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A B S T R A C T

Chronic bioenergetic imbalances and inflammation caused by hyperglycemia are obstacles that delay diabetic
wound healing. However, it is difficult to directly deliver energy and metabolites to regulate intracellular energy
metabolism using biomaterials. Herein, we propose a light-driven bioenergetic and oxygen-releasing hydrogel
(PTKM@HG) that integrates the thylakoid membrane-encapsulated polyphenol nanoparticles (PTKM NPs) to
regulate the energy metabolism and inflammatory response in diabetic wounds. Upon red light irradiation, the
PTKM NPs exhibited oxygen generation and H2O2 deletion capacity through a photosynthetic effect to restore
hypoxia-induced mitochondrial dysfunction. Meanwhile, the PTKM NPs could produce exogenous ATP and
NADPH to enhance mitochondrial function and facilitate cellular anabolism by regulating the leucine-activated
mTOR signaling pathway. Furthermore, the PTKM NPs inherited antioxidative and anti-inflammatory ability
from polyphenol. Finally, the red light irradiated PTKM@HG hydrogel augmented the survival and migration of
cells keratinocytes, and then accelerated angiogenesis and re-epithelialization of diabetic wounds. In short, this
study provides possibilities for effectively treating diseases by delivering key metabolites and energy based on
such a light-driven bioenergetic hydrogel.

1. Introduction

As a common complication of diabetes, the diabetic wound healing
process involves prolonged inflammation, insufficient angiogenesis, and
ultimately delayed healing owing to the pathological microenvironment
accompanied by oxidative stress and bioenergetic imbalance caused by
hyperglycemia [1–5]. Under hyperglycemic conditions, the oxygen
consumption and energy demand of cells are elevated, and defective
blood vessels at wound sites impede oxygen delivery, exacerbating the
hypoxic environment [6–9]. Hypoxic and hyperglycemic conditions
induce the overproduction of mitochondrial reactive oxygen species
(ROS), which exceeds cellular self-antioxidant defenses, leading to a
state of oxidative stress that fuels inflammation and disrupts mito-
chondrial redox homeostasis [10–13]. Mitochondria function as ROS
amplifiers that initiate further ROS release in neighboring mitochondria,
resulting in widespread mitochondrial dysfunction and a subsequent

bioenergetic imbalance with decreased adenosine triphosphate (ATP)
generation, which is suggested to play a central role in cellular anabo-
lism during cell differentiation and proliferation [14,15]. Thus, the
restoration of mitochondrial functions, including energy production and
redox homeostasis, has been identified as a potential target for pro-
moting tissue regeneration in diabetic wounds [16–18].

Increased ROS levels disrupt redox homeostasis, and long-term
hypoxia results in the recruitment and accumulation of inflammatory
cells (M1 macrophages) [19–22]. M1 macrophages are enriched in the
early inflammatory sites and activated by pro-inflammatory factors such
as lipopolysaccharide (LPS) and IFN-γ, and then prolong inflammatory
response by secreting inflammatory factors, which can seriously inhibit
angiogenesis, tissue repair and tissue structure reconstruction [23–26].
Disorders in cellular metabolism, especially amino acid and energy
metabolism, inhibit macrophage activation and weaken the adaptability
of macrophages, which can inhibit long-term tissue remodeling in
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chronic diabetic wounds [27–30]. Protecting mitochondria to reduces
the level of oxidative stress, regulates the balance of cell metabolism and
thus reduces the inflammatory response, which can also regulate the
pathological microenvironment and play an important role in reversing
chronic diabetic wounds [28,31–33]. Therefore, exploring a compre-
hensive treatment model that protects mitochondria from damage and
corrects metabolic disorders will fundamentally accelerate the healing
process of chronic wounds [18,34–36]. However, direct regulation of
intracellular metabolism via biomaterials remains challenging owing to
the unsatisfactory delivery of energy and metabolites [37–39].

Natural biological systems derived from plants have been widely
studied as therapeutic agents because they are green, sustainable and
highly biosafe [40]. For example, plant leaves [41], algae [42,43], and
bacteria [10] exhibit remarkable biosynthetic capacity by absorbing
sunlight and converting it into vital chemical energy via photosynthesis
[41]. Especially, the PS-I and PS-II systems in the thylakoid membrane of
plant leaves can not only effectively catalyze water into oxygen upon
sunlight irradiation, but also produce abundant ATP and nicotinamide
adenine dinucleotide phosphate (NADPH), which can serve as energy
supplier to promote and regulate mitochondrial functions. In addition,
natural polyphenols, such as tannic acid [44,45], resveratrol [46] and
curcumin [47,48], realize anti-inflammatory and antioxidative

functions. Therefore, the combination of naturally derived living bio-
logical systems can endow artificial systems with complex functions that
promote biological therapy.

Herein, by taking advantage of the plant-derived photosynthetic
thylakoid membrane (TKM) and ROS-scavenging polyphenol nano-
particles (NPs), we developed photosynthetic PTKM NPs by coating
poly-tannic acid (PTA) NPs with the TKM derived from spinach, and
then incorporated the PTKM NPs into oxidized hyaluronic acid (OHA)
and amino-modified gelatin (Gel-NH2) based matrix to form a light-
driven bioenergetic and oxygen-releasing hydrogel (designated as
PTKM@HG) (Scheme 1a). When applied to diabetic wound, the acidic
microenvironment induces the degradation of the hydrogel, thereby
locally releasing PTKM NPs to the wound sites. Under natural-light or
red-light irradiation, the PTKM NPs can not only continuously generate
photocatalytic water to generate oxygen, but also induce NADH and
ADP reduction to yield exogenous NADPH and ATP through the
photosynthetic effect. Therefore, PTKM NPs restored mitochondrial
function and enhanced mitochondrial function by supplying oxygen,
NADPH, and ATP, which corrected impaired metabolism and
augmented the survival and migration of endothelial cells and kerati-
nocytes. Meanwhile, PTKM NPs inherited antioxidative and anti-
inflammatory properties from PTA NPs with abundant polyphenol

Scheme 1. Schematic illustration of visible light-driven bioenergetic and oxygen-releasing hydrogel for accelerating wound healing under light irradi-
ation. (a) Schematic diagram of the procedure for fabricating PTKM NPs and PTKM@HG hydrogel. (b) Applications of the PTKM@HG hydrogel in wound healing. (c)
Promoting wound healing mechanisms of PTKM@HG upon visible light irradiation, including scavenging ROS to protect cells from oxidative stress, generating
oxygen to greatly alleviate hypoxia, correcting mitochondrial dynamics, enhancing cell metabolism by supplying sufficient ATP and NADPH through the photo-
synthesis process to regulate the hyperglycemia-induced microenvironments and finally promote cell migration and angiogenesis.
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groups, which scavenged ROS and suppressed the ROS-induced in-
flammatory response to drive the healing process to the regenerative
phases. The prominent photosynthetic features of the PTKM NPs
endowed the hydrogel with the ability to regulate hyperglycemia-
induced oxidative stress, hypoxia, inflammation, and metabolic disor-
ders via light-driven supplementation with exogenous energy and me-
tabolites for diabetic wound healing (Scheme 1b and c).

