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Carbon monoxide (CO) has long been considered a toxic gas but is now a recognized bioactive gasotransmitter
with potent immunomodulatory effects. Although inhaled CO is currently under investigation for use in patients
with lung disease, this mode of administration can present clinical challenges. The capacity to deliver CO directly
and safely to the gastrointestinal (Gl) tract could transform the management of diseases affecting the Gl mucosa
such as inflammatory bowel disease or radiation injury. To address this unmet need, inspired by molecular gas-
tronomy techniques, we have developed a family of gas-entrapping materials (GEMs) for delivery of CO to the GI
tract. We show highly tunable and potent delivery of CO, achieving clinically relevant CO concentrations in vivo in
rodent and swine models. To support the potential range of applications of foam GEMs, we evaluated the system
in three distinct disease models. We show that a GEM containing CO dose-dependently reduced acetaminophen-
induced hepatocellular injury, dampened colitis-associated inflammation and oxidative tissue injury, and mitigated
radiation-induced gut epithelial damage in rodents. Collectively, foam GEMs have potential paradigm-shifting
implications for the safe therapeutic use of CO across a range of indications.

INTRODUCTION

Carbon monoxide (CO), an odorless and colorless gas, has long been
recognized as a silent killer because of its strong affinity to hemoglo-
bin (Hb). Carbon monoxide competitively displaces oxygen to form
carboxyhemoglobin (COHD), thereby decreasing the body’s oxygen-
carrying capacity. In general, if COHb reaches 50%, then it may
result in coma, convulsions, depressed respiration, and cardiovas-
cular status compromise or even fatal consequences. Conversely,
at lower concentrations, CO acts as a gasotransmitter with benefi-
cial properties akin to nitric oxide and hydrogen sulfide and has been
implicated in a range of diverse physiological and pathological
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processes. Carbon monoxide has well-established immunomodula-
tory effects exerted through the heme oxygenase-1 (Hmox1; HO-1)
pathway, which is implicated in adaptive cellular responses to stressful
stimuli and injury (I-5). Exogenous administration of CO has been
beneficial for the treatment of many diseases in preclinical models,
including cardiovascular disorders, sepsis and shock, acute lung,
kidney and liver injury, infection, and cancer (6).

Given the demonstrated preclinical benefit, therapeutic CO de-
livery by the inhalation route has been evaluated in clinical trials
(7, 8). Inhalational delivery, however, presents profound challenges
because of the variability in patient ventilation, environmental safety
concerns for patients and healthcare workers, and the need for large
amounts of compressed CO gas in cylinders that pose a health hazard
due to the potential for cylinder leak or rapid depressurization (9).
Therefore, other methods of administration have been developed
including CO-releasing molecules (CORMs) and COHb infusions
(10, 11). These alternatives are limited either because of toxicity of
transition metals or potency. An oral liquid with dissolved CO is
also being developed to deliver CO primarily through the stomach
and upper gastrointestinal (GI) tract, but the tunability of the for-
mulation is unclear (12). Delivery through the GI tract is particularly
promising because of the high diffusivity of CO across the epithelial
barrier of the stomach and intestines (12). Moreover, the potential
for local anti-inflammatory effects could enhance the application of
CO for diseases affecting the GI mucosa.

The discipline of molecular gastronomy has inspired delectable
gas-filled materials over the past 40 years (13). Chefs across the world,
including F. Adria, have used foams and meringues to capture unique
tastes and textures that appeal to the senses. Using whipping siphons,
hand blenders, and mixers, these culinary artists create a deluge of
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different froths including shaving cream-like billows or light delicate
aerated foams (9, 13). The techniques from molecular gastronomy
have seldom been translated for pharmacologic intent and provide
a unique opportunity to enable delivery of CO and other gasotrans-
mitters across the epithelium of the GI tract.

Here, inspired by molecular gastronomy, we present the devel-
opment and preclinical evaluation of gas-entrapping materials (GEMs)
for the delivery of CO through the GI tract. These simple systems
were designed using Food and Drug Administration (FDA)-classified
generally regarded as safe (GRAS) components to support rapid
clinical translation. We tested our formulations in three small animal
models associated with inflammation and oxidative stress—induced
tissue injury: acetaminophen (APAP)-induced acute liver injury,
experimental colitis, and radiation-induced proctitis (14-16).
We also selected models based on reported efficacy of inhaled CO
(17, 18). Foam GEMs delivered high therapeutic amounts of carbon
monoxide locally and systemically and reduced inflammation-
associated damage in each animal model. These foam GEMs offer
alternative modalities for the delivery of CO, enabling a spec-
trum of safe, effective, and potent delivery methods for enhanced
translatability.

