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Abstract

Metabolites are not only involved in energy pathways but can also act as signaling molecules.
Herein, we demonstrate that polyesters of alpha-ketoglutararte (paKG) can be generated by
reacting aKG with aliphatic diols of different lengths, which release aKG in a sustained manner.
paKG polymer-based microparticles generated via emulsion-evaporation technique lead to faster
keratinocyte wound closures in a scratch assay test. Moreover, paKG microparticles also led to
faster wound healing responses in an excisional wound model in live mice. Overall, this study
shows that paKG MPs that release aKG in a sustained manner can be used to develop regenerative
therapeutic responses.
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1| INTRODUCTION

Metabolites have emerged as essential factors in reprograming the immune system.1-3
Specifically, metabolites are defined as the intermediate biochemical materials of catabolic
and anabolic processes.? They play a critical role in building cellular components and cell
growth.® The use of metabolites in reprogramming the immune system has led to new

fields of study that focus on understanding the role of metabolism in several diseases
including cancer, autoimmune disorders, and Alzheimer’s among others.6-8 Recent studies
have brought to light roles of several metabolites in modulating the immune system such as
2-hydroxyglutarate, 2-deoxyglucose among others.®19 Alpha-ketoglutarate (aKG) is a key
metabolite in the Krebs cycle and is being actively studied because of its several beneficiary
roles.11 Importantly, the overall rate of the Krebs cycle is determined by the generation of
aKG. aKG has been shown to play an active role in multiple cellular metabolism and helps
in maintaining the nitrogen balance.12 Recent findings show the role of aKG in inducing
protective immune responses.13 Most of the aKG related studies are conducted in the field of
cancer, regenerative medicine and cellular metabolism1#15 and its role in injury and wound
healing has yet to be elucidated.

Skin injury is common at any stage of life and wound healing is a complex physiological
process with a myriad of cellular events.18 Efficient wound healing is important for
maintaining critical defense mechanism of skin by restoring the integrity of the injured
tissue.1” Dysregulation of wound healing may result in chronic wounds, which can further
lead to tissue necrosis and systemic infection. Thus, wound healing plays a critical role

in maintaining the homeostasis of the immune system in patients with surgical wounds

or traumatic injuries.1819 Fabricating a functional material as a delivery system provides
integrated functions for wound healing. Biomaterials such as lipid-based particles, polymeric
particles, and hydrogels have been using for wound healing in pre-clinical settings.20:21
Notably, the landscape of polymeric materials has made a huge impact in wound healing
research, as evident by applications in past 20 years.22:23 Adhesion and phagocytosis of
polymeric particles by the phagocytic cells at the region of injury or the wound help in
healing. In this study, we utilized aKG metabolite to generate polymeric particles, which can
enhance this healing process.

2| RESULTS AND DISCUSSIONS

Since small molecule metabolites such as aKG have high diffusion Kinetics, they need to
be given in high and frequent dosages to achieve the desired effect in vivo.24 Additionally,
injections of aKG alone will cause fast diffusion and elimination from body. Thus, to
overcome the high diffusion of aKG out from the application site, we generated polymers
with aKG in their backbone, which can release aKG in a sustained manner to maximize the
utilization of aKG in the cell or tissue. For the polymer synthesis, aKG was reacted with
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1,8-Octanediol, or 1,10-Decanediol, or 1,12-Dodecanediol to get polymers 1,8-paKG, 1,10-
paKG, and 1,12-paKG. All the paKG polymers were prepared by using an esterification
procedure by heating mixture of acid and alcohol at 130°C for 24 h under vacuum (Figure
1A). IH NMR spectrum was used to assess the degree of modification of acid to ester

group (Figure 1B). No peak of acid group at the range of 10-12 ppm demonstrated that

the ester was formed in all polymers. Moreover, FTIR also confirmed that the polymers
were generated (Figure 1C), as no acid broad peak at 3100 cm~1 and carbonyl peak around
1650 cm~ were observed. pakKG polymers can be immunosuppressive, and by feeding
directly into the Krebs cycle might modulate metabolism of different cell types.2:25 Notably,
polymers with 1,8-Octanediol, or 1,10-Decanediol, or 1,12-Dodecanediol might impart
different properties to the polymers including solubility, biodegradability, hydrophobicity
and ability to generate particles. In fact, it has been demonstrated using different metabolites
such as fumarate, and succinate that different diol based monomers modulate the polymer
characteristics, which can be exploited for biological applications.26:27

Synthesized paKG polymers were utilized to generate microparticles by using a previously
reported method.3 In brief, the polymers were dissolved in dichloromethane (DCM) and
this organic mixture was then added to polyvinyl alcohol (PVA) solution in deionized H,O
followed by immediate homogenization. The formed emulsion was then added to 1% PVA
solution and stirred for 3 h to evaporate DCM.28-30 The particles thus formed were then
washed 3 times with deionized H,0 by centrifuging to remove excess PVA. The generated
particles were then freeze-dried and used for further studies. To determine the size of the
1,10- paKG microparticles, dynamic light scattering was utilized, which showed that the size
of the particles before lyophilization was 3074 + 187 nm, whereas after lyophilization the
size was 3890 + 388 nm. Since these, before and after lyophilization sizes were found to be
similar these data suggest that the size of the microparticles is not altered after freeze-drying
process.