2. Results and discussion

2.1. Fabrication and characterizations of PTKM NPs

The synthesis procedure for the PTKM NPs is illustrated in Scheme
1a. Thylakoids were harvested from spinach by differential centrifuga-
tion [49]. TKM (2.45 mg/mL) was obtained by ultracentrifugation,
washing, and ultrasonication. As shown in the transmission electron
microscopy (TEM) image, the extracted TKM exhibit a completely
layered structure (Fig. 1a). Next, PTA NPs were obtained from tannic
acid (TA) via formaldehyde cross-linking and the hydrothermal method
[50], displayed a monodispersed spherical structure with a diameter of
245 nm and a rough surface (Fig. 1b and Fig. S1). Fourier transform
infrared (FTIR) spectroscopy provided additional evidence for the suc-
cessfully preparation of PTA NPs. In contrast to the spectra of unmodi-
fied TA, distinct absorption peaks appeared at 2930 cm− 1 in the spectra
of PTA NPs (Fig. S2), corresponding to the –CH2- vibration, confirming
the effective incorporation of the –CH2- groups derived from formalde-
hyde through phenol-formaldehyde condensation into the PTA NPs
[51]. Finally, PTA NPs were mixed with TKM vesicles under ultra-
sonication to construct TKM-coated PTA NPs, denoted as PTKM NPs. It
was noted that PTA NPs with a negative charge were conducive to
encapsulation by biological cell membranes with inherent charge
asymmetry without damaging the structural integrity and fluidity of the
membranes [52], which could retain the biological activity of TKM. The
distinct core-shell structure from TEM observation revealed the suc-
cessful formation of PTKM NPs (Fig. 1c and d). The size distribution
results indicated that the PTKM NPs had a diameter of approximately
~263 nm (Fig. S3), and the zeta potential of the PTKM NPs was similar
to that of the original TKM (Fig. 1e), confirming the encapsulation of
PTA NPs by TKM. X-ray photoelectron spectroscopy (XPS) spectrum
indicated the binding energy peaks of PTKM NPs at 284.8 eV, 531.91 eV
and 133.15 eV, corresponding to C1s, O1s, and P2p, respectively (Fig. 1f
and Fig. S4). The high-resolution O1s peaks of the PTKM NPs were fitted
with three distinct peaks at 531.25 eV, 532.2 eV, and 536.25 eV in the
O1s spectrum, representing the C=O, C-O and C-OH components in PTA
NPs, respectively (Fig. 1g). The detection of P2p at 133.15 eV indicated
the presence of TKM (Fig. 1h). Membrane proteins of the PTKM NPs
were analyzed using blue native polyacrylamide gel electrophoresis
(BN-PAGE), which confirmed the presence of specific photosynthetic
activity-related membrane proteins, including photosynthetic system I
(PS-I), photosynthetic system II (PS-II) and light-harvesting complex II
(LHC-II) on the PTKM NPs (Fig. 1i). Furthermore, the adsorption peak
around 665 nm appeared in the ultraviolet–visible (UV–Vis) spectra of
PTKMNPs but not in PTA NPs (Fig. 1j), which was the typical absorption
of chlorophylls in TKM. Together, these results demonstrated the suc-
cessful fabrication of PTKM NPs using the PS-I/PS-II system for
photosynthesis.

To verify the photosynthetic efficiency of PTKM NPs, their oxygen-
ation capacity was evaluated using a dissolved oxygen meter under
sunlight and 660 nm LED irradiation. PTKM NPs could continually
produce oxygen upon exposure to sunlight, and the oxygen level reached
above 0.69 mg/L after 130 s (Fig. 1k). Moreover, the oxygen levels
exceeded 1.0 mg/L after 12 min of LED irradiation (Fig. 1l). Addition-
ally, PTKM NPs possessed catalase activity that can catalyze hydrogen
peroxide (H2O2) to produce oxygen (O2) under 660 nm LED irradiation,
which plays a key role in relieving hypoxia at diabetic wound sites. As
shown in Fig. 1m, the content of O2 was significantly elevated in the

PTKM NPs solution upon adding H2O2 (50 μM). In addition, duration
tests demonstrated that the PTKM NPs exhibited stable photosynthetic
effect to continuously generate oxygen during the two cycles of on/off
LED irradiation (Fig. S5).

The ability of PTKM NPs to product NADPH under light irradiation
was assessed using the WST-8 assay under dark and light-irradiation
conditions (Fig. 1n). In this system, light irradiation induces electron
transfer, from stromal ferredoxin (Fd) to ferredoxin-nicotinamide
adenine dinucleotide phosphate (NADP) oxidoreductase (FNR),
enabling the reduction of NADP + to NADPH. The fold change yield of
NADPH formation is 199.60 % for PTKM NPs with the concertation at
125 μg/mL. For comparison, the inefficient generation of NADPH was
observed under dark conditions. These results confirmed that PTKM NPs
retained the natural structure and photosynthetic performance of TKM,
which served as an energy supplier to promote and regulate cellular

