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Abstract Chronic diabetic wound remains a critical challenge suffering from the complicated negative

microenvironments, such as high-glucose, excessive reactive oxygen species (ROS), hypoxia and malnu-

trition. Unfortunately, few strategies have been developed to ameliorate the multiple microenvironments

simultaneously. In this study, Chlorella sp. (Chlorella) hydrogels were prepared against diabetic wounds.

In vitro experiments demonstrated that living Chlorella could produce dissolved oxygen by photosyn-

thesis, actively consume glucose and deplete ROS with the inherent antioxidants, during the daytime.

At night, Chlorella was inactivated in situ by chlorine dioxide with human-body harmless concentration

to utilize its abundant contents. It was verified in vitro that the inactivated-Chlorella could supply nutri-

tion, relieve inflammation and terminate the oxygen-consumption of Chlorella-respiration. The advan-

tages of living Chlorella and its contents were integrated ingeniously. The abovementioned functions

were proven to accelerate cell proliferation, migration and angiogenesis in vitro. Then, streptozotocin-

induced diabetic mice were employed for further validation. The in vivo outcomes confirmed that Chlor-

ella could ameliorate the undesirable microenvironments, including hypoxia, high-glucose, excessive-

ROS and chronic inflammation, thereby synergistically promoting tissue regeneration. Given the results

above, Chlorella is considered as a tailor-made therapeutic strategy for diabetic wound healing.
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1. Introduction

Diabetes is a complex metabolic disease that affects millions of
people globally. Roughly, 25% of the patients face diabetic ul-
cers which may cause amputation and even death1. Diabetic
ulcer is a non-healing chronic wound with a high recurrence rate,
ascribing its complex ulcer microenvironments which are char-
acterized as high-glucose, excessive reactive oxygen species
(ROS), severe hypoxia and malnutrition2e4, etc. Specifically,
high-level blood glucose leads to the accumulation of advanced
glycation end products (AGEs). AGEs can aggravate oxidative
stress, reduce the phagocytic capacity of macrophages5, increase
inflammatory cytokines secretion6,7 and recruit more neutrophils
and macrophages in the wound8. Then, the respiratory burst
caused by macrophages and neutrophils further exacerbates ROS
production, resulting in chronic inflammation9,10. Meanwhile,
oxygen and nutrition will be consumed by inflammatory cells
and blocked by ischemia, leading to a deterioration of the hyp-
oxia and malnutrition11,12. The above-mentioned factors form a
vicious circle and restrict the proliferation and migration of cells,
the generation of extracellular matrix and angiogenesis, thereby
limiting wound healing13e15. Existing treatments for diabetic
wounds, such as hyperbaric oxygen therapy, cell-based therapy
and drug combination therapy, have inconsistent outcomes and
some of them are associated with undesirable side effects16.
Furthermore, most of the therapeutics just act on one or two
specific factors. However, the diabetic wound microenvironments
are interconnected, which may limit the therapeutic efficacy.
Thus, strategies that can simultaneously ameliorate the multiple
negative tissue microenvironments of diabetic wounds via facile
procedure are more attractive.

Chlorella sp. (Chlorella) is one of the most widely cultured
microalgae species due to its rapid proliferation. Chlorella pos-
sesses abundant nutrition such as proteins, lipids, nucleic acid
and vitamins, and has been named as “green healthy food” by
the Food and Agriculture Organization of the United Na-
tions17,18. Chlorella can continuously produce oxygen by
photosynthesis, recognized as the origin of oxygen in the
earth19e21. In recent years, living alga (Synechococcus elongates)
has been proven to ameliorate the hypoxia in diabetic wounds,
which gained superior oxygen transfer efficacy compared with
the oxygen-based treatments commonly used22. However, in
addition to the well-known photosynthesis, other wound healing-
friendly functions of living microalgae are still unrevealed. Ni-
trogen and phosphorus can be solidified by algae, as well as
glucose23. This seemed to be a benefit tailored to the high-
glucose microenvironment of diabetic wound tissue. Given the
rapid proliferation and the excellent metabolic activity, Chlorella
might be a sharp weapon for glucose consumption. Furthermore,
Chlorella could also promote tissue regeneration by depleting
ROS with the high-content internal antioxidants, such as lutein
and carotene24. Unfortunately, living algae are often accompa-
nied by bacteria, which may elicit immune responses and
aggravate oxidative stress, thereby limiting their applications in
wounds. In addition to the abovementioned advantages, the
contents of Chlorella could also be as desiderate nutrients for the
ischemic tissue25 and play an anti-inflammatory role26,27. Hence,
Chlorella might be a potential strategy for regulating the multiple
negative microenvironments.

In this study, axenic Chlorella was fixed in hydrogels against
chronic diabetic wounds. The microenvironment regulation and
tissue regeneration by Chlorella hydrogels were assessed in vitro
and in vivo. Living Chlorella was proved to reverse serious hyp-
oxia, consume high-level glucose as well as deplete excessive
ROS during the daytime, while the Chlorella was inactivated at
night to get rid of the side effect of Chlorella-respiration and
enjoy the additional benefits of nutrition supplement and inflam-
mation relief by the released contents (Schematic diagram). The
results suggested that Chlorella could ameliorate the negative
microenvironments of wound tissue and promote diabetic wound
healing.
2. Materials and methods
2.1. Materials

Hyaluronic acid (HA) (900e1200 kDa) was a generous gift from
BLOOMAGE BIOTECHNOLOGY Co., Ltd. (Beijing, China).
Chlorella (FACHB-5) and Blue-Green medium (BG-11) was
purchased from Freshwater Algae Culture Collection at the
Institute of Hydrobiology (Wuhan, China). 40,6-Diamidino-2-
phenylindole (DAPI), kanamycin and 20,70-dichlorodihydro-
fluorescein diacetate (DCFH-DA) were obtained from Aladdin
Co., Ltd. (Shanghai, China). Kits were purchased from Solarbio
Life Sciences (Beijing, China). All other chemicals and reagents
were obtained from Sinopharm Chemical Reagent Co., Ltd.
(Nanjing, China).
2.2. Cell lines and animals

Human umbilical vein endothelial cells (HUVECs), human
immortalized keratinocytes (HaCaTs), mouse skin fibroblasts (L-
929) and RAW 264.7 macrophages were obtained from KeyGEN
Biotech Co., Ltd. (Nanjing, China). HUVECs were incubated in
ECM medium (Sciencell, CA, USA) supplemented with 5% (v/v)
fetal bovine serum (FBS), 1% (v/v) penicillinestreptomycin (P/S)
and 1% (v/v) endothelial cell growth supplement. HaCaTs, L-929
and RAW 264.7 macrophages were cultured in high-glucose
Dulbecco’s modified Eagle’s medium (DMEM, Gibco, Thermo
Fisher Scientific, MA, USA) supplemented with 10% fetal bovine
serum FBS (v/v) and 1% (v/v) P/S in the incubator (37 �C, 5%
CO2) (Thermo Fisher Scientific, MA, USA).