A

RESULTS
Design and fabrication of GEMs
Pressurized vessels were used to physically entrap CO in GRAS
materials that can be easily administered to the GI tract through the
oral cavity or rectum (Fig. 1A). Specifically, whipping siphons were
adapted to generate robust foams and hydrogels (Fig. 1B and figs.
S1 and S2). The whipping siphons were rated for pressures near
500 psi, which provided a sufficiently large pressure range for oper-
ation. A custom-made high-pressure stirring reactor enabled the
creation of solid gas-filled materials (Fig. 1B and figs. S1 and S3) in
a process similar to that used for the candy, Pop Rocks. These pres-
surized vessels generated GEMs that can be rapidly dissolved based
on the GEM composition and diluent (figs. S2 and S3). In particular,
the solid GEMs rapidly dissolved in aqueous media, whereas the hydro-
gel GEMs used an EDTA solution to dissolve the ionic cross-linking.
These materials were then evaluated using gas chromatography
to quantify the amount of CO entrapped within the GEMs. The foam,
solid, and hydrogel GEMs encapsulated about 25 times more CO
than CO-enriched lactated Ringer’s (Fig. 1C) (19). Next, we evalu-
ated the peak COHb percentages after a single GI administration of
each GEM in mice; foam GEMs were given rectally, whereas the solid
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Fig. 1. GRAS materials for Gl delivery of CO. (A) Schematic depicting oral and rectal routes of administration for GEMs. (B) Macroscopic and microscopic images of three
GEMs, including foam GEMs, solid GEMS, and hydrogel GEMs. (C) Quantity of CO in each formulation compared to CO-enriched lactated Ringer’s solution (LR). (D) Maxi-
mum COHb achieved for each GEM administered through the Gl tract. The foam GEMs were rectally administered (5 g/kg), and the solid GEMs (5 g/kg) and hydrogel GEMs
(5 g/kg) were surgically placed in the stomach. The CO-enriched LR was administered via oral gavage (5 g/kg). The maximum COHb for solid GEMs was 30 min, hydrogel
GEM s at 45 min, and foam GEMs at 15 min. Data are means (n =3 mice per group). P values were determined by one-way ANOVA with multiple comparisons. NS, not

significant.
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and hydrogel GEMs were placed in the stomach through a laparotomy
at equivalent doses (5 g/kg). A single dose of these materials resulted
in higher peak COHb percentages than those previously reported for
GI formulations of CO (Fig. 1D and table S1) (10, 11, 17, 20-22).
The pharmacodynamics of the GEMs demonstrated different CO
exposures by each formulation (fig. S4). Given the maximum COHb
and ease of rectal administration of the foams, the foams were fur-
ther optimized and subsequently evaluated in experimental animal
models of disease.

CO delivery optimization from rectally administered foams

Excipient concentrations, dosing, and pressure within the whipping
siphon were evaluated to optimize CO delivery from foams. To
study these parameters, we assessed visual differences in the macro-
scopic and microscopic appearance of the foams, volumetric foam
stability, and CO release kinetics, as well as maximum COHb per-
centages in mice in vivo (Fig. 2 and figs. S4 to S6). Among the excip-
ients within the foams, xanthan gum was found to have the greatest
influence on foam stability (Fig. 2, A to C, and fig. S5). The higher
the xanthan gum concentration, the more stable the foam and the
more prolonged the COHb maxima; the 0.25 weight % (wt %) xanthan
gum formulation was the least stable and showed the fastest COHb
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Fig. 2. Foam GEMs enable tunable delivery of CO. (A) Photographs of foam sta-
bility in vitro at 0, 6, and 24 hours using different concentrations of xanthan gum
(XG). (B) Representative images of foam GEMs with different concentrations of xanthan
gum at 0, 6, and 24 hours. (C) Volumetric stability over 24 hours. (D) Pharmacodynamics
of a single dose of rectally administered foam GEMs in mice over 45 min. Three
foam GEMs with different concentrations of xanthan gum were evaluated and
demonstrated different pharmacodynamics profiles (n =5 mice per time point).
(E) Carboxyhemoglobin after rectal administration in mice. (F) Carboxyhemoglobin
as a function of canister pressure. Data are means (n = 3). P values were determined
by one-way ANOVA with multiple comparisons.
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peak among the different formulations tested (Fig. 2, C and D, and
fig. $6). Xanthan gum concentration had no influence on the amount of
CO encapsulation (fig. S7). The COHb percentages were found to
be directly correlated with dosing of the foams (Fig. 2E). Further-
more, the amount of CO encapsulated in the foam GEMs increased
with higher pressures within the whipping siphon (fig. S8). COHb
percentages correlated with increasing pressures in the whipping
siphon after a single rectal administration of equivalent dosing (5 g/kg;
Fig. 2F). Benefits of the foams are long shelf life and the ability to
formulate with other pharmaceutical agents (figs. S9 and S10). Last,
rectal dosing of foams over multiple dosing schedules spanning hours
and days show stability of COHb with no compounding effect ob-
served with these regimens (fig. S11).