To test if different MPs could release aKG in a sustained manner, release kinetics
experiments in pH 7.4 (1x PBS, physiological pH) were performed. Amount of

aKG released at different time points was determined using high-performance liquid
chromatography (HPLC). The release kinetics study demonstrates that all the four paKG
MPs released aKG in a sustained fashion for more than a week. Release of metabolites
for 10-days was determined since, several in vitro scratch assay tests and in vivo mice
experiments for acute wound healing have a similar time frame.31:32

Immunosuppression has been shown to accelerate wound healing.33 All the three pakKG MPs
showed a similar type of release kinetics (Figure 2A) but we have previously demonstrated
that 1,10 paKG MPs can lead to immunosuppression,3 and therefore in this study we

tested if these can lead to faster wound healing. First, monolayers of serum-starved (i.e.,
proliferation-arrested) human keratinocytes (HaCaT) cells were cultured and used for the
cell migration scratch assay test with 1,10 paKG MPs. The results demonstrated that as
compared to the monomers of 1,10 decanediol, and aKG; 1,10 paKG MPs were able to
allow for higher cell migration. TGF-beta (TGFb, 2 ng/mL) was used as a positive control,
in these experiments (Figure 2B). HaCaT cells are frequently utilized to test the wound
closure in a scratch assay. Several small molecules, proteins, peptides, and RNA/DNA have
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been utilized to test the wound closure rate.34-40 40 pakG MPs led to only 40% of wound
closure, as compared to the post to control off 80%. This potentially is due to slow release of
aKG from paKG particles. Moreover, for this specific test, the paKG particles by themselves
may not be enough to accelerate wound closures, and other modalities might be required

in combination to be equivalent to the positive control. However, we have previously
demonstrated that pakKG MPs can modulate immune responses, and since wound healing

is affected by immune cells, the potential of paKG MPs by themselves in a cutaneous wound
mouse model was tested. Full-thickness splinted cutaneous wounds were created in BALB/c
mice (Figure 2C) and paKG MPs or saline or soluble aKG were applied on top of the wound
on day 0, in addition to a Tegaderm dressing. Wound closure was observed for 10 days by
taking photographs and by planimetrically determining the wound area measurements with
ImageJ/FIJ1 (Figures 2D and 3A). Ultimate tensile strength studies were also performed

on the skin to determine the strength of the healed skin. The ultimate tensile strength was
significantly higher in the 1,10-paKG MPs group as compared to the saline control (Figure
3B). Importantly, it was observed that the wounds closed at day 9 in 1,10-paKG MPs group,
which was significantly faster as compared to soluble aKG or saline. Interestingly, it was
observed that the paKG MPs treated wound sites increased collagen type 111 deposition as
observed by picrosirius staining of the wound bed (Figure 3C). Moreover, qualitatively, it
was observed that there was fewer cell infiltration in paKG MPs condition as compared to
the PBS and soluble aKG treatment groups in the wound bed (Figure 3D).

To our knowledge, this is the first study, which demonstrates that one-time application of
aKG metabolite-based polymers can lead to significant modulation of wound closure. The
advent of biomaterial usage in the field of drug delivery has resulted in increased attention in
the field of biomedicine and bioengineering fields. Herein, we used a delivery system which
itself can be used to stimulate the healing process of wound by releasing a metabolite.

In a cutaneous wound, distress to the upper layer of the skin, the epidermis, can trigger

a series of cellular responses that involve the recruitment of immune cells to the wound
bed.#! Specifically, innate immune cells such neutrophils, and macrophages, prevent
pathogens from entering the wound bed.*2 Following the inflammatory phase, the wound
bed undergoes a phase of remodeling and repair.#3 Interestingly, although growth factors
act during the remodeling and repair phase to improve wound healing kinetics, these

do not directly modulate the inflammatory or anti-inflammatory phase of the wound
healing process and therefore, are known to be sub-optimal.#44> The data presented herein
demonstrate that 1,10-paKG MPs might assist the wound closure by accelerating the cell
proliferation phase and potentially allowing for the pro-inflammatory phase to occur by
releasing low-levels of aKG in a sustained manner. In contrast, the cutaneous wounds that
were exposed to soluble aKG, received aKG in a bolus manner, leading to immediate
immune suppression and, thereby, suppressing the inflammatory phase of wound healing.
Hence, soluble aKG might prohibit professional phagocytes from eliminating pathogens in
the wound bed, while the sustained release of aKG from the 1,10-paKG MPs still allowed
for the inflammatory phase to occur but potentially accelerated the remodeling phase. In
vitro soluble aKG directly acts on the HaCaT cells and since there is no immune cells
involved aKG assists in closure of the wound.
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3| CONCLUSION

In summary, metabolite-based polymers provide a new technique to deliver metabolites
locally to modulate the proliferation of cells. Importantly, 1,10-paKG MPs were able to
provide accelerated wound closure responses in vivo by allowing for different phases of
wound healing to occur.