Fig. 1. Fabrication and characterizations of PTKM NPs. TEM images of (a)
thylakoid membranes (TKM), (b) PTA NPs, (c) and (d) PTKM NPs. Arrows
(blue) refer to the thylakoid membrane. (e) Zeta potentials of TKM, PTA and
PTKM NPs. (f) XPS survey spectra of PTKM NPs. (g) High resolution XPS spectra
of O1s for PTKM NPs. (h) High resolution XPS spectra of P2p for PTKM NPs. (i)
Blue native polyacrylamide gel (BN-PAGE) electrophoresis of TKM and PTKM
NPs. (j) UV–Vis absorption spectra of TKM, PTA and PTKM NPs. (k) Photo-
synthesis ability of PTKM NPs under sunlight, insert shows the photo of the
experimental setup. (l) Photosynthesis ability of PTKM NPs under 660 nm LED
irradiation. (m) CAT-like activity of different groups (PTKM NPs+ 50 μM H2O2)
under 660 nm LED irradiation. (n) NADPH production ability of PTKM NPs in
the presence and absence of LED irradiation. (o) Schematic diagram of the
mechanism of PTKM involved in photosynthesis. (p) DPPH scavenging effi-
ciency of different nanomaterials. *p＜0.05, **p＜0.01. The data are presented
as the mean ± s.d. (n = 3).
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functions under light irradiation (Fig. 1o).
Additionally, PTKM NPs possessed excellent the antioxidant ability

inherited from PTA NPs, as demonstrated by the classic 1-diphenyl-2-
picrylhydrazyl (DPPH) radical assay. The UV–Vis spectra revealed that
the absorbance at 517 nm decreased for PTA and PTKM NPs (Fig. S6).
After 90 min of incubation, more than 70 % of the DPPH free radicals
were eliminated by the PTA NPs (Fig. 1p). Together, these results

revealed that PTKM NPs can be used as an all-in-one nanoplatform with
photosynthetic oxygen/energy evolution and free radical scavenging
abilities to regulate disordered metabolism in diabetic wounds under
light illumination.

Fig. 2. The protective ability of PTKM NPs on HUVECs cultured under high ROS, hypoxic and high-glucose conditions to mimic the in vivo microenvironment. (a)
and (b) Viability of HUVECs after co-incubation with different concentrations of PTKM NPs and different nanomaterials for 6 h. The time for LED irradiation was 30
min. (c) Hemolysis ratios of TKM, PTA and PTKM NPs (37 ◦C, incubation time: 4 h), insert shows the hemolysis photo. (d) Cellular uptake of FITC-labeled PTKM NPs
at 0, 1, 2, 3 and 4 h in HUVECs. Nuclei were stained with DAPI (blue) and F-actin was stained with Rhodamine-labeled phalloidin (red). (e) Mean fluorescence
intensity (MFI) analysis of PTKM NPs uptake at different times. (f) Fluorescence images (CLSM images and 2.5 D fluorescence images) and flow cytometry illustrating
intracellular ROS in 50 μM H2O2-stimulated HUVECs incubated with different nanoparticles under 660 nm irradiation (20 W) for 30 min. (g) Mean fluorescence
intensity (MFI) analysis of ROS. (h) Intracellular oxygen generation in HUVECs incubated with different nanoparticles under high ROS and hypoxic conditions
detected by RDPP. (i) MFI analysis of fluorescence signals in (h). (j) Mito-Tracker Red CMXRos images of mitochondrial potential stained in HUVECs incubated with
different nanoparticles under high glucose and ROS conditions. (k) Live/dead staining of HUVECs incubated with different nanoparticles under high glucose, high
ROS, and hypoxic conditions. *p＜0.05, **p＜0.01, ****p＜0.0001. The data are presented as the mean ± s.d. (n = 3).
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2.2. Cytocompatibility and hemolysis evaluations of PTKM NPs

Before evaluating the in vitro bioactivity, the cytocompatibility of
PTKM NPs was evaluated using human umbilical vein endothelial cells
(HUVECs). As shown in Fig. 2a, the cell counting kit 8 (CCK-8) assay
demonstrated that the cell proliferation and survival rate of HUVECs
were not affected even at the high concentration of PTKM NPs (200 μg/
mL). In addition, there was no difference in cell viability among the
groups after 6 h of co-culture with different nanomaterials (TKM, PTA
and PTKM NPs) (Fig. 2b). The LED irradiation resulted in negligible
toxicity. Moreover, PTKM NPs displayed a low hemolysis ratio (5 %),
indicating excellent blood compatibility (Fig. 2c). Next, the uptake
efficiency of HUVECs and the intracellular distribution were monitored
using fluorescein isothiocyanate (FITC) -labeled PTKM NPs (PTKM-
FITC). As shown in Fig. 2d–e and Fig. S7, increased incubation time from
1 h to 4 h resulted in a significant increase in fluorescence intensity,
indicating that the PTKM NPs can be endocytosed by HUVECs to exert
their function inside cells. In addition, representative fluorescence im-
ages of the mitochondria and PTKM-FITC NPs demonstrated that PTKM
NPs were centralized around the mitochondria (Fig. S8), which was
favorable for the regulation of mitochondrial function by PTKM NPs.

2.3. Cytoprotective ability of PTKM NPs under high ROS, high-glucose
and hypoxic conditions

To evaluate the cytoprotective ability of PTKM NPs in complex dia-
betic wounds, we conducted a series of in vitro experiments under high
ROS, high-glucose, and hypoxic conditions to mimic the in vivo patho-
logical microenvironment. First, the ROS scavenging ability of the PTKM
NPs was conducted by incubating HUVECs with 125 μg/mL PTKM NPs,
followed by H2O2 (50 μM) treatment, and then the intracellular ROS
level was investigated by the fluorescence signal of the DCFH-DA probe
using confocal laser scanning microscopy (CLSM) and flow cytometry
(Fig. 2f). Compared to the H2O2 treated-positive group, the intracellular
ROS level was slightly decreased in the TKM+ LED-treated group, which
was due to the CAT activity of TKM catalyzed hydrogen peroxide upon
light irradiation [53]. Intracellular ROS levels were reduced by PTA and
PTKM NPs, which was attributed to the reductive phenolic groups on
PTA NPs that acted as electron donors and interacted with radicals
[54–56]. Quantitative analysis of intracellular ROS levels by flow
cytometry further confirmed this observation (Fig. 2g). The above re-
sults demonstrated that the CAT activity of TKM and the polyphenolic
groups from PTA NPs synergistically endowed PTKM NPs with an
excellent antioxidative ability to scavenge ROS and therefore protect
cells from pathological oxidative stress.