We next evaluated the behavior of the foams under flow conditions.
The foams behaved similar to viscoelastic solids, with storage moduli
(G’) increasing with xanthan gum concentration and exceeding loss
moduli (G”) for all formulations (fig. S12A). In addition, all formu-
lations were highly shear thinning, indicative of their ease of deploy-
ment with spraying or injection (fig. S12, B and C). The 0.5 wt % xanthan
gum foam was able to rapidly alternate between flowable and solid-
like behavior at high and low shear strains, respectively (fig. S12D),
and was therefore chosen for further testing in small and large animals.

Characterization of local and systemic delivery of CO

in small and large animals

The pharmacokinetics of rectal administration of CO-GEMs (5 g/kg)
were characterized in both small and large animals (Fig. 3, A and B).
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Fig. 3. CO-GEMs achieve sustained, elevated COHb percentages in small and
large animals. (A) Schematic of rectal administration of foam to swine. (B) COHb
percentages in mice, rats, and swine after rectal foam GEM administration (n=3
animals per group). (C) Organ-specific concentrations of CO at 15 min after foam
administration intrarectally in mice (5 g/kg). Data are means (n =4 animals perarm,
with each sample evaluated in triplicate as represented by a circle, square, or triangle).
P values were determined by unpaired t test. LI, large intestine. SI, small intestine.
SM, skeletal muscle.

30f9



SCIENCE TRANSLATIONAL MEDICINE | RESEARCH ARTICLE

COHb percentages in mice and rats reached a maximum directly
after foam administration and rapidly decreased over 2 hours, par-
alleling the half-life observed with inhaled CO (23). Similarly, COHb
percentages increased in nonventilated-anesthetized pigs over 2 hours
after a single dose was administered intrarectally. Intestinal amounts
of CO were higher for rectal foams (5 g/kg) compared to inhaled
CO [250 parts per million (ppm) for 1 hour] (fig. S13).

Tissue amounts of CO were determined in mice that were rectally
administered foam GEMs (Fig. 3, B and C). Greater amounts of CO
were detected in multiple tissues 15 min after administration, par-
ticularly blood-filled organs that included the liver, heart, spleen,
lungs, and kidney. The small and large intestines were also found to
have higher CO amounts compared to naive controls.

Rectal delivery of foam GEM inhibits APAP-induced
hepatocellular injury

To characterize the efficacy of foam GEMs on dampening inflam-
matory responses in a disease model, we tested the foams in a well-
characterized APAP overdose model (18, 24). In this model, fasted
mice administered APAP intraperitoneally showed an expected
radical-mediated hepatocyte cell death and a rapid proinflammatory
response, resulting in acute liver failure. Mice were dosed with foam
GEMs 1 hour after APAP and then hourly for a total of three doses
(Fig. 4A). These animals were compared to control mice that re-
ceived air GEM or no treatment. Animals that received foam GEM
were found to have a dose-dependent reduction in hepatocellular
injury as measured by serum alanine aminotransferase (ALT) con-
centration compared to controls that received air GEM or no treat-
ment (Fig. 4A and fig. S14). Reduced ALT concentrations were
associated with less caspase 3 staining, and hematoxylin and eosin
(H&E) staining showed reduced apoptosis, liver necrosis, and con-
gestion compared to controls (Fig. 4). Liver from foam GEM-treated
mice appeared histologically normal compared to controls. Collec-
tively, these data demonstrate the protective effects of a foam GEM
in preventing APAP-induced centrilobular congestion, hepatocellular
degeneration, and coagulative necrosis.