4| METHODS

41| Polymer synthesis

Ketoglutaric acid (1 g, 5.56 mmol) and diols (0.811 g, 5.56 mmol for 1,8 octanediol; 0.97 g,
5.56 mmol for 1,10 decanediol; and 1.124 g, 5.56 mmol for 1,12 dodecanediol) were mixed
at equimolar ratio in a round-bottom flask without any solvent. This mixture was stirred at
130°C for 48 h under nitrogen. The polymer thus generated was precipitated in methanol
solution. Methanol was then evaporated off using a rotary evaporator, and the polymers were
then dried under vacuum at room temperature for 48 h.

4.2| Microparticle synthesis and characterization

paKG polymers were utilized to generate microparticles using an oil-in-water emulsion
using solvent evaporation method. In order to generate microparticles, first, 50 mg of the
polymers were dissolved in 1 mL of dichloromethane (DCM). This solution was then added
to 10 mL of 2% polyvinyl alcohol (PVA) solution in DIH,0O and homogenized at 30,000 rpm
using a handheld homogenizer for 2 min. This emulsion was then added to 50 mL of 1%
PVA solution and stirred at 400 rpm for 3 h to remove DCM. The particles thus formed were
then washed 3 times by centrifuging at 2000 x Gs for 5 min (Eppendorf, Hauppauge, NY),
removing the supernatant, and resuspending in DIH,0. These particles were then freeze
dried and used for next experiments. Release kinetics of the metabolites was determined

by incubating 1 mg of the microparticles in 1 mL of phosphate buffered saline (PBS) and
placed on a rotator at 37°C. Next, triplicates of each release sample were centrifuged at 2000
x Gs for 5 min. After centrifugation, 800 pL of the supernatant was removed and placed

into a 1.5 mL tube (Eppendorf, Hauppauge, NY) and then replaced by 800 pL of new buffer.
The amount of metabolite released was then determined by developing a new method in

a high-performance liquid chromatograph (HPLC, Agilent Technologies, Santa Clara, CA).
Specifically, the mobile phase of 0.02 M H,SO4 in water was used. A 50 uL of injection
volume was utilized in a Hi-Plex H, 7.7 x 300 mm2, 8 um column. The flow rate of 1.2
mL/min was utilized and the absorbance was determined using a UV detector at 210 nm.
The area under the curve was determined using the ChemStation analysis software as per
manufacturer’s directions.

4.3 | Animals, wound model, and treatment

The Animal Care Committee of Arizona State University approved all animal studies
pertaining to wound healing. Equal numbers of male and female mice were used in
strict accordance with the Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health. 8-week-old BALB/c mice (strain code 028 — Charles River
Laboratories) were anesthetized with 120 mg/kg ketamine and 6 mg/kg xylazine by
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intraperitoneal injection prior to wounding. The dorsal surface was shaved with an electric
clipper and prepped using chlorhexidine gluconate and alcohol swabbing in series on the
surgical site. Five-millimeter biopsy punches (Integra Miltex, VWR) were used to create
middorsal full-thickness wounds by excising epidermis and dermis, including the panniculus
carnosus. Immediately after the surgery on day 0, the wounds were topically treated with 10
pL of PBS containing 1 mg of soluble aKG, 2 mg of paKG MPs, or no microparticle control.
A donut-shaped splint with an inner diameter of 6-mm prepared from a 0.5 mm-thick
silicone sheet (Grace Bio-Laboratories, Bend, OR) and covered on one side with Tegaderm
(3 M) was placed so that the wound was centered within the splint. An immediate-bonding
adhesive (Krazy Glue®; Elmer’s Inc.) was used to fix the splint to the skin followed by
interrupted 4-0 nylon sutures (Monosof™ monofilament nylon sutures, Medtronic) to ensure
position. In order to prevent contraction of the wounds, silicon splint was used allowing
wounds to heal through granulation and re-epithelialization. The mice were recovered on a
heating pad until fully mobile. The mice were housed individually to prevent splint removal.