Next, the oxygen generation capacity of PTKM NPs in HUVECs was
examined by the in vitro oxidative and hypoxia model (50 μMH2O2, 5 %
O2). The [Ru(dpp)3]Cl2 probe (RDPP) was used to evaluate intracellular
hypoxia (Fig. 2h and i). Compared with a strong fluorescence signal
(red) in the control group, there was almost no fluorescence signal in
TKM + LED and PTKM NPs + LED-treated groups, suggesting that the
TKM and PTKM NPs effectively generate and release oxygen to greatly
alleviate hypoxia based on their CAT-like activity and photosynthetic
capacity under light irradiation. Moreover, the PTKM NPs promoted
HUVECs migration (Fig. S9), which is essential for angiogenesis at the
wound sites.

In diabetic wounds, high glucose-induced ROS accumulation triggers
mitochondrial dysfunction, which is the main cause of the metabolic
disorders that retard wound healing progress [57–61]. To evaluate the
mitochondrial dynamics mediated by PTKM NPs in the presence of
high-glucose and oxidative environment, HUVECs were simulated by
H2O2 (50 μM) and glucose (30 mM) for 12 h, followed by the addition of
PTKM NPs. MitoTracker Red CMXRos was used as the red fluorescent
dye to detect mitochondrial membrane potential (Fig. 2j). The mito-
chondrial membrane potential (red fluorescence) was reduced in
HUVECs cultured under high glucose and H2O2 conditions (Fig. S10),

indicating an intact mitochondrial membrane potential. In contrast, the
mitochondrial membrane potential (red signal) increased in the TKM +

LED and PTKM NPs + LED-treated groups. The reversal of the mito-
chondrial membrane potential was inferred to be due to natural
plant-derived PTKM NPs, which could effectively generate oxygen and
scavenge ROS to preserve mitochondrial dynamics. Consequently, the
HUVECs protected by PTKMNPs survived even under high glucose, high
ROS and hypoxia conditions (Fig. 2k).

2.4. PTKM NPs regulate in vitro cellular metabolism

Besides oxygen generation, PTKM NPs can enhance cell metabolism
by supplying sufficient ATP and NADPH, which are the fuels necessary
for driving the synthesis of substances required for cellular activity [49].
As shown in Fig. 3a and b, intracellular ATP and NADPH concentrations
in HUVECs were elevated in the presence of PTKM NPs under LED
irradiation (660 nm, 20 W, 1 h), and the production levels increased
with increasing PTKM NPs concentrations. However, under dark con-
ditions without LED irradiation, PTKM NPs had no obvious effect on
NADPH and ATP levels. This result further confirmed that PTKM NPs
could supply exogenous energy (ATP and NADPH) to protect the mito-
chondria and promote efficient cellular anabolism through the photo-
synthetic process under LED irradiation (Fig. 3c).

To comprehensively understand the regulatory effect of PTKM NPs
on cell metabolism, we compared of the metabolites in HUVECs between
the different treatment groups. HUVECs co-incubated with PTKM NPs
under high glucose, hypoxic, and high ROS condition were designated as
the PTKM NPs-treated group. HUVECs cultured under high glucose
conditions were used as positive control. The HUVECs cultured under
normal glucose conditions were used as negative control. The hierar-
chical clustering heatmap showed that the metabolites in HUVECs were
significantly different under high glucose, hypoxic, and high ROS cul-
ture conditions compared to those under normal culture conditions, and
the levels of differential metabolites in the PTKM NPs-treated group
were similar to those in the normal group (Fig. S11). Principal compo-
nent analysis (PCA) of the differential metabolites indicated that the
substances detected using the metabolomic method could be clearly
distinguished among the three groups (Fig. S12). A Venn diagram shows
the relationship between the differential metabolites in each group
(Fig. S13), 46 differential metabolites were unique to the comparison
group (Control vs Normal vs PTKM). We further screened for differential
metabolites between the PTKM and control groups at the threshold of
fold-change >1 and p value < 0.05, and identified a total of 2236 me-
tabolites, including 191 upregulated and 194 downregulated (Fig. 3d–f).
The differential metabolites between the two groups were mainly amino
acids, nucleotides and their derivatives and organic acids and their de-
rivatives. These screened differentially expressed substances were
further analyzed using a differential metabolite correlation network. As
shown in Fig. 3g and fifty differential metabolites were linked by
numerous edges and formed a complex network, indicating that the
metabolites in the PTKM NPs-treated cells changed significantly. Ac-
cording to the concept of “clustering factor”, it was observed that L-
leucine constituted various edges in the network, revealing that L-
leucine played an important central hub role in the correlation network,
which may potentially regulate the cell metabolism. Subsequently, the
Kyoto Encyclopedia of Genes and Genomes (KEGG) was used to analyze
the pathways enriched in the three groups (Fig. S14). The KEGG anno-
tation results showed that metabolism was significantly affected by
PTKM NPs. The differential metabolite cluster heatmap of the KEGG
pathway also showed evidence that some metabolites in the amino acid
and its metabolite pathways (glutathione and L-leucine), and nucleo-
tides and their metabolites were significantly up-regulated in the PTKM
group (Fig. 3h). Moreover, the increase production of L-leucine and
glutathione was confirmed because violin plots were formed in the
PTKM NPs-treated group relative to the control (Fig. 3i and j). By
matching the information on differential metabolites according to the
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KEGG database, a pathway search and regulatory interaction network
analysis showed that L-leucine was directly related to the mTOR
signaling pathway (Fig. 3k). L-leucine is the most potent amino acid that
activates the mammalian target of rapamycin complex 1 (mTORC1)
signaling, which can promote mitochondrial biogenesis and oxidative
metabolism to maintain the normal physiological activities of cells
[62–64]. Taking together, PTKM NPs can protect the mitochondrial
function of HUVECs from high glucose, hypoxic, and high ROS condi-
tions, which is attributed to the following aspects. First, upon light
irradiation, PTKMNPs continuously release oxygen, which improves the
hypoxic microenvironment and decreases mitochondrial ROS produc-
tion. Meanwhile, PTKM NPs with polyphenol groups eliminate ROS
overproduction. Consequently, the PTKM NPs prevent ROS-induced

proton leakage and mitochondrial membrane potential (MMP) alterna-
tion [8,65], further preventing functional impairment of the mito-
chondria. Secondly, PTKM NPs upon light irradiation could supply
exogenous energy and mediate the anabolism of intracellular sub-
stances, which may eventually trigger the mTOR signaling pathway and
lead to mitochondrial biogenesis to enhancemitochondrial function [66,
67].