Rectally administered foam GEMs protect against
experimental colitis

GEMs were next evaluated in the well-described experimental model
of dextran sodium sulfate (DSS)-induced colitis in mice. In this
model, mice were exposed to DSS for 3 days to induce colitis before
initiation of CO foam treatment. Animals were maintained on DSS-
containing water, and GEMs (air or CO) were administered once a day
for an additional 4 days. DSS water was then stopped, and daily
administration of foam GEM, air GEM, or no treatment was con-
tinued for an additional 3 days (Fig. 4B). Foam GEM-treated mice
showed reduced inflammation and tissue injury as evidenced by
inhibition of DSS-induced colonic length shortening and reduced
histological scores (Fig. 4B). Further analyses showed reduced crypt
injury, edema, and infiltration of polymorphonuclear neutrophils
seen by histological staining (Fig. 4B). Staining for 3-nitrotyrosine
(3NT) adduct as a marker of oxidative damage to proteins mediated
by peroxynitrite (ONOO™) and glutathione-adducted proteins,
common markers of oxidative stress, showed increased oxidation of
proteins in the large intestine in animals treated with air GEM or
DSS controls. This increase in expression of oxidative stress markers
was significantly suppressed in foam GEM-treated mice (Fig. 5)
(25, 26). In addition, analyses of the intestinal microbiome using
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16S sequencing showed increased presence of Romboutsia and
Muricomes spp. in CO-GEM-treated animals compared to controls
(fig. S15) and may represent a mechanism by which CO limits intes-
tinal injury and promote healing as reported by (27). These data
support the therapeutic benefits of CO in limiting tissue damage in
the colon after injury.

CO-GEMs reduce crypt injury in radiation-induced

proctitis model

The efficacy of CO-GEMs in dampening inflammation and tissue
damage was next evaluated in a radiation-induced proctitis model.
Rats were administered a single 18-Gy dose of radiation previously
shown to induce acute proctitis within 2 weeks (28). Doses of this
magnitude are routinely used for cancer therapy within the pelvis
for definitive or palliative intent (29, 30). Compared to air GEM and
no-treatment controls, CO-GEMs administered rectally before and
after radiation resulted in a reduction in intestinal crypt injury (Fig. 4C).
Moreover, there was a twofold increase in the number of normal crypts
in rats treated with CO-GEMs compared to both air-GEMs and no
treatment. Weight gain was similar among all groups (fig. S16).

DISCUSSION

The highly permeable nature of the GI tract epithelium allows for
rapid absorption of gases, thereby positioning it as an attractive de-
livery pathway for the therapeutic use of CO. However, the translation
of therapeutic gases from basic research into everyday treatments
has remained a challenge due to numerous safety and dosing con-
straints (31). To address this problem, we physically entrapped CO
gas in GRAS materials for delivery across the GI epithelium and
termed them as GEMs. The physical methods of entrapment were
inspired by existing technologies currently used in the culinary arts
(32). Because of their ease of use, the GEM systems may be adapted
to a variety of gasotransmitters, such as oxygen, nitric oxide, and
hydrogen sulfide, for various disease-related applications.

Here, we showed that administration of CO through foam, solid,
and hydrogel GEMs can deliver titratable amounts of CO locally and
systemically. We demonstrated that formulations enabling the ad-
ministration of CO through noninhaled routes are tunable and not
limited by delivery materials, toxicity, or potency. Our preclinical
results suggest that delivery of CO through these materials is dose
dependent and tunable and very amenable to rectal administration.
Our results confirm the benefits of CO in part through direct mod-
ulation of tissue free radicals and secondary oxidative species that
not only contribute to tissue injury but also elucidate a new poten-
tial mechanism involving effects on intestinal commensal bacteria,
including CO-induced increases in Romboutsia spp., a taxon known
to be decreased in patients with Crohn’s disease (33). Although
CO-specific global microbiome diversity changes were not detected,
alterations among select taxa may provide additional benefit of the
CO foams in DSS-induced colitis and is the focus of ongoing experi-
mentation. In addition, our systems are amenable to coadministra-
tion with other therapies to improve treatment efficacy, such as in
concert with powdered drug formulations.

Carbon monoxide has well-established cytoprotective effects first
identified through studies of HO-1, which is implicated in adaptive
cellular responses to stressful stimuli and injury (I1-5). Administra-
tion of CO can mimic the benefits of inducing HO-1 activity and thus
endogenous CO generation during heme catalysis. This enzymatic
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Fig. 4. Rectally administered GEMs reduce inflammation in vivo. (A) Schematic of experimental timeline. CO-GEMs (5 g/kg) was administered to mice at 1, 2, and
3 hours after injection of APAP (250 mg/kg, i.p.) to cause acute liver failure. ALT was assessed 24 hours after APAP. Controls included no treatment and air-GEM
(P <0.0001). Data represent means (n=15 to 17 per arm). P values were determined by one-way ANOVA with multiple comparisons. Histopathology of liver sections
showing hepatocyte cell death in controls (air-GEM, naive) as measured by activated caspase 3 and H&E staining compared to liver sections from mice treated with APAP
and CO-GEMs showed less activated caspase 3 and normal architecture. (B) In a model of DSS-induced experimental colitis, foam GEMs (5 g/kg) were administered to mice
beginning on day 3 after DSS treatment was started and then daily for 10 days. Colon length and histology scores of DSS-treated animals administered CO-GEMs were
compared to air-GEM and no treatment. H&E staining of liver tissue is shown below. Data represent means (n =10 per arm). P values were determined by one-way ANOVA
with multiple comparisons. (C) In a model of radiation-induced proctitis, rats were treated with CO-GEMs rectally 1 day prior (5 g/kg), within 1 hour before irradiation
(5 g/kg), and once daily for 8 days (5 g/kg) after exposure to 18 Gy of radiation directed to the rectum. H&E staining of rectal tissue depicts the quantity of normal intes-
tinal crypts in animals treated with CO-GEMs was compared to no-treatment and air-GEM-treated control rats. Data represent mean (n=7 per arm). P values were
determined by one-way ANOVA with multiple comparisons.