BALB/c mice (male, about 25 g in weight) obtained from Qing
Longshan Animal Co., Ltd. (Nanjing, China) were fed at 25 �C
and 55% humidity under natural light/dark cycles. All experi-
mental procedures were executed according to the protocols
approved by China Pharmaceutical University Animal Care and
Use Committee.

http://creativecommons.org/licenses/by-nc-nd/4.0/
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2.3. Axenic culture establishment and assessment of Chlorella

2.3.1. Axenic culture establishment
The Chlorella axenic culture was established by antibiotic treat-
ments. In brief, the Chlorella solution was centrifuged (4000 rpm,
3 min, D3024R, DLAB, Beijing, China), and the supernatant was
discarded. Then, the Chlorella precipitation was streaked on agar
plates containing 80 mg/L kanamycin with transfer ring. After
colonies formation, the individual Chlorella colonies were
selected under a stereomicroscope (M205A, Leica, Germany) and
streaked again. The cycle was repeated three times. Finally, the
Chlorella was added to the sterile BG-11 medium and cultured
with cell culture flasks in the biological safety cabinet (Thermo
Fisher Scientific, MA, USA) (25 �C, 2500e3000 lx, 12 h:12 h
light/dark cycle).

2.3.2. Axenic culture assessment
To verify the axenic culture, the Chlorella precipitation was spread
on antibiotic-free sterile BG-11 agar plates. After the colonies
formation, the Chlorella was photographed by an inverted fluo-
rescence microscope (IX53, Nikon, Japan).

The Chlorella was also verified with antibiotic-free sterile beef
extract peptone agar plates. The Chlorella solution was sprayed on
the beef extract peptone agar plates, and the photographs of col-
onies were captured after 24 h incubation.

The cytotoxicity of Chlorella was determined with Transwell
(12-well, 0.4-mm pore-size). In brief, the cells (L-929, HaCaT and
HUVEC) were seeded in the lower chamber. After attachment,
Chlorella solution (1 � 109 cell/mL) was added to the upper
chamber. After 24 h incubation, the cell viability was measured by
Cell Counting Kit-8 (CCK-8) assay.

2.4. Preparation and characterization of Chlorella hydrogel

2.4.1. Preparation of Chlorella hydrogel
The Chlorella was centrifuged (4000 rpm, 3 min, DLAB), and the
supernatant was discarded. The Chlorella precipitation was
washed three times and re-suspended with BG-11 medium. The
concentrations of re-suspended Chlorella were quantitated
(Chlorella was counted with a microscope (Nikon)) to 1 � 106,
1 � 107, 1 � 108 and 1 � 109 cell/mL, respectively. Then, 2% HA
w/v was added into the Chlorella solution and stirred to form the
Chlorella hydrogels. The Chlorella hydrogels were named as CH6,
CH7, CH8 and CH9, respectively.

2.4.2. Characterization of Chlorella hydrogel
The hydrogels were photographed and tested by a scanning
electron microscope (SEM, SU8010, Hitachi, Japan).

The cytotoxicity of Chlorella hydrogels was determined with
Transwell (12-well, 0.4-mm pore size). In brief, the cells (L-929,
HaCaT and HUVEC) were seeded in the lower chamber. After
attachment, Chlorella hydrogels were added to the upper chamber.
After 24 h incubation (dark), the cell viability was measured by
CCK-8 assay.

The storage stability of Chlorella hydrogels was detected. In
brief, the Chlorella hydrogels were packed in penicillin vials and
stored for 30 days, 4 �C, dark. The photographs of hydrogels were
captured. Then, a 10-fold BG-11 medium (v/v) was added to the
hydrogels for dilution, and the diluted solution was vortexed and
centrifuged (4000 rpm, 3 min, DLAB). The proliferation of
Chlorella (precipitation) was measured by CCK-8 assay. The
concentrations of NO3
e remained in the hydrogels (supernatant)

were determined by the NO kit (Nitrate reductase method).

2.5. In vitro oxygen production

2.5.1. Oxygen production
Franz diffusion cells were employed to measure the oxygen pro-
duction by Chlorella. The medium was deoxygenated before
detection. In brief, a polytetrafluoroethylene membrane (0.22-mm
pore size) was fixed between the chambers. Chlorella hydrogel
(1 mL) was added into the donor chamber, while phosphate-
buffered saline (PBS) was injected into the receptor chamber
(6.5 mL). The donor chamber was covered by an airtight trans-
parent polyurethane film. Chlorella hydrogels were continuously
exposed to daily used LED light with 800 lx (simulating the
average illuminance during the daytime) or shaded with tinfoil
(simulating the nighttime). At pre-determined time points (0.5, 1,
2, 4 and 8 h), PBS (0.5 mL) was taken out with a sampler and the
oxygen level was detected by an oxygen electrode (AR8010,
Smart Sensor, Hong Kang, China). After measurement, the
deoxygenated PBS (0.5 mL) was supplemented into the receptor
chamber. To further determine the transdermal delivery efficiency
of oxygen, mice skin excised from the back was employed to
substitute the polytetrafluoroethylene membranes. The stratum
corneum of the skin was removed by tape.

2.5.2. Breathing pattern inversion
The breathing pattern inversion ability of Chlorella hydrogels was
reflected by adenosine triphosphate (ATP) level and lactic acid
(LA) content. In brief, L-929 cells (1 � 105 cell/well) were plated
into the lower chamber of the Transwell (12-well, 0.4-mm pore
size). After attachment, the Transwell was placed in hypoxia
culture condition and balanced for 6 h. Then, the hydrogels were
added to the upper chambers (800 lx). After 6 h incubation, L-
929 cells were trypsinized, collected and crushed in sequence. The
ATP level in the cells was detected by an ATP content kit, and LA
content in the supernatant was tested by an LA content kit.

2.5.3. Intracellular ROS test
The Transwell was designed as Section 2.5.2. After 12 h incu-
bation, the cells were washed in triplicate using PBS and incu-
bated with DCFH-DA (10 mmol/L) for 20 min. After removing the
free fluorescent dyes, the intracellular ROS level was measured by
a confocal laser scanning microscope (CLSM, FV3000, Olympus,
Japan).

2.6. In vitro glucose consumption

Chlorella was cultured in the BG-11 medium with 33 mmol/L
glucose, stimulating the high-glucose condition. After 12 h incu-
bation, the Chlorella was centrifuged (4000 rpm, 3 min) and the
concentration of glucose in the supernatant was detected by the
glucose kit. Three kinds of light intensities (dark; 10,000 lx,
1 h:11 h light/dark; 800 lx, continuous illumination) were involved
to investigate the influence of illumination on glucose
consumption.