2.5. PTKM NPs regulating inflammatory response

Macrophages are important inflammatory cells required for wound
repair. Macrophage depletion would severely delay re-epithelialization,
reduce collagen deposition, impair angiogenesis, and decrease cell

Fig. 3. PTKM NPs promoting cell metabolism. (a) and (b) Intracellular NADPH levels and ATP in HUVECs measured by an NADPH and ATP assay kit, respectively.
Cells were co-cultured with PTKM NPs at different concentrations for 6 h and followed by 660 nm-LED irradiation for 1 h. (c) Schematic diagram of the mechanism of
PTKM regulates cellular metabolism under 660 nm LED light irradiation. (d), (e) and (f) Volcano plot of differential metabolites in different comparison group. (g)
Differential metabolite correlation network diagram in PTKM NPs versus control comparison. (h) Differential metabolite clustering heat map of KEGG pathway, and
more than 5 differential metabolites were detected in PTKM NPs versus control versus normal comparison. (i) and (j) The differential metabolite violin plot of L-
Leucine and glutathione in the three groups. (k) Diagram of the regulatory network of differential metabolites in PTKM NPs versus control comparison. The selected
differential metabolites: VIP>1, *p < 0.05. Normal group: normal cell culturing conditions. Control group: high glucose, hypoxic and high ROS culturing conditions.
PTKM NPs group: high glucose, hypoxic and high ROS conditions, co-incubated with PTKM NPs. ns: not significant, *p＜0.05, **p＜0.01. The data are presented as
the mean ± s.d. (n = 3).
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proliferation in the healing [68,69]. Thus, the anti-inflammatory ability
of PTKM NPs was investigated to inhibit the polarization RAW 264.7
macrophage to M1 phenotype. M1 macrophages activation was induced
by the lipopolysaccharide (LPS), followed by co-culture with TKM, PTA
and PTKM NPs for 4 h. Macrophage morphology was first assessed
microscopically by staining, cells with rhodamine phalloidin
(Rhd-phalloidin) to visualize F-actin of the RAW264.7. As shown in
Fig. 4a, macrophages in the PTA and PTKM NPs-treated groups main-
tained round and compact morphology, whereas LPS-induced macro-
phages were flattened with multiple pseudopodia. This was also
demonstrated by the quantification of the RAW264.7 cell area (Fig. 4b).
Immunofluorescence staining of CD86 (M1 marker) and CD206 (M2

marker) was further performed to investigate the polarization status of
the macrophages. As shown in Fig. 4c and d, both the PTA and PTKM
NPs-treated groups exhibited the lowest level of CD86+ signal. While the
number of CD206-labeled M2 macrophages was higher in the PTKM
NPs-treated group than in the control group (Fig. 4e). Quantitative data
showed that the percentage of CD206-labeled M2 macrophages in the
PTKMNPs group was higher than that in the blank group (Fig. 4f). These
results suggest that PTKM NPs can inhibit M1 polarization and induce
M2 polarization, whereas PTA NPs can only inhibit M1 polarization. It
was also noted that the reprogramming of pro-inflammatory M1 mac-
rophages into anti-inflammatory M2 macrophages by PTKM NPs was
independent of LED exposure. Flow cytometry data further confirmed
the fluorescence trends (Fig. 4g). In the groups treated with PTKM NPs
+ LED, the expression of the M2macrophage molecular marker (CD206)
significantly increased, whereas the expression of the M1 macrophage
molecular marker (CD86) decreased. The supply of O2 from the photo-
synthesis of PTKM NPs can prevent the M1 phenotype switching of
macrophages and prevent them from overexpressing hypoxia-inducible
factor-1α (HIF-1α), thereby promoting the reprogramming of macro-
phages to a proregenerative M2 phenotype [70]. Thus, PTKM NPs exert
anti-inflammatory effects by suppressing M1 macrophage polarization
and promoting M2 macrophage activation, which is favorable for
chronic diabetic wound repair.

2.6. Fabrication and characterizations of PTKM-incorporated hydrogels

To effectively deliver and retain PTKM NPs at the wound sites, a pH-
responsive adhesive hydrogel composed of hyaluronic acid (HA) and
gelatin (Gel) was employed to incorporate PTKM NPs [71,72]. Prior to
hydrogel fabrication, gelatin was modified with ethylenediamine to
form amino-modified gelatin (Gel-NH2) with more amino groups [73,
74], whereas hyaluronic acid was oxidized to form OHA containing
reactive aldehyde groups. Then the hydrogel was then synthesized
formed based on the Schiff base reaction between Gel-NH2 and OHA to
obtain a stable crosslinked matrix. FTIR techniques and 1hydro-
gen-nuclear magnetic resonance (1H NMR) spectrometry confirmed the
successful synthesis of OHA, Gel-NH2, and HG hydrogels (Figs. S15 and
S16). Subsequently, 3 wt % of PTKM NPs was incorporated into the HG
matrix to fabricate the PTKM@HG hydrogel. The microscopic
morphology of the freeze-dried PTKM@HG hydrogel was observed by
scanning electron microscope (SEM), which showed that the hydrogel
exhibited a highly porous and interconnected network (Fig. S17). The
higher magnification SEM image indicated that the PTKM NPs were
scattered on the interior of the PTKM@HG hydrogel (Fig. 5a). Moreover,
CLSM 3D micrographs of the FITC-labeled PTKM@HG hydrogel indi-
cated that the PTKM NPs were uniformly dispersed in the HG hydrogel
(Fig. 5b). The mechanical behavior of the PTKM@HG hydrogel with 3
wt % PTKM NPs were evaluated with the rheological tests. The strain
amplitude sweep test showed that both the G′ and G″modulus and loss
modulus exhibited a sharp decrease at a yield strain of ~200 % (Fig. 5c).
The frequency sweep revealed that the PTKM@HG hydrogel exhibited
viscoelastic properties with a storage modulus (G′) of 1 kPa (Fig. 5d),
which is lower than the modulus of human skin tissues [75]. Owing to
the dynamic nature of the Schiff-base covalent bonds in the hydrogel,
the PTKM@HG hydrogel displayed an excellent self-healing ability. As
shown in Fig. 5e, the hydrogel was cut into two pieces from separate
hydrogels labeled with rhodamine B and methylene blue, and then the
two hydrogel pieces healed into a single piece after 10 min of physical
contact. A step-strain sweep was performed to further evaluate the
self-healing ability of the PTKM@HG hydrogel. The continuous shear
strain was alternated between 500 % and 0.1 % at a fixed angular fre-
quency of 5 rad/s, respectively. When the PTKM@HG hydrogel was
subjected to a higher strain of 500 %, the PTKM@HG hydrogel was
broken with larger G’’ than G’ (Fig. 5f). Subsequently, when the
PTKM@HG hydrogel was applied with a lower strain of 0.01 %, the G’
and G’’values were instantaneously fully restored to their original