function of HO-1 naturally produces CO endogenously that regu-
lates a variety of intra- and extracellular cytoprotective and homeo-
static effects (6, 34). Although CO has been shown to be beneficial for
multiple disease states, it may be particularly well suited for use in
regulating GI inflammation because the dense capillary network of
the intestinal mucosa allows for rapid, direct delivery and uptake of
CO for remote organ effects such as the liver (35). In addition, HO-1
has been shown to play a key role in modulating intestinal inflam-
mation and innate immunity, and activation of this pathway through
delivery of CO has already demonstrated benefit in the treatment of
intestinal disease in animal models of colitis (17, 36). Because of our
ability to locally deliver CO, our GEMs could expand treatment op-
tions for other inflammatory pathologies of the GI tract that involve
chronic oxidative stress and tissue damage, such as inflammatory
bowel diseases, radiation-induced injury, colon cancer, and gastroparesis
(37-40). Moreover, GI administration per os or per rectum can provide
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simpler and potentially more effective modalities of administering
CO for the management of non-GI disorders given the high diffusivity
of CO. Ingestion of CORMs or CO-saturated solutions have been shown
to effectively treat sickle cell anemia, ischemia-reperfusion injury of
the kidney, and prevention of gastric ulcer formation (12, 41-44). The
challenges associated with these treatment strategies are potency
and safety.

Although we achieved improvement in multiple small animal
models of inflammation-mediated disease with these GEMs, the
efficacy of these materials may be further improved by manipulating
the materials to increase CO content or expand the utility of this
approach with other gases such as nitric oxide or hydrogen sulfide.
The pressure in the whipping siphons used to create foam and hydro-
gel GEMs was less than half of the pressure rating. Thus, increasing
the pressure may further enhance entrapment of CO, thereby maxi-
mizing loading efficiency and reducing the volume of material
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determined by unpaired t test.

needed to be delivered to achieve a therapeutic benefit. Alternative
materials beyond those tested here may enhance the volume fraction
of the gas, which would also reduce the total dosing volume. Although
rectal delivery of the foams was evaluated, oral delivery of the foam,
solid, and hydrogel GEMs may increase the translatability of the
materials given the ease and comfort associated with oral adminis-
tration. Moreover, the materials enable tunable release of CO that
could broaden the number of disease indications for which GEMs
may be effective.

Further research is required to better understand the safety and
tolerability of GI delivery of CO. The FDA placed a maximum safe
COHD of 14% for inhalational CO; however, it is possible that GI
delivery may enable a different therapeutic index for CO delivery
based on differing pharmacodynamics and pharmacokinetics (10).
There are reports that route of administration leads to marked dif-
ferences in toxicology. Insufflation of the abdomen of dogs with CO
to achieve COHb percentages comparable to CO administered by
inhalation showed no toxicity as otherwise seen in dogs that inhaled
CO (45). This strongly supports investigating alternative modes and
routes of CO administration. Understanding person-to-person vari-
ability of COHb achieved between delivery modalities will be important
to ensure patient safety and to maximize therapeutic benefit (31).
Last, toxicity evaluation of the different materials and CO release
kinetics will help determine safe formulation candidates to advance
clinically.

For clinical translation of the GEMs, testing of these materials in
large animal disease models will help determine the effectiveness in
animals that more closely approximate the human condition. Our
swine data confirm similar pharmacokinetics and feasibility for fur-
ther translation into humans. Upon successful GEM optimization
as a means to dampen the inflammatory response in large animal
models, we will next evaluate these materials in healthy individuals
to determine appropriate dosing, safety, and stability. Manufac-
turing of individual delivery devices that are recyclable and scalable
will be required to facilitate safe handling for use in hospitals,
clinics, in the field in ambulances, and helicopters as well as for
in-home use.
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Given the broad therapeutic benefits of CO, the GEMs described
may be adopted for not only many different clinical applications,
particularly inflammation-mediated GI conditions, but also patholo-
gies as diverse as cancer, ileus, trauma, and organ transplant, among
others (10). Furthermore, these materials could be extended to con-
comitant delivery of other pharmacologic agents for synergistic
benefit, such as analgesics or antibiotics. In summary, our innovative
approach using safe materials will offer modalities for the adminis-
tration of therapeutic gases and treatment of acute and chronic
inflammatory disorders.