The glucose fixation by Chlorella was also detected. After
centrifuging (4000 rpm, 3 min), the Chlorella in the deposit was
re-suspended and sacrificed (80 �C water bath for 1 h and ultra-
sound for 1 h, 40 kHz, 50% power ratio). The glucose inside the
Chlorella was measured by the glucose kit.
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The inherent glucose concentration of Chlorella was also
detected. In brief, fresh Chlorella solution was centrifuged
(4000 rpm, 3 min) and sacrificed (80 �C water bath for 1 h and
ultrasound for 1 h, 40 kHz, 50% power ratio). Then, the glucose
inside the Chlorella was measured by the glucose kit.

Transwell (12-well, 0.4-mm pore size) was employed to test the
consumption of glucose mimicking the condition in wound tissue.
Chlorella hydrogel was added to the upper chamber, and PBS with
33 mmol/L glucose was applied in the lower chamber. After 12 h
incubation, the concentration of glucose in the lower chamber was
determined.

2.7. In vitro ROS depletion

To analyze the depletion efficiency of H2O2, Chlorella and
inactivated-Chlorella (explained in 2.8) were added into the BG-
11 medium with 16.3 mmol/L H2O2 for 20 min (according to
the kit) (dark; 800 lx; 10,000 lx), respectively. After incubation,
the medium was centrifuged (4000 rpm, 3 min) and the super-
natant was collected. The concentration of H2O2 in the superna-
tant was detected by the H2O2 kit.

The $OHe and $O2
e scavenging capacities were also investi-

gated, respectively. In brief, the Chlorella solution was incubated
with the standard solution provided by the kit. At the pre-
determined time points, the $OHe (1 min) and $O2

e (40 min)
scavenging capacities of Chlorella were tested as described by the
manufacturer, respectively.

The depletion of ROS was also measured with Transwell (12-
well, 0.4-mm pore size). In brief, Chlorella hydrogels and
inactivated-Chlorella hydrogels were added to the upper chamber
of the Transwell, respectively. The lower chamber was filled up
with 16.3 mmol/L H2O2 and $OHe/$O2

e substrate (37 �C, dark),
respectively. At the predetermined time point, the solution in the
lower chamber was collected and measured by kits.

2.8. Chlorella inactivation

2.8.1. Chlorella inactivation by chlorine dioxide
The efficiency of Chlorella inactivation by chlorine dioxide was
exemplified with CH8 (CH8 was the best among the selected
hydrogels in the pre-experiment of in vivo diabetic wound heal-
ing). CH8 (350 mL) was added to the upper chamber of the
Transwell (12-well, 0.4-mm pore size), and the lower chamber was
filled up with PBS. Then, chlorine dioxide (1, 2, 5, 10 and 20 ppm,
50 mL) was dripped onto the hydrogels to inactivate the Chlorella.
At the pre-determined time points (0, 5, 10 and 15 min, and 12 h),
the inactivated-Chlorella hydrogels were photographed. At 15 min
and 12 h time points, the inactivation process was terminated by
sodium thiosulfate28, and the inactivation efficiency was detected
by CCK-8 assay.

The toxicity of Chlorella inactivation was also determined. The
concentration of chlorine dioxide in the lower chamber (at 5, 15
and 30 min, 1 and 2 h time points after chlorine dioxide dripped)
was measured by a chlorine dioxide analyzer (SJG-791, INESA
Scientific Instrument, Shanghai, China). To verify the cytotoxicity
of remaining chlorine dioxide, L-929 cells (1 � 105 cell/well)
were seeded in 12-well plates. After attachment, DMEM con-
taining the chlorine dioxide with the highest remaining concen-
tration in the lower chamber during the inactivation was added.
After 24 h incubation, the cytotoxicity was measured by CCK-8
assay.
Chlorella hydrogels (CH6, CH7, CH8 and CH9) with suitable
concentrations of chlorine dioxide were named as CH6-C, CH7-C,
CH8-C and CH9-C, respectively.

2.8.2. Chlorella contents release
Inactivated-Chlorella hydrogels were added to the upper chamber
of the Transwell (12-well, 0.4-mm pore size), and PBS was added
to the lower chamber. Then, the plate was put into a shaker
(60 rpm, ZD85, Jingda instrument manufacturing, Changzhou,
China). At the pre-determined time points (1, 2, 4, 8 and 12 h), the
PBS in the lower chamber was collected. The released Chlorella
contents (carbohydrate, protein and nucleic acid) were detected by
kits and OD260, respectively.

2.9. In vitro anti-inflammation

2.9.1. Macrophages cytokines secretion
RAW 264.7 cells (5 � 104 cell/well) were plated into the lower
chamber of the Transwell (12-well, 0.4-mm pore size) and stim-
ulated with 2 mg/mL LPS after attachment. Then, the hydrogels
with Chlorella and inactivated-Chlorella were added to the upper
chamber, respectively. After 24 h incubation, the medium in the
lower chamber was collected, and the levels of IL-6, TNF-a and
NO were assessed by the kits according to the manufacturer’s
instructions.

2.9.2. Macrophage transwell migration assay
HaCaT cells (5 � 104 cell/well) were seeded in the lower chamber
of the Transwell and stimulated with 10 mg/mL LPS to form the
inflammatory cells29. Then, the hydrogels with Chlorella and
inactivated-Chlorella were added to the upper chamber (12-well,
0.4-mm pore size), respectively. After 24 h incubation, the upper
chamber was substituted by the one (12-well, 8-mm pore size) with
attached RAW 264.7 cells (initial concentration, 1 � 104 cell/
well). After 24 h, the cells remaining on the upper surface of the
filter were removed by a cotton swab. The migrated cells binding
on the bottom side were stained with crystal violet solution. After
washing in triplicate, the cells were photographed with an inverted
fluorescence microscope (Nikon).

2.10. In vitro tissue regeneration

L-929s, HaCaTs and HUVECs were employed to evaluate in vitro
tissue regeneration. All the cell assays were performed with
Transwell. The specific incubation conditions were explained in
the part of “Results and discussions”. The results were quantified
with ImageJ software (National Institutes of Health).

2.10.1. Proliferation assay
L-929 cells (1 � 105 cell/well) were seeded in the lower chamber
(12-well, 0.4-mm pore size) and incubated overnight for attach-
ment. The Chlorella hydrogel was added to the upper chamber.
After 24 h, cells were rinsed with PBS in triplicate and then
stained with Calcein-AM. After the free fluorescent was removed,
cells were observed under CLSM (Olympus).

