and showed positive response to growth
signals. The protein—protein interactions network analysis not
only identified the central role of VEGF but also demonstrated
the important role played by the adjacent EGF, FLT1, and FGF1
in interacting with leading proteins to exert the therapeutic
effects and accelerate wound healing in response to HP@
LL_VEGF treatment (Figure 5F). Furthermore, the 2054 down-
regulated genes were closely related to the pathological pro-
cess associated with diabetic wounds. GO and KEGG analysis
showed that the key enrichment items focused on ameliorating
inflammation (e.g., reduction of neutrophil migration and leu-
kocyte activation, negative regulation of chemokines, and pro-
inflammatory factors signaling pathways), protecting cells from
apoptosis and damage (e.g., downregulation of MAPK, TNF,
and apoptotic signaling pathways), and weakening the prote-
olysis and hyperglycemia reaction (e.g., inhibition of MMPs
and AGE-RAGE signaling pathway) (Figure 5G; Figure S17B,D,
Supporting Information). Notably, TNF, which activates the cas-
cade of inflammation and necrosis,**! dominated the protein
interaction networks hindering the process of wound healing,
suggesting that HP@LL_VEGF attenuates the hostile wound
microenvironment by inhibiting the TNF signaling pathway
(Figure 5H; Figure S17, Supporting Information).

As shown in Figure 51, our study aimed to elucidate the eti-
ology and microenvironment of diabetic wounds and develop
a promising avenue for promoting angiogenesis in diabetic
wounds. This was achieved by utilizing engineered probiotics
encapsulated in hydrogel to locally produce and deliver proan-
giogenetic factor (VEGF) and macrophage-regulated mediator
(lactic acid). In the bacteria-supporting and GF protecting
HP hydrogel, engineered L. lactis equipped with an artificially
designed gene circuit continuously secretes VEGF, thereby
providing continuous angiogenic growth signal. L. lactis alters
the phenotype shift of macrophages by producing lactic acid.
The polarization of accumulated M1 macrophages to M2 breaks
the hostile status of proinflammatory, proteolytic, and apoptotic
wound microenvironment. Further, pH reduction resulting
from lactic acid production potentiated the retention of VEGF
due to inhibition of the enzymatic activity of plasmin, which
mainly cleaves and inactivates VEGF (Figure S18, Supporting
Information).*¥ HP@LL_VEGF mainly promotes the secretion
of EGF, FGF, PGF, and other growth factors and upregulates
key regeneration-related genes such as Smad3 and Notch4 by
activating VEGF signal, cGMP-PKG, PPAR, and other path-
ways to accelerate angiogenesis and wound healing. At the
same time, HP@LL_VEGF inhibit TNF, MAPK, chemokines,
apoptosis, and other signaling pathways, downregulate the
expression of Ccl2, IL-18, Casp3, MMP family, and other genes,
and reverse the adverse regenerative environment of diabetic
wounds. Collectively, these effects improved the bioavailability
of VEGF and reinforced the angiogenic signals. Therefore, our
strategy drove the functional reconstruction of vessel networks
and promoted the rapid regeneration of diabetic wounds.

Here, we demonstrated that VEGF and lactic acid, expressed
and delivered by engineered probiotics for diabetic wound
healing, enabled local therapeutic angiogenesis in diabetic
mouse models. Moreover, we showed that VEGF and lactic
acid can be adapted into other biological circuits due to their
protected storage and release using an HP@LL_VEGF delivery