MATERIALS AND METHODS

Study design

The overall goal of this work was to develop a simple, translational
method for delivery of CO through the GI tract and to test in models
of acute inflammation. We generated the GEMs using pressurized
systems and assessed the pharmacodynamics and pharmacokinetics
of these materials in normal healthy mice, rats, and swine (n = 3 to
5 mice per group). Upon identifying the COHb from GEMs, we
selected a single GEM and tested the impact of CO exposure through
GI administration of the GEM on liver injury in a mouse model of
APAP overdose (n = 15 to 17 mice per arm), colitis in a chemical-
induced mouse colitis model (n = 10 mice per arm), and rectal injury
in a radiation proctitis rat model (# = 7 rats per arm). Investigators
and animal technicians were not blinded to arms of the study. The
pathologist was blinded before and during histological analysis. No
animals were excluded from analysis. Each study was replicated two
to four times, and the data described here are biological replicates of
a single study.

Formulation development

To generate the foam GEMs, a prefoam solution was created by dis-
solving 0.5 wt % xanthan gum (Modernist Pantry), 0.8 wt % methyl-
cellulose (Modernist Pantry), and 1.0 wt % maltodextrin (Sigma-Aldrich)
in 1x phosphate-buffered saline (PBS) and heating to 100°C while
stirring at 700 rotations per minute. The solution was cooled to
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room temperature and placed under vacuum to degas for 12 hours.
The solution was then placed into a modified iSi 1 Pint 100 stainless
steel whipping siphon with a custom-made aluminum connector to
enable pressurization with any gas cylinder, including carbon mon-
oxide and room air. The aluminum connector was fabricated using
alathe to cut the part to size, and threads were created using an M22
tap and % NPT die (fig. S1). The whipping siphon was purged with
carbon monoxide before pressurizing up to 200 psi with 99.3% car-
bon monoxide (Airgas). The whipping siphon was then shaken for
30 s before use and actuated into a syringe.

The hydrogel GEMs were generated using a prefoam solution
consisting of 1.0 wt % alginate (Sigma-Aldrich), 0.25 wt % xanthan
gum, 0.8 wt % methylcellulose, and 1.0 wt % maltodextrin dissolved
in 1x PBS and heated to 100°C. The cooled prefoam solution was
degassed for 12 hours and then placed into the modified whipping
siphon. The hydrogels were cross-linked by actuating the foam into
100 mM calcium chloride (Sigma-Aldrich) solution and subse-
quently removed.

The solid GEMs were formulated using a custom-fabricated high-
pressure stirring reactor. A sugar solution was generated by dissolving
42.6 wt % sucrose, 42.6 wt % lactose, and 15.2 wt % corn syrup in
water and heated to 132°C while stirring. The viscous sugar solution
was placed in the high-pressure reactor heated to 135°C, the vessel
was closed, and the pressure was increased to 600 psi of 99.3%
CO. The system was stirred at 750 rotations per minute for 5 min.
Subsequently, the pressure was increased to 650 psi, and the vessel
rapidly cooled using ice water and allowed to sit for 30 min. The
solid GEMs were removed and stored with a desiccant at room
temperature.

Material characterization

The materials were initially characterized macroscopically and
microscopically. Bubbles in the foam and hydrogel GEMs were
studied using an EVOS microscope at x10 magnification. The solid
GEMs were cut using a razor blade and visualized using a Hitachi
FlexSEM 1000 II scanning electron microscope. Bubble size distri-
bution was assessed on the foams by placement of 1 ml of foam in a
24-well plate and performing serial microscopy at designated times
to assess the bubble size. Furthermore, foam volumetric stability
studies involved placement of 100 ml of foam into a 250-ml grad-
uated cylinder, which were maintained in a humidified chamber at
37°C. The foam volume and liquid volume fractions were recorded
after visual inspection at designated times.

CO quantification in the materials was performed using an Agilent
gas chromatography-thermal conductivity detector (GC-TCD). Samples
were evaluated in borosilicate glass GC vials that underwent three
vacuum-nitrogen purge cycles before use. Foam samples were placed
in vials after vacuum-nitrogen purge cycles and allowed to shake at
37°C for 24 hours to release CO completely. Solid GEMs were placed
in vials before vacuum-nitrogen purge cycles, and 1 ml of deionized
water was added to dissolve the solid GEMs; hydrogel GEMs were
placed in vials before vacuum-nitrogen purge cycles, and 1 ml of
0.5 M EDTA solution was added to dissolve the hydrogels. The
samples were subsequently run in triplicate on the GC-TCD. Cali-
bration curves were generated using the same 99.3% CO cylinders
used to generate each GEM.