2.10.2. In vitro scratch assay
HaCaT cells (2 � 105 cell/well) were plated in the lower chamber
(12-well, 0.4-mm pore size), forming a confluent monolayer. After
starvation for 24 h, the cell monolayer was scratched by a 200 mL
pipette tip. Then, Chlorella hydrogel was added to the upper
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chamber. After incubation for 24 h, the cells were photographed
with an inverted fluorescence microscope (Nikon).

2.10.3. Transwell migration assay
HUVEC cells were plated in the upper chamber (12-well, 8-mm
pore size), while Chlorella hydrogel was added into the lower
chamber within a dialysis bag (300 kDa). After 24 h, cells
remaining on the upper surface of the Transwell membrane were
removed by a cotton swab. The migrated cells binding on the
bottom side were stained with crystal violet solution. After being
washed in triplicate, the cells were photographed with an inverted
fluorescence microscope (Nikon).

2.11. In vivo diabetic wound healing

The diabetic mice were established as commonly reported. In
brief, streptozotocin (55 mg/kg) citrate buffer solution was intra-
peritoneally injected for five consecutive days after 4 weeks of
high-fat and high-sugar feed. Mice with plasma glucose levels
�16.7 mmol/L were considered diabetic. After 2 weeks, the mice
were anesthetized by intraperitoneally injected with chloral hy-
drate and the backs were shaved. Then, a rounded full-thickness
cutaneous wound with a diameter of 8 mm was performed by
biopsy punch, and a silicone insert was stitched around the wound
with non-absorbable sutures. The mice were randomly divided
into eight groups: non-diabetes control (control), diabetes control
(DM), CH6, CH7, CH8, CH9 (front six groups: 800 lx, 12 h:12 h
light/dark cycle), CH8-D (CH8 without illuminate, D means dark)
and CH8-C (chlorine dioxide was secondary delivery after 12 h
light, C means chlorine dioxide). The control group and DM group
were given HA hydrogels. All the hydrogels were renewed daily.

The wounds were photographed on Days 0, 3, 7 and 10 and
evaluated by ImageJ software (National Institutes of Health). The
scabs were removed for accurate quantification. Three mice in
each group were randomly euthanized on Days 3, 7 and 10.
Wound tissues were collected and fixed in 4% paraformaldehyde.
Then, the samples were embedded in paraffin and sectioned
(5 mm). Immunofluorescence analysis (IL-6, Ki67, VEGF and
CD31 immunostaining on Day 3 and Day 7, respectively) and
histological analysis (H&E staining and Masson staining on Day
10) were performed according to the manufacturer’s instruction.
Granulation tissue gap, epithelial thickness, hair follicle density
and re-epithelialization30 were calculated according to H&E
staining. Collagen deposition was evaluated with Masson staining.

2.12. In vivo wound microenvironment regulation

To verify the potential of Chlorella hydrogels for diabetic wound
microenvironment regulation, the wound tissue was homogenized.
ATP, LA, glucose and H2O2 levels were determined by the cor-
responding kits on Days 3 and 7, respectively. The pH in the
exudate of the wound was measured by a glass surface pH elec-
trode (E-201-P, INESA Scientific Instrument, Shanghai, China) on
Days 3 and 7.

2.13. Statistical analysis

Statistically differences between groups were determined by t-test.
P values less than 0.05 were considered significant. All the data
were analyzed and expressed as the mean � standard deviation
(SD).
3. Results and discussions

3.1. Chlorella axenic culture

Chlorella and its productions are commonly used after inactivation
by oral administration31. During the cultivation, Chlorella is often
accompanied by bacteria, while the side effects of the Chlorella-
associated bacteria are masked by the inactivation processing
and the protection of the gastrointestinal tract31,32. In this study,
Chlorella was fixed in the hydrogel and utilized in wound tissue.
In the pre-experiment, treatment with non-axenic Chlorella
showed increased inflammation and poor wound healing, which
might be due to the lacked biological barriers in wound tissue.
Herein, Chlorella axenic culture was applied.

In our study, Chlorella was purified by antibiotic treatment
(Supporting Information Fig. S1). The obtained axenic Chlorella
grew vigorously on the sterile BG-11 agar plate, while the pro-
liferation of the non-axenic one was inhibited and even suspended
over time (Fig. 1A). In the BG-11 medium, a small number of
bacteria could be masked due to the adsorption and competitive
inhibition of Chlorella. Hence, the axenic validation was further
performed on the beef extract peptone agar plate. As shown in
Fig. 1B, there were no bacterial colonies on the plate with axenic
Chlorella, while bacterial colonies formed in the untreated group.
Given the results above, the Chlorella was considered axenic.

The biological functions of Chlorella are closely related to the
biomass. However, the non-axenic Chlorella often aggregates with
bacteria, influencing the dispersibility and the count accuracy.
This disadvantage could be improved by axenic culture. After 12 h
standing, the sedimentation rate of axenic Chlorella was signifi-
cantly lower than that of the untreated group, and there were no
Chlorella-bacteria aggregates after axenic culture (Fig. 1C). The
biocompatibility of Chlorella was also evaluated. As shown in
Fig. 1D, axenic Chlorella was none toxicity to L-929, HaCaT and
HUVEC cells.

Chlorella with concentrations of 1 � 106, 1 � 107, 1 � 108 and
1 � 109 cell/mL was exemplified in the following study.

3.2. Characterization of Chlorella hydrogel

Hydrogels are widely used for diabetic wound healing. They can
maintain the humidity of the wound and remove exudate33. In this
study, 2% HAwith BG-11 medium was employed to fix Chlorella.
Axenic Chlorella with gradient concentrations was uniformly
dispersed in the hydrogels (Fig. 1E and F). The Chlorella hydro-
gels were proven to be non-toxic (Supporting Information
Fig. S2). After 30-days of storage (4 �C, dark), all the hydrogels
showed no delamination and aggregation (Fig. 1F), satisfying the
storage stability for preclinical studies.