© 2021 Wiley-VCH GmbH



ADVANCED FUNCTIONAL
SCIENCE NEWS MATERIALS

www.advancedsciencenews.com www.afm-journal.de

A

Angiogenesis and wound healing

i 24
PCA analysis [ = « Control
120]  AHP@LL_VEGF |  Control 2= “5, = HP@LL_VEGF
o i 0] EE 1.8
= 80 | h I * ax
32 x e
= 1 1 o= 12 Py
- 404 | % 1 - /’ 2 @ g -
-
Eu-—\——}f—\-——L———;/ B e ‘ £2
= 2 S =06
o \ \ T ar H O
a -40 btif =
: 0
-80 X s 0.0
~ _ | Vegfa Fgft Voglb Egf  Notch4
-1209 : Infl
-40 -30 -20 -10 0 10 20 30 40 50 27
PC1(67.93%) < s * Control
2o « HP@LL_VEGF
< .
B & $% 18- .
s
[Down regulate: 2054 Up regulate: 1026] S
45. (i 2 g 3
] £
40 £ A 52 0.9
- o©
g 3 o FL ﬁ
> i
T 30 g b 0.0 T T T T
S o Tnf  Ccl2  N-18  I1-1r1  Myd8s
~. e go 1 1
°‘,—’ 25 L T 510 Proteolysis and apoptotic
1 LA = -
o 2 i S 25 fo « Control
15 i 2= . . HP@LL_VEGF
10 i gé 20
x s
oE 45 =
= gs™
0 5 8 1.0
g=
os1 'ﬂ H
0.0 T T T T
Control HP@LL_VEGF Mmp9 Mmp2 Mmp3 Casp1 Casp3
GO enrict lysis (Up lation) GO enrict lysis (Down lati
oxidation-reduction process] @ positive regilation of proteclysis| @
cellular response to ° apoptotic signaling pathway @
ooxygen-containing compound regulation of I-kappaB
cellular homeostasis kinase/NF-kappaB signaling ®
g cellular response to tumor °®
tissue development{ © b= necrosis factor
O regulation of blood circulation 4 ° o ion of i =
cellular response to % negative mulaﬂon‘:fmmr;:: .
growth factor stimulus leukocyte activation involved
cellular response to insulin stimulus{ ° in inflammatory response 2
blood vessel morphogenesis ° 3 e positive of 6
vascular endothelial growth factor positive regulation of tumor necrosis s
receptor signaling pathway factor biosynthetic process
negative regulation of neutrophil { chronic inflammatory response {
bt 0 02 04 06 08 02 04 086
Rich factor Rich factor

Persistent inﬂammationl

|
|

_\\(9

& \

" ASE High proheolytlc¢ |
S \

s

‘ 22 0
o y < & ° ° Apoptosis and oxidative stressiv

o W Antl-mﬂammatory mediators
Proteases
o Lactic acid { @\‘ oo |
s 3

== T *‘/— Growth factors ) %o (aey

/—ﬂoo

| o
I o
Polarizatio ™ A o J S O
M2 macrophages Angl ogeridels r i i °

M1 macrophages
i

ingh Inflammation degree and pH value, Low@

Pro-re| =“l etive miqmnylronmgnﬁ !

&L
o

L) (3

Y ta OIO

2000con o)

03.3__0'0 17550

Adv. Funct. Mater. 2021, 2105749 2105749 (10 of 13) © 2021 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

system, which serves to confine the bacterial population and
inhibit bacterial entry into the impaired tissue site, thereby
minimizing the risk of systemic toxicities.

Some biodegradable matrices, glycosaminoglycans (GAGs),
and extracellular matrix (ECM)-derived proteins, such as
fibronectin and fibrin, have been developed as controlled release
systems for VEGF delivery. The most commonly used system
is a heparin-based hydrogel.’®) However, these systems follow
a fixed preloading/release pattern and temporal imbalance,
which has the significant drawback of producing a burst release
in the first few hours, thus requiring the addition of large
amounts of growth factors in order to maintain the long-term
release. Supraphysiological levels of these molecules due to
the excessive burst release, coupled with poor delivery kinetics,
are probably responsible for the various side effects, low effec-
tiveness, and extra costs of these approaches.’! Regarding the
translational potential of our HP@LL_VEGF delivery system,
all the materials we selected were FDA-approved or biocom-
patible. Our therapeutic system resulted in sustained delivery,
prolonged retention of therapeutic biomolecules, and spatial
restriction of bacteria once administrated on the wounds. These
features will be helpful in a clinical setting, where minimally
invasive and self-sustained therapies are desirable.