Rheology measurements were performed on a TA Instruments
DHR-3 Rheometer using 40-mm parallel plates. All measurements
were conducted at 37°C with data averaged over three samples.
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Frequency sweeps were conducted at 1% strain, and amplitude
sweeps at 10 rad/s.

Animal studies

All procedures were approved by the Committee on Animal Care
at MIT (protocol no. 0519-023-22, radiation protection), by the
Institution Animal Care and Use Committee at BIDMC [protocol
no. 106-2015 (APAP) and protocol no. 068-2015 (DSS colitis)], and
by the Institution Animal Care and Use Committee at the University
of Iowa (protocol no. 1092429-008, therapeutic foams), before initia-
tion and all procedures described here, conform to the committee’s
regulatory standards. The mice used in this study were 7- to
8-week-old male CD-1 or C57BL6/] mice, and rats were 8-week-old
female Sprague-Dawley rats. Experiments were conducted at MIT
Koch Institute animal facilities and BIDMC after at least 72 hours
(rodents) and 7 days (swine) of acclimation. The swine used in this
study were healthy female Yorkshire pigs between 65 and 80 kg.
Animals were exposed to a 12-hour light/dark cycle and received
food and water ad libitum through the studies, except when desig-
nated for experiments.

Evaluation of pharmacokinetics of CO

Isoflurane-anesthetized mice and rats were rectally administered
foams through a 5-ml syringe attached to polyethylene tubing
(1.2 mm in optical diameter) with tubing inserted ~1.5 cm. In addi-
tion, isoflurane-anesthetized swine were rectally administered foams
through an inflated Electroplast SA pediatric rectal tube inserted
5 cm. In mice, blood was obtained from a lethal cardiac puncture
under anesthesia; in rats, blood was obtained via tail vein; and in
swine, blood was obtained from a central line accessing a jugular
vein. All blood was placed into 1-ml BD syringes filled with 100 U
of heparin and run on ABL80 FLEX CO-OX blood gas analyzer. For
assessment of solid and hydrogel GEMs, isoflurane-anesthetized
mice underwent a laparotomy with gastric incision for direct place-
ment of preweighed materials (5 g/kg) into the stomach. Animals
underwent a cardiac puncture at 15 min after direct placement of
solid and hydrogel GEMs, and blood was collected in 1-ml syringes
filled with 100 U of heparin and run on the ABL80 FLEX CO-OX
blood gas analyzer. Heparinized blood and tissues were collected
and frozen in liquid nitrogen for analysis.

Methods for CO extraction and quantification from tissues fol-
lowed previously established methods (46, 47). The quantity of CO
extracted from the blood and tissue samples was measured using a
reducing compound photometer GC system (GC Reducing Compound
Photometer, Peak Performer 1, Peak Laboratories LLC). A certified
calibration gas (1.02 ppm CO balanced with nitrogen) was purchased
from Airgas and used to generate a daily standard curve before experi-
ments. Amber borosilicate glass chromatography vials (2 ml) with gas-
tight silicone septa were used for all experiments and were purged
of CO using a custom catalytic converter before the addition of cali-
bration gas or samples. The vial headspace was flushed with CO-
free carrier gas into the gas chromatography system via a custom-made
double-needle assembly attached to the front of the instrument.

Frozen aliquots of heparinized whole blood stored in sealed cryo-
vials were thawed, and 1 pl was injected into a purged amber chro-
matography vial along with 20 ul of K3Fe(CN)¢ using gas-tight
syringes attached to repeating dispensers (Hamilton). The contents
in the vial were mixed thoroughly and stored on ice for a minimum
of 15 min before CO analysis. Blood CO quantitation was reported
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as VolCO, the amount of CO (in milliliters) bound to 100 ml of whole
blood. Hb concentration (in grams per deciliter) was determined
with the cyanmethemoglobin method using Drabkin’s reagent (RICCA
Chemical Company, Arlington, TX). A standard curve was generated
using a commercially available Hb standard (Pointe Specific H7506STD,
Canton, MI). The VolCO and Hb concentration values were used to
calculate the COHDb using the following equation: COHb (% sat) =
[(Vol)CO x 100%/([Hb] x 1.34)]. Mouse tissues were rinsed gently
of external blood with chilled KH,PO, buffer (pH 7.4) and placed
into 50-ml conical tubes. Tissues were diluted to 10% (w/w) with
water. With the tube submerged in ice, the tissue was diced with
surgical scissors then homogenized using the Ultra-Turrax T8
grinder (IKA Works Inc., Wilmington, NC) for six to eight 1-s pulses,
followed by 8 to 10 1-s pulses from an ultrasonic cell disruptor
(Branson, Danbury, CT). Once completely homogenized, 10 ul of
tissue homogenate and 20 pl of 20% sulfosalicylic acid were injected
into the purged 2-ml amber vials with a gas-tight syringe connected
to a repeating dispenser. Once injected, vials were treated as de-
scribed above. CO values were reported as CO (in picomol) per mil-
ligram wet weight tissue.