To avoid the unstable treatment efficacy caused by the variety
of Chlorella biomass, the proliferation of Chlorella under the
treatment conditions was confirmed. The results demonstrated that
Chlorella with concentrations of 1 � 106 and 1 � 107 cell/mL
proliferated at 22.4%, 21.7% in the BG-11 medium and 13.4%,
16.0% in the hydrogels for 24 h, respectively (Fig. 1G). Compared
with the selected magnitude-concentration gradient, the biomass
variety was considered acceptable. The proliferation of Chlorella
after storage was also tested. The results showed that the Chlorella
remained active after 30 days of storage, with no significant in-
crease in biomass (Fig. 1H). Given the results above, Chlorella as
a cell-based therapy might weaken the common limitation of poor
storage stability and high storage cost. Moreover, the



Figure 1 Chlorella axenic culture and characterization of Chlorella hydrogels. (A) Axenic validation of Chlorella with BG-11 agar plate

detected by an inverted fluorescence microscope. Scale bars: 500 mm. (B) Axenic validation of Chlorella with beef extract peptone agar plates

detected by colony count. (C) Re-suspending stability of Chlorella in BG-11 medium for 12 h standing, 37 �C, 800 lx. (D) Cytotoxicity of

Chlorella (1 � 109 cell/mL) on L-929, HaCaT and HUVEC cells for 24 h (n Z 6). (E) SEM photographs of Chlorella hydrogels. Scale bars:

100 mm in 200 �, 10 mm in 2000 �. (F) Photographs of Chlorella hydrogels after preparation and Day 30 after storage. (G) Proliferation of axenic

Chlorella in BG-11 medium and the hydrogels with BG-11 for 24 h, 37 �C, 800 lx, respectively (n Z 6). The concentrations of axenic Chlorella:

1 � 106, 1 � 107, 1 � 108 and 1 � 109 cell/mL. (H) Proliferation of axenic Chlorella in the hydrogels after storage for 30 days, 4 �C, dark (nZ 6).

(I) Residual NO3
e in axenic Chlorella hydrogels after storage for 30 days, 4 �C, dark (n Z 6). Data are presented as mean � SD.
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concentrations of NO3
- were detected after storage (NO3

e is the
main constituent of the BG-11 medium). The results indicated that
NO3

- was not completely metabolized (Fig. 1I). In addition to
supplying nitrogen for Chlorella heterotrophy, the remaining NO3

e

could also be converted into NO2
e by the xanthine oxidase in the

wound tissue, further providing NO for angiogenesis34,35.

3.3. In vitro oxygen production by Chlorella

Franz diffusion cell covered with an airtight transparent poly-
urethane film was employed to measure the dissolved oxygen
produced by Chlorella hydrogels (Fig. 2A). Continuous low-
intensity illumination (800 lx, with daily used LED light) was
selected, which was close to the average intensity in the
daylighting room. The results showed that oxygen in the receptor
cells of CH6, CH7 and CH8 groups was all supersaturated after
2 h incubation (Fig. 2B), indicating the superior oxygen produc-
tion ability. Among them, CH7 made the highest oxygen level, up
to 11.0 mg/L. The peak concentration and the peak time of oxygen
were not good as that with the illumination commonly used (short
light time with high density)22,36,37, but the oxygen level could be
maintained longer. As the tissue remodeled, fluid exchange
through the wound gap was inhibited, while oxygen permeating
through the re-generated skin gradually played an important role
(Supporting Information Fig. S3). Therefore, the transdermal ef-
ficiency of oxygen was investigated. As shown in Fig. 2C,
although the oxygen permeation was inhibited by skin, the oxygen
level in all the groups with Chlorella was enhanced. The results
demonstrated that the Chlorella could effectively supply oxygen
during the whole therapeutic period. In all the results above, the
oxygen production efficacy first increased and then decreased as
the concentration of Chlorella enhanced (Fig. 2B and C). The
decrease in CH8 and CH9 groups was due to the respiration of
Chlorella and the reduced illumination intensity in the lower layer
(Supporting Information Fig. S4). Similarly, Chlorella-respiration
might also worsen the hypoxia without illumination in vivo.

Then, the effect of produced oxygen on breathing pattern
inversion was evaluated in vitro. The results showed that ATP level
was enhanced and the LA content was reduced in L-929 cells
treated with Chlorella hydrogels (Fig. 2D and E), reflecting a shift
in the breathing pattern to aerobic respiration. CH6, CH7 and CH8
groups even performed better than the normoxia group. This was



Figure 2 Oxygen production by Chlorella. (A) Schematic diagram of dissolved oxygen measurement. (B, C) Oxygen production of Chlorella

hydrogels detected by an oxygen electrode in Franz diffusion cell, 37 �C, 800 lx, (n Z 6). B: 0.22-mm polytetrafluoroethylene membranes, C:

skin. (D) ATP level in L-929 cells enhanced by Chlorella hydrogels under hypoxia, 37 �C, 800 lx, (n Z 6). (E) LA content in L-929 cells reduced

by Chlorella hydrogels under hypoxia, 37 �C, 800 lx (n Z 6). (F) Alleviation of ROS in L-929 cells treated with Chlorella hydrogels under

hypoxia validated by a ROS probe (DCFH-DA), 37 �C, 800 lx. Scale bar: 200 mm. (G) Quantitative analysis of the fluorescence intensity of

DCFH-DA in L-929 cells (n Z 5). (HeJ) Effect of Chlorella hydrogels on L-929 cell proliferation, HaCaT migration and transwell migration of

HUVEC in hypoxia condition, 37 �C, 800 lx, respectively. Scale bar: 200 mm. Data are presented as mean � SD; ***P < 0.001, **P < 0.01,

*P < 0.05, marked necessarily.

416 Hangyi Wu et al.
because the oxygen level in the pre-deoxygenated medium could
be restored more rapidly by dissolved oxygen than the gaseous
one. Oxygen-based treatments, such as hyperbaric oxygen therapy,
commonly induced system oxygen toxicity16. In our study, the
undesirable intracellular ROS following oxygen recovery was
assessed by DCFH-DA. Although the intracellular ROS in groups
with Chlorella was increased under light, it was significantly lower
than that of the normoxia group (Fig. 2F and G), showing excel-
lent biocompatibility. The low toxicity might be due to the
depletion of ROS by Chlorella (verified below). The above results
confirmed that the axenic Chlorella could effectively improve
hypoxia and diminish the side effects of oxygen toxicity.

Tissue regeneration is a synergy process. Fibroblasts are the
main component of the dermis and can benefit other cells through
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paracrine. The re-epithelialization is a typical indicator of wound
healing and is widely mimicked by scratch wound healing of
keratinocytes38. Endothelial cells are essential in vascularization
to ameliorate ischemia39. The vascularization is reflected by the
Transwell migration of endothelial cells22. The in vitro remission
on wound tissue was characterized with L-929, HaCaT and
HUVEC cells. The results showed that Chlorella hydrogels could
effectively promote the proliferation of L-929 cells, the migration
of HaCaT cells and the Transwell migration of HUVEC cells by
oxygen production (Fig. 2H‒J and Supporting Information
Fig. S5).