Although several combination approaches have been
explored for angiogenesis, immunotherapies are often more
effective when combined with other proangiogenesis rea-
gents.’ Microbial-based therapeutic platforms are highly
modular and convenient for the rapid engineering of mul-
tiple payloads that can be delivered as a combination of pro-
biotic strains. Angiogenesis is essential for the reconstruction
of skin function in diabetic wound treatment. Many biomate-
rials have been designed to promote diabetic wound recovery
by enhancing vascularization. Chen et al. reported an oxygen-
producing patch, which improved neovascularization by up to
1.7 times in a splinted excisional dermal wound model of
diabetic mice.’”! Wang et al. prepared an injectable multi-
functional hydrogel containing MnO, nanosheets that could
increase vascular density up to 1.6 times in diabetic mice
wounds.*®l Ouyang et al. reported a black phosphorus-based gel
with near-infrared light responsiveness, to promote the prolifer-
ation of endothelial cells, vascularization, and angiogenesis by
up to 2.8 times in wounds in diabetic mice. Xiao et al. reported
copper-based nanoparticles with a slow Cu?* release rate, which
enhanced vascularization by up to 2.0 times in diabetic mice
wounds.*) Soto et al. reported a NO-releasing implant, which
increased blood vessel densities by 0.5 and 0.7 times in healthy
and diabetic pigs, respectively.*’l Lucas et al. reported a modi-
fied antimiR-92a that could be activated by light to increase
angiogenesis by up to 2.8 times in diabetic mice wounds.*!! In

this work, we developed a living microbial-based therapeutic
device to raise blood vessel density by up to 5.5 times in the dia-
betic wounds of diabetic mice, a rate which is markedly higher
than those previously reported. Therefore, future iterations of
this platform, combined with delivery system such as our HP@
LL_VEGF, can be programmed to produce a wide variety of
immunotherapeutic and other agents to test a variety of rational
therapeutic combinations. Furthermore, we are exploring chro-
mosome integrated expressing system to replace plasmids,
which would remove extra genetic elements and perform more
efficiently. Last, to improve the system’s clinical relevance,
other routes of therapeutic administration in more translational
animal models need to be considered.

3. Conclusion

Currently, the clinical nonsurgical treatment of diabetic wounds
mainly involves blood glucose control, wound debridement, and
wound dressing. The most commonly used wound dressings
are hydrocolloids, hydrogels, and foam dressings, which can
absorb wound exudates, but which lack bioactive molecules to
modulate the wound microenvironment.*!l Despite the fact that
some bioactive molecules, such as growth factors, stem cells, and
platelet-rich plasma, have been used clinically to treat diabetic
wounds, they face problems, such as easy deactivation, low bio-
availability, and unitary wound microenvironment regulation.*’]
Thus, the development of novel wound dressings, which could
effectively and steadily release bioactive molecules to regulate
the wound microenvironment is urgently needed. The HP@LL_
VEGF hydrogel, which can simultaneously and steadily release
bioactive proteins and immune-regulating molecules, meets the
above-mentioned clinical needs, and paves the way engineering
probiotic-based bioactive molecule delivery systems to promote
diabetic wound healing. We have built a stable biological cir-
cuit integrated into a probiotic with therapeutic analogous as a
potential standard treatment for optimization toward clinical
translation. The HP@LL_VEGF system should help advance the
angiogenesis therapy field by reducing inflammatory microenvi-
ronments and stimulating angiogenesis simultaneously. More-
ovet, sustained production of therapeutic components combined
with minimized toxicity would facilitate improved immunothera-
peutic and GF co-delivery to a broader range of chronic wounds.

4. Experimental Section

For detailed experimental conditions, methods of synthesis, and
the additional characterizations, please see Figures S1-S18 in the

Figure 5. Global assessments of the diabetic wound microenvironment after treatment with HP@LL_VEGF using RNA-seq. A) Principal component
analysis (PCA) was performed based on differentially expressed genes (DEGs) in the wound tissue of the two groups. B) Volcano plots showing the
upregulated and downregulated genes in response to HP@LL_VEGF treatment. C) Heat map of upregulated and downregulated genes in the diabetic
wound microenvironment after HP@LL_VEGF treatment (fold change >4 and P < 0.05). D) Relative expression of genes related to the processes
crucial for diabetic wound regeneration, including angiogenesis, inflammation, proteolysis, and apoptosis (n = 3). E) Gene ontology (GO) enrichment
analysis of the upregulated genes. F) Protein—protein interaction network of upregulated genes involved in angiogenesis and wound healing. G) GO
enrichment analysis of all the downregulated genes. H) Protein—protein interaction network of downregulated genes involved in pathophysiological
features of diabetic wound. ) lllustration of postulated mechanism by which HP@LL_VEGF modulated the wound microenvironment for accelerated
angiogenesis and wound regeneration.
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Supporting information. All animal experiments were performed
according to protocols approved by the Laboratory Animal Welfare and
Ethics Committee of Army Medical University (Third Military Medical
University), No. AMUWEC20201397.
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