Efficacy studies

APAP overdose mouse model

Male CD-1 mice (Charles River Laboratories) were fasted for 18 hours
to deplete hepatocytic glutathione concentrations and then subse-
quently intraperitoneally injected with APAP (Sigma-Aldrich) at
250 mg/kg (18). The mice were randomized into the different con-
ditions (n = 15 to 17 per arm), including experimental (CO foam
rectally administered at 5.0, 2.5, 1.0, and 0.5 g/kg) and controls
(room air control foam rectally administered at 5 g/kg and no treat-
ment). One hour after the intraperitoneal dose of APAP, mice un-
der isoflurane were treated every hour for 3 hours with CO foam,
room air control foam, or no treatment. The mice were euthanized
24 hours after the intraperitoneal injection, and serum and livers
were collected for evaluation. ALT analysis was performed using a
Catalyst DX from IDEXX. The tissues were subsequently formalin-
fixed, processed, H&E-stained, and immunohistochemically stained
for caspase 3.

DsS colitis

Male C57BL/6 mice (Taconic Biosciences) were randomized into
the different conditions (n = 10 per arm), including experimental
(foam GEMs rectally administered at 5 g/kg) and controls (room air
control foam rectally administered at 5 g/kg and no treatment).
Mice were administered 3 wt % DSS water continuously on days 1
to 7. Starting on day 3, the mice were rectally administered CO
foam, room air control foam, or no treatment under isoflurane.
Mice were weighed daily before treatment and assessed for signs of
morbidity. If there was greater than 20% weight loss, then the mice
were euthanized, and the large intestines were collected and mea-
sured. The tissues were subsequently formalin-fixed, processed, and
H&E-stained. H&E sections were scored in a blinded fashion.
Radiation-induced proctitis

Sprague-Dawley rats (Charles River Laboratories) were randomized
into CO foam, room air control foam, and no treatment (n = 7 per
arm). One day before irradiation, the rats were anesthetized using 1
to 3% isoflurane and administered rectal foams (5 g/kg). Within
1 hour before irradiation, the rats were rectally administered a dose
of foam (5 g/kg). For irradiation, rats were anesthetized using 1 to
3% isoflurane with room air and monitored using pulse oximetry.
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Rats were exposed to 18 Gy directed to the rectum from a single
x-ray radiation source from an X-RAD 320. The rats were then rectally
administered CO foam, air control foam, or no treatment under
isoflurane daily up until euthanasia. After completion of radiation,
the animals were evaluated twice daily. Any animal that exhibited
signs of morbidity or weight loss was administered buprenorphine.
The animals were euthanized 9 days after completion of radiation,
and tissue was formalin-fixed, processed, and H&E-stained. Out-
come measures were defined as an extent of radiation-induced rec-

tal injury defined as crypt injury.

Statistical analyses

Data are expressed as means + SD. Graphs were created with
GraphPad Prism software. All analyses were done using SAS v9.3.
Analysis of variance (ANOVA) methods were used for multiple
comparisons of continuous values between three and more groups.
Unpaired ¢ tests were used to analyze two groups. Unadjusted P values
were reported for pairwise comparisons when an overall difference
was detected. To compare the mass of CO per mass of material be-
tween different materials, ANOVA tests were used, and exact nominal
P values were reported, and P < 0.05 was considered significant.
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Abstract

One-sentence summary: CO gas—entrapping foam dampens inflammation in rodent models of acute liver
injury, experimental colitis, and proctitis.

Editor’s Summary:
COoking with gas

Low concentrations of carbon monoxide (CO) have shown therapeutic benefit in preclinical models, but safe
delivery of appropriate dose has been challenging to achieve. Here, inspired by molecular gastronomy, Byrne et al.
designed gas-entrapping materials (GEMs) using components generally recognized as safe, including xanthan
gum, methylcellulose, maltodextrin, and corn syrup. Solid, hydrogel, and foam GEMs containing CO could
deliver different concentrations of the gas to healthy rodents and pigs through noninhaled routes. In rodent
models of colitis, acetaminophen overdose, and radiation-induced proctitis, rectally administered foam GEMs
reduced tissue injury and inflammation. Foam GEMs could help achieve safe therapeutic CO delivery.
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