3.4. In vitro glucose consumption by Chlorella

The effect of living Chlorella on glucose consumption was
assessed in vitro. As shown in Fig. 3A, Chlorella consumed
glucose in a concentration-dependent manner. The rapid con-
sumption might benefit from its excellent metabolic activity.
Chlorella with a concentration of 1 � 109 cell/mL could
completely consume 33 mmol/L glucose within 12 h under 800 lx
continuous light. Compared with the dark condition, the glucose
consumption significantly improved with illumination (Fig. 3A),
which was due to the light-activated bioactivity of Chlorella40.
The light condition with short illumination time and high intensity
was also investigated (10,000 lx, 1 h:11 h light/dark). The glucose
concentration was slightly reduced compared with that in the dark,
but not so good as that in the 800 lx group (Fig. 3A). The results
suggest that the consumption efficacy was mainly affected by
illumination time that could keep the Chlorella active, rather than
light intensity. Most of the light conditions in algae-related ther-
apeutics were set for optimizing oxygen production, while the
function of glucose consumption was ignored. Then, whether ni-
trogen supplements (recognized nutrients for algae) competitively
inhibited the utilization of glucose was evaluated. The outcomes
were approximate in the BG-11 medium and the normal saline
(Supporting Information Fig. S6), illustrating that the BG-11
medium as an N source did not affect the glucose consumption
by Chlorella.

The consumption pathway of glucose was further verified.
After 12 h incubation, the Chlorella was inactivated, and the
glucose inside the Chlorella was measured. Except 3.4e3.7 mmol/
L glucose was detected in 1 � 109 cell/mL Chlorella groups, there
was nearly no glucose in other groups (Fig. 3B). The detected
glucose was considered to be intrinsic to Chlorella (Supporting
Information Fig. S7). These results indicate that the glucose in
the exogenous medium was consumed by the Chlorella through
the metabolic pathway rather than the adsorption route, and it
might be solidified into nutrients such as polysaccharides, fat and
protein25.

Then, the glucose consumption of Chlorella hydrogels was
measured with Transwell, mimicking the wound tissue. The
glucose consumption was also concentration-dependent (Fig. 3C).
CH8 and CH9 groups performed well with 800 lx illumination,
and the glucose concentrations in the lower chamber were
decreased by 5.8 and 12.9 mmol/L within 12 h, respectively. Since
the glucose concentration in wound tissue was 3e5 mmol/L41, it
was suggested that the glucose could be effectively consumed by
Chlorella with relatively high biomass under the light.

The cell viability of cell-based therapeutics was commonly
reduced by the high-glucose microenvironment42. However, living
Chlorella, as a natural glucose processing plant, was unaffected.
3.5. In vitro ROS depletion by Chlorella

The depletion of ROS (H2O2, $OH
e and $O2

e) by living Chlor-
ella was evaluated with a BG-11 medium. ROS depletion rate
was enhanced as the concentration of Chlorella increased
(Fig. 3D‒F). Chlorella with a concentration of 1 � 108 and
1 � 109 cell/mL could rapidly deplete H2O2 and inhibit the
generation of $OHe. Moreover, the production of $O2

e was also
reduced in the 1 � 109 cell/mL group. Notably, the ROS
depletion was considered unaffected by light, unlike the glucose
consumption. This was because the high-level internal antioxi-
dants (such as lutein and carotene26) could straightforwardly
neutralize ROS by oxidationereduction reactions. Then, Trans-
well was employed for further evaluation. The results demon-
strated similar trends to that of the Chlorella solution (Supporting
Information Fig. S8).

The advantages of ROS depletion for tissue regeneration were
also assessed in vitro. All the groups with Chlorella could
significantly restore the proliferation of L-929, ameliorate the
HaCaTs scratch healing and enhance the HUVEC Transwell
migration (Fig. 3G‒I and Supporting Information Fig. S9).

3.6. In vitro nutrition supplement by inactivated-Chlorella
(Chlorella contents)

Chlorine dioxide is widely used for water purification and is
considered non-toxic to the human body with suitable concen-
tration43. In this study, chlorine dioxide was employed to inacti-
vate Chlorella in situ. The efficiency and toxicity of the
inactivation were exemplified with CH8. Hydrogels in white
represented that the Chlorella was inactivated, and the green part
represented the active one (Fig. 4A and Supporting Information
Fig. S10). 5 ppm chlorine dioxide could effectively kill the
Chlorella, and the process was nearly suspended after 15 min, as
76.7% at 15 min and 83.1% at 12 h (Fig. 4B). Since excessive
chlorine dioxide is cytotoxic, the concentration of chlorine dioxide
passed through the hydrogels was measured. The results show that
the peak residual chlorine dioxide concentration in the lower
chamber of the 5 ppm group was less than 0.01 ppm and had no
cytotoxicity (Fig. 4C and D). This might be because the chlorine
dioxide was buffed by hydrogels and depleted during the inacti-
vation. It is worth mentioning that Chlorella axenic culture is
necessary to avoid the septic shock which may be caused by the
massive endotoxins released from the chlorine dioxide-inactivated
Chlorella-associated bacteria44.

The permeability of the Chlorella cell membrane was
increased after inactivation, accelerating the release of the con-
tents. The diffused Chlorella contents were representatively
quantified, including carbohydrate, protein and nucleic acid. After
12 h incubation, about 18.8% carbohydrate, 11.3% protein and
7.7% nucleic acid were released from the hydrogels with 5 ppm
chlorine dioxide (Fig. 4E). Then, the nutrition supplement ca-
pacity of inactivated-Chlorella was assessed in vitro with the basic
cell culture medium. As shown in Fig. 4F and Supporting
Information Fig. S11, the proliferation of L-929 cells was
significantly enhanced in CH8-C and CH9-C groups. The
migration of HaCaT and Transwell migration of HUVEC were
also improved (Fig. 4G and H, and Fig. S11). Given the rapid
inactivation rate, wound tissues only need to keep static within
15e20 min to utilize the Chlorella contents as a nutrition sup-
plement without toxicity.



Figure 3 Glucose and ROS depletion by Chlorella. (A) Glucose remaining in the BG-11 medium (with 33 mmol/L glucose) after 12 h in-

cubation with Chlorella. The concentrations of Chlorella in the medium were selected as 1 � 106, 1 � 107, 1 � 108 and 1 � 109 cell/mL (n Z 6).