Fig. 4. In vitro evaluating immune modulation of PTKM NPs. (a) Fluores-
cence microscopic images and (b) quantification of cytoskeleton-stained RAW
264.7 cells treated by LPS and co-cultured with different nanoparticles for 4 h.
(c) Immunofluorescence staining and (d) quantification of CD86 in RAW 264.7
cells following 12 h of inflammatory stimulation. (e) Immunofluorescence
staining and (f) quantification of CD206 in RAW 264.7 cells following 12 h of
inflammatory stimulation. (g) Representative flow cytometry plots showing the
presence of CD86+M1 macrophages and CD206+M2 macrophages after 12 h of
inflammatory stimulation. *p＜0.05, **p＜0.01. The data are presented as the
mean ± s.d. (n = 3).
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values even after repeated multiple times. These results indicated the
self-healing behavior of the PTKM@HG hydrogel. In addition, the
PTKM@HG hydrogel showed strong adhesion to the porcine skin
without detachment after stretching and twisting (Fig. 5g), and was
sufficiently flexible to deform with curved finger joints (Fig. 5h). In
addition, the adhesive strength of the PTKM@HG hydrogel was
measured via a lap-shear test using a universal mechanical testing ma-
chine, and fresh porcine skin was used as a typical soft biological sample.
The adhesive strength of the PTKM@HG hydrogel to porcine skin was as

high as 32.73 kPa (Fig. S18). These results suggest that the PTKM@HG
hydrogel with soft, self-healing, tissue-adhesive, and flexible properties
has great potential as wound dressing.

To assess the delivery efficiency of the PTKMNPs from the hydrogels,
the PTKM@HG hydrogel was immersed in various buffers with different
pH values (5.5, 6.5, 7.4, 8.0) and the release profile of PTKM from the
hydrogels were investigated. As shown in Fig. 5i, nearly 90 % of PTKM
NPs was released from the hydrogel in 72 h under simulated acidic
environments (pH 5.5 and 6.5), which was due to the hydrolysis of the

Fig. 5. Characterizations of the PTKM@HG hydrogel. (a) SEM images of PTKM@HG hydrogel. (b) CLSM image showing the uniform distribution of FITC-labeled
PTKM NPs in the hydrogel. (c) and (d) Rheological property of PTKM@HG hydrogel. (e) Macroscopic self-healing ability of PTKM@HG hydrogels. Rhodamine B and
methylene blue were incorporated into the hydrogels for visualization. (f) Strain measurement of PTKM@HG hydrogel. (g) Adhesion capacity of PTKM@HG hydrogel
on porcine skin under stretching, bending, or twisting. (h) Photographs showing the hydrogel adhesion to finger joints. (i) Release curves of PTKM NPs from the
hydrogel in various buffers (pH 5.5, 6.5, 7.4, and 8.0). (j) Schematic illustration of a transwell system to evaluate the HaCaTs migration with PTKM@HG with LED
irradiation. (k) Representative phase-contrast images of HaCaTs migration under HG and PTK@HG hydrogels treatment at time intervals of 0 and 48 h without or
with LED irradiation. The time for LED irradiation was 30 min per 12 h. (l) Quantification of cell-covered area after 48 h of culturing. (m) Representation images of
HUVECs tube formation for 6 h of treatment by different hydrogels. Scale bar: 50 μm. ns: not significant, *p＜0.05. The data are presented as the mean ± s.d. (n = 3).
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Schiff base linkages under acidic condition, allowing the efficient release
of PTKMNPs from the loose hydrogel. To further recapitulate the topical
application of PTKM@HG hydrogel at wound sites, the effect of released
PTKM NPs from hydrogels on human immortalized keratinocytes
(HaCaTs) was evaluated in a transwell system with or without LED
irradiation. Live/dead staining demonstrated that the PTKM@HG
hydrogel did not affect on cell viability (Fig. S19). Moreover, the in vitro
scratch assays revealed that the PTKM@HG hydrogel accelerated the
HaCaTs migration upon LED irradiation (Fig. 5j). As shown in Fig. 5k
and l, after 48 h of incubation, the migration rate of HaCaTs was
significantly higher in the PTKM@HG + LED groups than in the control

groups and PTKM@HG groups without LED irradiation. Second, the
angiogenic capability of HUVECs seeded on different hydrogels (HG,
TKM@HG, PTA@HG and PTKM@HG) was evaluated using a Matrigel
small tube formation assay under high glucose, hypoxic, and high ROS
culture conditions. The tube length and branches of the HUVECs were
severely limited under the high glucose, hypoxic, and high ROS condi-
tions (Fig. 5m). In contrast, HUVECs seeded on the PTKM@HG hydrogel
upon LED irradiation exhibited increased branch points and tube length,
indicating that the PTKM@HG hydrogel can effectively promote
angiogenesis even under high glucose, hypoxic, and high ROS condi-
tions. These results confirmed the enhanced angiogenesis was attributed

Fig. 6. Therapeutic effect of PTKM@HG hydrogel on diabetic wounds repairing without or with LED irradiation. (a) In vivo fluorescent imaging of the
PTKM@HG hydrogel at different time points. PTKM NPs were labeled by FITC, and the HG hydrogel was labeled by Rhodamine B (Rhd). (b) Schematic diagram of
design of animal experiments to test the therapeutic effect of PTKM@HG hydrogel in diabetic rat model under LED irradiation. (c) Schematic illustration of animal
therapy by PTKM@HG hydrogel. (d) Representative images of the wounds in different treatment groups with or without 660 nm LED irradiation for day 21. The time
for LED irradiation was 30 min per day for 7 days. (e) The area traces of mice wound healing in various treatment groups on days 0, 3, 7, 14, and 21. (f) Wound size
changes during 21 days of post healing. Wound size at each time point was normalized to day 0. (g) Representative hematoxylin and eosin staining images of wound
tissues treated with different groups on day 21. *p＜0.05. The data are presented as the mean ± s.d. (n = 3).
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to ROS scavenging, soluble oxygen production, and energy supply by the
PTKM@HG hydrogel, which was in consistent with previous studies [11,
73,76]. These results indicate that the PTKM@HG hydrogel has good
cytocompatibility and can effectively release PTKM NPs to promote cell
proliferation, migration, and angiogenesis upon LED irradiation, which
is critical for the regeneration of the epidermis and dermis to accelerate
wound closure.