4.4 Wound area image analysis

Each wound site was digitally photographed everyday post-wounding, and wound areas
were determined on photographs using ImageJ (NIH). Day 0 wound areas were considered
as 1 and all wound areas of subsequent days were normalized accordingly. Changes in
wound areas were expressed as the proportion of the initial wound areas. All wound area
measurements and plots are displayed as mean + standard error of mean (SEM) from six
independent experiments (7= 6). The data obtained for each day for each individual mouse
was normalized to day 0, then statistics was performed on the normalized data.

45| Ultimate tensile strength measurements

Rectangular sections of the skin around the wound area (20 x 0.5 mm?2, measured by calipers
after underlying fascia removal) were excised at days 10 post wounding. Skin samples were
stretched until failure at a rate of 2 mm/s using a TA. X7 Plus texture analyzer. Ultimate
tensile strength (UTS) was determined from the maximum force of the tissue prior to failure,
where the maximum force (F) and area of the tissue sample (A) determined the ultimate
tensile strength (o, kPa) of the sutured skin (o = F/A). The tensile strength of intact skin
(with no incision) was also tested for comparison. All tensile strengths are displayed as
mean + standard error of mean (SEM) from four independent experiments (7= 4). Tensile
strength recovery for skin samples were calculated as a difference between ultimate tensile
strength for each group after healing from native skin strength, with the difference then
converted to a percentage.

4.6 | H&E and picrosirius staining

Tissue slices were generated for wound area based on previous protocols,* and adapted for
skin tissue. Briefly, after euthanasia, the skin tissue around the wound bed was dissected
fixed in 4% paraformaldehyde, and paraffin embedded. These tissues were then precision
cut and mounted on microscope slides for H&E staining. Images of the tissue slices were
obtained using a Discover ECHO microscope (San Diego, CA).
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Picrosirius red stain was achieved by staining the 8 pm sections with 0.1% picrosirius

red (Direct Red80, Sigma—Aldrich) and counterstained with Weigert’s hematoxylin to
reveal fibrillar collagen. The images of the sections were then obtained by capturing the
polarizer oriented parallel and orthogonal to each other, which maintain the lamp brightness,
condenser opening, objective, zoom, exposure time, and gain parameters constant.

4.7| Statistical analysis

Data are expressed as mean + standard error. Comparison between two groups was
performed using Student’s t test (Microsoft, Excel). Comparisons between multiple
treatment groups were performed using one-way ANOVA, followed by Bonferroni multiple
comparisons, and p < .05 was considered statistically significant. Statistical tests were
performed using GraphPad Prism Software 6.0 (San Diego, CA).
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FIGURE 1.
Synthesis of paKG polymers. (A) Schematic for preparation of pakG polymers. (B) 1H

NMR of synthesized paKG polymers using CDClI3 as a solvent. (C) FT-IR spectrum for the
functional groups present on the polymers.
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FIGURE 2.

s | £ - G
7 s

paKG MPs facilitate faster wound closures in vitro and in vivo. (A) Release kinetics of aKG
was performed from the microparticles generated from different polymers (7= 3, avg + SD,
*p < .05 significance of 1,8-paKG MPs as compared to 1,10-paKG MPs and 1,12-paKG
MPs, Student’s T test). (B) Percentage closure of the wound (scratch assay in HaCaT human
keratinocyte cells in vitro) was quantified on day 4, which demonstrates that 1,10-paKG
MPs were able to decrease the wound area significantly higher than the PBS control (7=

4, avg £ SEM, *p < .05, One-way ANOVA). (C) In vivo study design. (D) Representative
images of the wound after treatment with 1,10-paKG microparticles demonstrate faster
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wound healing as compared to the other groups. (Note — the dark region represents scab and
closed wound in 1,10-paKG microparticles group) (7= 6, avg £ SEM, *p < .05).
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FIGURE 3.

Treatment with paKG MPs results in faster wound closure and higher ultimate tensile
strength (UTS). (A) The wound area (normalized to day 0) is shown, which demonstrates
that the 1,10-paKG microparticles close the wound within 10 days (7= 6, avg £ SEM, *p <
.05, significantly different than all other groups, One-way ANOVA). (B) The ultimate tensile
strength (UTS) and % strength as compared to the intact skin was found to be highest for
1,10-paKG microparticles and lowest for soluble akKG group on day 10 (7= 6, avg £ SEM,
*p <.05, significantly different than all other groups). (C) Picrosirius staining performed on
the skin tissue isolated from the wound bed demonstrated that the paKG MPs allowed for
deposition of collagen type I11 (green, dashed arrow) and collagen type | (red, solid arrow)
in the tissue (scale bar = 330 um, 7= 3 mice per group, 3 technical replicates). (D) H&E
performed on the skin tissue isolated from the wound bed demonstrated that the paKG MPs
decreased immune cell infiltration in the wound bed.
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