(B) Glucose inside the Chlorella after 12 h incubation (n Z 6). (C) Glucose remaining in the lower chamber of the transwell after 12 h incubation

with Chlorella hydrogels (n Z 6). AeC: 37 �C, dark/10,000 lx (1 h:11 h light/dark)/continuous 800 lx. Dotted lines marked the glucose con-

centration remaining in the control group. (DeF) The depletion of H2O2 and the inhibition of $OHe/$O2
e generation by Chlorella in BG-11

medium, 37 �C, dark/10,000 lx/800 lx, respectively. (n Z 6). (GeI) Effect of Chlorella hydrogels on L-929 cell proliferation, HaCaT migra-

tion and transwell migration of HUVEC, 37 �C, dark, respectively. The concentration of H2O2 in the cell culture medium was 1 mmol/L. Scale

bar: 200 mm. Data are presented as mean � SD; ***P < 0.001, **P < 0.01, *P < 0.05, marked necessarily.
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3.7. In vitro ROS depletion and anti-inflammation by
inactivated-Chlorella

Chlorella inactivation could avoid the hypoxia deterioration
caused by Chlorella-respiration in the dark and supply nutrition to
the cells, while the glucose/ROS depletion bonus of living
Chlorella also disappeared. Because the glucose consumption rate
was significantly reduced under dark (Fig. 3A‒C), the inactivation
was considered a little effect on glucose metabolism. However,
regardless of under the light or in the dark, living Chlorella could
deplete ROS rapidly (Fig. 3D‒F). Since the antioxidants inside
the Chlorella could be neutralized by chlorine dioxide45, the ROS
depletion efficiency might be severely affected. Fortunately,
although the ROS depletion of Chlorella solution was reduced by
inactivation (Supporting Information Fig. S12), the depletion rate
of inactivated-Chlorella hydrogels and Chlorella hydrogels was
comparable (Fig. 5A‒C). The maintained ROS depletion ability
might benefit from the diffusing Chlorella contents. The contents
could directly deplete ROS in the lower chamber, exempting the
process of ROS diffusion to the upper chamber and uptake by
living Chlorella.
Chlorella and its contents could effectively deplete ROS, while
it was more attractive to inhibit the production of ROS in situ than
scavenging ex situ46,47. The anti-inflammatory effects were tested.
As shown in Fig. 5D‒F, CH8-C and CH9-C decreased the
expression of IL-6 and TNF-a in LPS-induced RAW 264.7 cells
and reduced the production of NO, indicating that the inflamma-
tion was relieved by Chlorella contents. The Transwell migration
of macrophages was detected for further proof. As shown in
Fig. 5G and Supporting Information Fig. S13, migrated RAW
264.7 cells on the bottom side of the Transwell membrane
decreased in CH8-C and CH9-C groups. Herein, the inactivated-
Chlorella was suggested to diminish the recruitment of inflam-
matory cells, sequentially avoiding excessive ROS. However,
living Chlorella had no effect on inflammation relief in the dark
(Fig. 5G and Supporting Information Figs. S13 and S14).

Oxygen production, glucose consumption and ROS depletion
were considered to be beneficial for relieving inflammation14,15,30,
which was exactly the Chlorella did during the daytime. However,
ROS depletion was the only remaining advantage without illu-
mination, and the oxygen-consumption by Chlorella-respiration
even became a burden. The extra anti-inflammatory effect



Figure 4 Chlorella inactivation and nutrition supplement. (A) Photographs of Chlorella hydrogels inactivated by chlorine dioxide. (B) Inactivation

efficiency of Chlorella by chlorine dioxide at 15min and 12 h (nZ 6). (C) The peak concentration of residual chlorine dioxide in the lower chamber of

the transwell during the inactivation (nZ 6). (D) Cytotoxicity of residual chlorine dioxide on L-929 cells (nZ 6). Cells were cultured with DMEM

containing chlorine dioxidewith the peak residual concentration. (E) Chlorella contents diffused from the inactivated-Chlorella hydrogels to the lower

chamber of the transwell after 12 h incubation (nZ 6). (A‒C, E): Chlorella concentration, 1� 108 cell/mL. (FeH) Effect of the inactivated-Chlorella

hydrogels (Chlorella contents) on L-929 cell proliferation, HaCaT migration and transwell migration of HUVEC, 37 �C, dark, respectively. Basic
DMEM was selected as the cell culture medium. Scale bar: 200 mm. Data are presented as mean � SD.
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provided by Chlorella inactivation was suggested to be a superior
continuation of the inflammation relief during the daytime.

3.8. In vivo diabetic wound healing

Chlorella hydrogels with different biomass performed differences
in oxygen production, glucose/ROS depletion and nutrition sup-
plement. The comprehensive effects need to be further evaluated
with diabetic mice. To assess the in vivo wound healing efficiency,
an 8 mm rounded full-thickness cutaneous wound was performed.
Eight groups were involved, containing non-diabetes control
(control), diabetes control (DM), CH6, CH7, CH8, CH9
(12 h:12 h, 800 lx/dark for the front six groups), CH8-D (CH8,
24 h dark) and CH8-C (chlorine dioxide was added after 12 h
light). The dressing was constructed as Supporting Information
Fig. S15, and the hydrogels were renewed daily. The contribu-
tion of light and chlorine dioxide were respectively exemplified
with 1 � 108 cell/mL Chlorella (CH8 performed best among the
selected hydrogels in the pre-experiment). As shown in Fig. 6A
and B, the CH8 group gained superior performance and resembled
the control. It was considered as the cooperation of hypoxia
reversal, glucose consumption as well as ROS depletion, because
CH8 could continuously provide oxygen to cells for aerobic
respiration (Fig. 2D and E), consume glucose to the normalized
level (Fig. 3C) and rapidly deplete ROS (Fig. 3D‒F and Fig. S8).
CH7 and CH9 groups were also competitive in wound healing,
focusing on oxygen production and glucose/ROS depletion,
respectively. CH6 and CH8-D groups made limited progress.
Then, the CH8 group was compared with the CH8-C group. In the
CH8-C group, fewer inflammatory cells were found, and the
epithelium was more regular (Fig. 6C). Furthermore, a complete
stratum corneum was established when treated with CH8-C
(Fig. 6C), indicating that the epithelium was normalized48.
Hence, CH8-C seemed better than CH8. The optimization in the
CH8-C group might be benefited from the terminated Chlorella-
respiration, nutrition supplement and inflammation relief at night.

Then, granulation tissue formation andwound re-epithelialization, as
typical indicators of the wound healing process, were evaluated by
H&E staining (Fig. 6C and Supporting Information Fig. S16).
As shown in Fig. 6D, the granulation tissue gap significantly



Figure 5 ROS depletion and anti-inflammation by inactivated-Chlorella. (AeC) The comparison of hydrogels with Chlorella and inactivated-

Chlorella on the depletion of H2O2 and the inhibition of $OH
e/$O2

e generation, respectively. The concentration of Chlorella was 1 � 106, 1 � 107,

1 � 108 and 1 � 109 cell/mL (n Z 6). (DeF) The anti-inflammation function of hydrogels containing inactivated-Chlorella, reflected by the

secretion of IL-6 and TNF-a and the production of NO in LPS-induced RAW 264.7 cells (n Z 6). (G) Effect of inactivated-Chlorella hydrogels

and Chlorella hydrogels on the transwell migration of RAW 264.7 cells. Scale bar: 200 mm. Data are presented as mean � SD; ***P < 0.001,

**P < 0.01, *P < 0.05, marked necessarily.
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narrowed treated with Chlorella hydrogels under light, and the
result was in consistency with that of wound closure (Fig. 6B).
Epithelial thickness was considered to increase during the inflam-
matory and proliferative stages and decrease in the remodeling
stage49. The epithelium in CH8 and CH8-C groups was thinner than
that of CH7 and CH9 groups and was similar to the control, indi-
cating excellent tissue remodeling (Fig. 6E). Moreover, hair follicle
density was assessed. The outcome showed that CH8 and CH8-C
were also helpful in the regeneration of hair follicles, as 4.3- and
5.1-fold to the DMgroup, respectively (Fig. 6F). Collagen synthesis
and deposition, playing crucial roles in tissue regeneration, were
evaluated by Masson staining. Collagen synthesized in CH8 and
CH8-C groups were approximate to the healthy skin15 (Fig. 6G and
H, and Fig. S15).