2.7. In vivo promoting diabetic chronic wound healing

Prior to investigating the in vivo therapeutic efficacy of the hydrogel,
the decomposition and skin penetration of the PTKM@HG hydrogel
were investigated in vivo because of its significant roles in skin-related
applications. To visualize the penetration process, PTKM NPs were
labeled with FITC (green), and HG hydrogel were labeled with rhoda-
mine B (red). Fluorescence images of the PTKM@HG hydrogel at wound
sites were acquired using an in-vivo fluorescence imaging system. High
fluorescence intensities of both PTKM NPs and HG hydrogel were
observed at 24 and 72 h after implantation (Fig. 6a). In addition, green
fluorescence was observed at the epidermis region and colonized skin
epidermis, indicating that the PTKM NPs was able to penetrate through
stratum corneum.

Next, the regenerative capacity of the PTKM@HG hydrogel was
explored in vivo by administering the hydrogel to full-thickness wounds
(10 mm in diameter) of diabetic rats. Subsequent treatments consisting
of normal saline (blank group), HG, TKM@HG, PTA@HG, and
PTKM@HG hydrogels with or without LED irradiation were assessed by
continuous observation and tissue collection on day 21. The duration of
LED irradiation (660 nm, 20 W) of the wound site was 30 min per day
(Fig. 6b). The wound healing process was monitored on day 21 (Fig. 6c).
Representative images of the wounds showed that blank diabetic
wounds without any treatment were difficult to heal completely even
after day 21 (Fig. 6d). The hydrogels (TKM@HG, PTA@HG and
PTKM@HG) treated groups induced faster-wound healing than the
blank group. Additionally, LED irradiation was beneficial for wound
healing. Compared with the groups without LED irradiation which still
had distinct wounds, all LED-irradiated groups showed decreased
wound size (Fig. 6e). The quantification results showed that the
PTKM@HG hydrogel + LED treatment attained the best healing effect
with a wound closure ratio of 91.4 % on day 21 (Fig. 6f). Hematoxylin-
eosin (H&E) staining was performed to investigate the histological
changes in the wounds of the different treatment groups. On day 21, the
blank group still showed large scabs and irregular skin structure, which
was infiltrated by inflammatory cells. In the PTKM@HG hydrogel +
LED-treated wounds, the epidermis and dermis of the skin were rela-
tively intact and highly ordered with low infiltration of inflammatory
cells (Fig. 6g). In addition, H&E staining of the sections showed that the
granulation tissue gap in the PTKM@HG hydrogel + LED group was the
smallest among all the groups, indicating that the TKM@HG hydrogel
accelerated the proliferative phase of chronic wounds under 660 nm-
LED irradiation.

2.8. Antioxidative and immunomodulatory ability of the PTKM@HG
hydrogel in vivo

A more comprehensive study was conducted to analyze the under-
lying mechanism of the PTKM@HG hydrogel that in the regulation of
the wound healing process. H&E staining was performed to investigate
the infiltration of inflammatory cells into the wound sites of the different
treatment groups. Tissue sections from the untreated control group
showed significant infiltration of inflammatory cells. By contrast, almost
no inflammatory cell infiltration was observed in the PTKM@HG-
treated group under LED irradiation (Fig. S20). Moreover, the anti-
oxidative effect of the hydrogels in protecting cellular components such
as lipids and DNA from oxidative stress damage was investigated using
immunofluorescence staining for 4-hydroxy-2-nonenal (4-HNE) and 8-

hydroxydeoxyguanosine (8-OHdG) on day 3. As shown in Fig. 7a-d,
the lowest 4-HNE and 8-OHdG levels were observed in the PTKM@HG
+ LED group among all the groups, indicating that the PTKM@HG
hydrogel relieved oxidative stress at the initial stage of the diabetic
wound healing process. Next, the anti-inflammatory ability of the
hydrogels was investigated by examining the infiltration and polariza-
tion of macrophages at the wound sites on day 3 (Fig. S21). As shown in
Fig. 7e–f, immunofluorescent staining of the CD86 marker showed a
large number of M1 macrophages (green fluorescence) in the blank and
HG groups, suggesting a severe inflammatory response. In contrast, the
PTKM@HG hydrogel-treated group showed decreased expression of
CD86-positive M1 macrophages and increased expression of CD206-
positive M2 macrophages (red fluorescence), compared to the blank
and HG hydrogel-treated groups (Fig. 7g). Quantitative measurements
verified that the PTKM@HG hydrogel significantly alleviated inflam-
mation and enhanced the infiltration and distribution of M2 macro-
phages at the wound sites (Fig. 7h). The results of the in vitro and in vivo
experiments confirmed that the PTKM@HG hydrogel effectively
decreased M1 macrophage activation and induced the polarization of
the M2 phenotype, which was beneficial for the formation of a regen-
erative microenvironment for diabetic wound healing [69].

2.9. Oxygen and energy supplying ability of the PTKM@HG hydrogel to
promote neovascularization and re-epithelization in diabetic wounds

The oxygen supply ability of the PTKM@HG hydrogel at the wound
sites was further examined by immunofluorescence staining of hypoxia-
inducible factor-1α (HIF-1α). The immunofluorescence intensity of HIF-
1α was the lowest in the PTKM@HG + LED group among all the groups,
confirming that the PTKM@HG hydrogel could release oxygen to
ameliorate local hypoxia at the wound site upon LED irradiation (Fig. 7i
and j). In conclusion, PTKM@HG significantly reduced oxidative stress
at the wound site, promote macrophage polarization, regulate the M1/
M2 ratio, alleviate local hypoxia and provided a suitable microenvi-
ronment for wound healing in the early stages of wound healing (in-
flammatory stage) (Fig. 7k).