3.9. In vivo microenvironment regulation

Immunofluorescence staining of IL-6, Ki67, VEGF and CD31 was
performed on Day 3 and Day 7, respectively. As shown in Fig. 7A
and Supporting Information Fig. S17, CH8, CH9 and CH8-C
groups expressed less IL-6 and were similar to the control, sug-
gesting that the inflammatory response was relieved. On Day 3,
CH7 and CH8-D groups could also reduce inflammation response
compared with the DM group, while the CH6 group still struggled
with the excessive inflammation. The results of Ki67 staining
showed an opposite trend (Fig. 7B and Supporting Information
Fig. S18). All the groups containing Chlorella with illumination
significantly increased the density of Ki67þ proliferating cells on
Day 7, and CH8 and CH8-C groups performed more superiorly.
Then, angiogenesis was also evaluated. The results demonstrated
that CH8, CH9 and CH8-C groups expressed more VEGF and
CD31, indicating excellent blood vessel regeneration (Fig. 7C and
D, and Supporting Information Figs. S19 and S20).

To further clarify the in vivo results above, microenvironments
of the wound tissue were evaluated. CH6 and CH7 groups pro-
duced oxygen more effectively in vitro compared with CH8 and
CH9 groups, while less ATP was synthesized on Day 3 (Fig. 7E).
This could be explained as that excessive neutrophils and mac-
rophages were recruited due to the high-level glucose, and the
following respiratory bursts consumed most of the oxygen located
in the wound tissue9, disguisedly diminishing the oxygen pro-
duction efficiency. The concentration of LA was also determined,
reflecting the anaerobic respiration of tissue cells and the meta-
bolism of inflammatory cells50 (Fig. 7F). Unsurprisingly, higher
ATP levels and lower LA concentration were found in CH8, CH9
and CH8-C groups on Day 3, because in addition to oxygen
production, hydrogels with high-biomass Chlorella could rapidly
deplete glucose and ROS (Fig. 7G and H), consequently relieving
the excessive inflammation (Fig. 7A). The ATP level was also
responsible for tissue regeneration (Fig. 7B). Furthermore, the



Figure 6 In vivo diabetic wound healing. (A) Representative images of the diabetic wound treated with Chlorella hydrogels on Days 0, 3, 7 and

10. The scabs were removed for accurate quantification. Scale bar: 2 mm. (B) Relative wound areas of the eight groups at the pre-determined time

points (n Z 3). Three mice in each group were randomly euthanized on Days 3, 7 and 10, respectively. (C) H&E staining of the wound tissue on

Day 10. Red line, stratum corneum; red dotted line, the boundary of the inflammatory area. Scale bar: 50 mm. (DeE) Quantification of granulation

tissue gap and epithelial thickness of the regeneration tissue, respectively (n Z 3). (F) Quantification of hair follicle density in the middle region

of the H&E staining slice (n Z 3). (G) Masson staining of the wound tissue on Day 10. (H) Quantification of collagen deposition of the wound

tissue (nZ 3). Scale bar: 50 mm. Data are presented as mean � SD; ***P < 0.001, **P < 0.01, *P < 0.05, ns, not significant, marked necessarily.
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glucose consumption of CH8, CH9 and CH8-C groups helped
enhance the stability of hypoxia-inducible factor-1a (HIF-1a),
which could up-regulate the VEGF and accelerate blood vessel
regeneration (Fig. 7C and D)51,52.

The in vivo microenvironments were also assessed on Day 7.
The results show that ATP level, LA concentration and H2O2

concentration in all the groups with Chlorella under illumination
were significantly ameliorated compared with Day 3 (Fig. 7E, F
and H), which might be due to the inflammation relief and
revascularization (Fig. 7A, C and D). As the constraints of
inflammation and malnutrition weakened, the therapeutic
efficiency of CH7 rebound strongly with the high-performance
oxygen production. While, the superiority of CH8, CH9 and
CH8-C groups was diminished, because the glucose concentration
in wound tissue was also recovered with angiogenesis (Fig. 7G).
Finally, the reduced pH of the wound exudate verified the tissue
regeneration (Fig. 7I).

However, several issues need to be further studied before
commercialization, such as the influence of Chlorella origin and
culture method on the therapeutic efficiency, the long-term storage
stability, and whether Chlorella can be inactivated sensitively to
further improve safety and avoid secondary delivery.



Figure 7 Immunofluorescence staining and microenvironment regulation. (AeD) Quantitative analysis of IL-6, Ki67, VEGF and CD31 in the

wound tissue on Day 3 and Day 7 after wounding (nZ 3). (EeI) ATP level, LA concentration, glucose concentration, H2O2 concentration and pH

of the wound tissue/exudate on Day 3 and Day 7 after wounding (n Z 3). Data are presented as mean � SD; ***P < 0.001, **P < 0.01,

*P < 0.05, ns, not significant, marked necessarily.
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4. Conclusions

In this study, the axenic culture of Chlorella was applied to avoid
the immune response caused by associated-bacteria when it was
used in wound tissue. The microenvironment regulation and
therapeutic efficiency of Chlorella against diabetic wounds were
explored in vitro and in vivo. During the daytime, living Chlorella
was proven effective for reversing hypoxia. The high-level glucose
in the wound tissue was also reduced by Chlorella. At night, the
Chlorella was inactivated in situ to terminate the oxygen-
consumption of Chlorella-respiration and utilize the abundant
contents for nutrition supplement and extra anti-inflammation
effect. Moreover, both living and inactivated Chlorella was help-
ful in ROS depletion. All the optimizations synergistically
enhanced the proliferation, migration and angiogenesis, conse-
quently promoting the tissue regeneration. In summary, Chlorella
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is considered to ameliorate the negative microenvironments,
showing great potential for chronic diabetic wound healing.
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