The cellular metabolism at the wound sites was then examined by
immunofluorescence staining of peroxisome proliferator activated re-
ceptor γ coactivator-1α (PGC-1α) on both day 3 and day 21 (Fig. 8a–d).
Compared with the blank group, the PTKM@HG hydrogel + LED
treatment significantly increased the density of PGC-1α+ cells at both
time points, indicating that the PTKM@HG hydrogel with oxygen gen-
eration and ROS scavenging activity could protect mitochondrial func-
tion and enhance cell metabolism in both early and late stages of wound
healing process. The reconstruction of neovascularization is crucial in
delivering nutrients and oxygen to metabolically demanding wounds,
thereby facilitating the formation of granulation tissue, which was
evaluated by immunofluorescence staining of endothelial-specific
markers (CD31) and α-smooth muscle actin (α-SMA) of tissue sections
(Fig. S22). As shown in Fig. 8e–h, the PTKM@HG hydrogel + LED
treatment enhanced the regeneration of new blood vessels in the wound
area, facilitating the transportation of oxygen and nutrition to the
wound sites, which is essential for wound repair.

In the later period of healing, re-epithelization is another important
event in skin repairing mechanism. The primary epidermal markers such
as the basal keratin marker (CK14) and keratin marker (CK10) were
assessed by immunofluorescence staining of the wound tissues on day
21. In the PTKM@HG + LED treated groups, the wound gap was almost
closed and covered by a mature and spinous layer composed of CK10+

keratinocytes, whereas the keratinocyte migration was much slower in
the blank group (Fig. 8i and j). In addition, the immunofluorescence
staining of CK14 revealed a significantly increased hair follicle density
in PTKM@HG + LED treated wounds in the epidermal basal layer
(Fig. 8k, l and 8m). These results demonstrated that the PTKM@HG
hydrogel could effectively promote re-epithelialization by inducing
keratinocyte migration and hair follicle formation. Collectively, these

Y. Jiang et al.



Bioactive Materials 41 (2024) 523–536

533

findings provide evidence that the incorporation of photosynthetic
PTKM NPs into the hydrogel as a therapeutic oxygen delivery and
metabolism regulation system upon light irradiation, can alleviate
oxidative stress, reduce inflammation, and promote neovascularization
of re-epithelization, which is a promising approach to accelerate the
wound healing process in individuals suffering from chronic diabetes.

3. Conclusion

The treatment of diabetic wounds is a very complex due to the
impaired mitochondrial function caused by oxidative stress, hypoxia
and inflammatory microenvironments. Therefore, the exploring a
comprehensive strategy that can protect mitochondria and correct
metabolic disorders will fundamentally accelerate the healing process of
chronic wounds. The nature-derived thylakoid membranes from plant
leaves display excellent oxygenation and generation of metabolites
facilitated by the photosynthetic process, which holds great potential for
treating diabetic wounds (Table S1) [77]. However, strategies based on

thylakoid-based photosynthetic nanoarchitectures have not been
intensively investigated, limiting their biomedical applications.

In this study, we developed artificial photosynthetic nanoparticles
(PTKM NPs) by coating polyphenol nanoparticles with thylakoid mem-
branes, and incorporating the PTKM NPs into a biopolymer-based
biodegradable hydrogel (PTKM@HG hydrogel) to form light-driven
bioenergetic and oxygen-releasing hydrogel. The obtained PTKM NPs
exhibited a prominent photosynthetic effect releasing oxygen and pro-
ducing exogenous ATP and NADPH when exposed to natural or mild red
light, thereby overcoming the inevitable skin damage caused by con-
ventional laser-induced phototherapy. Notably, the continuous oxygen
release could effectively improve the hypoxic microenvironment, reduce
the expression of HIF-1α, and protect mitochondria from oxidative
stress. The exogenous energy and oxygen supplied by PTKM NPs regu-
late amino acid metabolism, which may eventually trigger the mTOR
signaling pathway and substantially lead to mitochondrial biogenesis to
enhance the mitochondrial function of cells in high glucose, hypoxic,
and high ROS environments in diabetic wounds. Moreover, PTKM NPs

Fig. 7. In vivo immune modulation of PTKM@HG hydrogel at wound sites on day 3. Immunofluorescence staining of (a) 4-HNE (lipid peroxidation marker) and (c)
8-OHdG (DNA damage marker) in the wound tissues. Immunofluorescence staining of (e) CD86 (M1 macrophages marker) and (g) CD206 (M2 macrophages marker)
in the wound tissues. (i) Immunofluorescence staining of HIF-1α (hypoxia marker) in the wound tissues. (b), (d), (f), (h) and (j) Fluorescent quantitation (F/F0) of
tissue sections of wound area for 4-HNE, 8-OHdG, CD86, CD206, and HIF-1α, respectively. Cell nuclei were stained with DAPI in all immunofluorescence staining
images. (k) Schematic illustration of the PTKM@HG hydrogel for regulating diabetic wound microenvironments during the early healing period in the following
three aspects, including (1) releasing PTKM NPs into the wound microenvironment (2) supplying oxygen to alleviate hypoxia and (3) reducing inflammation and
oxidative stress. The data are presented as the mean ± s.d. (n = 3).
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mitigate excessive ROS production in a high glucose microenvironment
and induce M2-macrophage polarization. Consequently, the PTKM@HG
hydrogel promoted the diabetic wound repair in a comprehensive
manner, including the effective release of PTKM NPs to correct the
hyperglycemia-induced microenvironment characterized by persistent
inflammation, elevated ROS levels, and disordered metabolism, and
expedited the regeneration of the epidermis and dermis upon red-light
irradiation.

In summary, The PTKM@HG hydrogel present certain advantages
significant for clinical applications. First, the matrix of PTKM@HG
hydrogel is based on biodegradable hyaluronic acid and gelatin and the
PTKM NPs composed of plant-derived thylakoid membranes and poly-
phenols, which show excellent biocompatibility, improved cellular ac-
tivity, and weak immune response in clinical applications over synthetic
polymers [8,42,78–82]. Second, the red LED light, as a cold and mild
light source, instead of the laser was used to drive photosynthesis of the
PTKM@HG hydrogel to generate oxygen and supply energy for wound
healing, which avoids the risk of laser-caused damage to the stratum
corneum and melanin precipitation, while the red LED light also plays a
positive effect on promoting the repair of damaged skin [83] and
inhibiting inflammation [84] for clinical applications. Together, this
work not only provides an efficient strategy for diabetic wound healing
but also for other degenerative diseases by delivering key metabolites
and energy to achieve effective therapy through such hydrogels.
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