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ABSTRACT: Carbon monoxide (CO), an endogenous signaling molecule, is known to exert a range of pharmacological effects,
including anti-inflammation, organ protection, and antimetastasis in various animal models. We have previously shown the ability of
organic prodrugs to deliver CO systemically through oral administration. As part of our efforts for the further development of these
prodrugs, we are interested in minimizing the potential negative impact of the “carrier” portion of the prodrug. Along this line, we
have previously published our work on using benign “carriers” and physically trapping the “carrier” portion in the gastrointestinal
(GI) tract. We herein report our feasibility studies on using immobilized organic CO prodrugs for oral CO delivery while minimizing
systemic exposure to the prodrug and the “carrier portion.” In doing so, we immobilize a CO prodrug to silica microparticles, which
are generally recognized as safe by the US FDA and known to provide large surface areas for loading and water accessibility. The
latter point is essential for the hydrophobicity-driven activation of the CO prodrug. Amidation-based conjugation with silica is shown
to provide 0.2 mmol/g loading degree, effective prodrug activation in buffer with comparable kinetics as the parent prodrug, and
stable tethering to prevent detachment. One representative silica conjugate, SICO-101, is shown to exhibit anti-inflammation activity
in LPS-challenged RAW264.7 cells and to deliver CO systemically in mice through oral administration and GI CO release. We
envision this strategy as a general approach for oral CO delivery to treat systemic and GI-specific inflammatory conditions.
KEYWORDS: carbon monoxide, silica gel immobilization, CO prodrug, anti-inflammation, gaseous signaling molecule, oral administration

Carbon monoxide (CO) is well-known as a “silent killer”
among the general population due to its lethal toxicity at

high concentrations. However, the past two decades have
witnessed intensive studies in revealing the physiological roles,
therapeutic activities, mechanism(s) of action, and innovative
delivery approaches of CO.1−5 The prospect of developing CO
into a therapeutic agent for treating various diseases is on the
horizon.6 Compared to conventional small-molecule drugs,
delivering such a gaseous molecule for therapeutic use poses
unique challenges. To deliver CO, inhalation has been used in
animal studies and human clinical trials.6 However, effective
inhalation delivery is highly dependent on individual
respiratory functions, requires special hospital equipment to
control the dosage, and presents safety issues to patients and
healthcare workers.7 Furthermore, evidence from animal-
model studies shows that nonairway routes, such as gastro-
intestinal (GI) administration, are expected to have more
desirable safety profiles than inhaled CO.8,9 The development
of nonairway CO-delivery approaches has attracted increasing
interest in work on CO in solution,10 foam formulation of
gaseous CO,11 and small-molecule CO donors including
metal−carbonyl complexes (termed CO-releasing molecules
or CORMs),2,9 photoactivated metal-12,13 and organic-
based14−19 CO donors, and organic CO prodrugs capable of
CO release under physiological conditions,20−23 which allows
dosing CO through oral or injection administration. Meinel
and colleagues developed a binary microreactor in tablet form

that could be a general formulation for certain types of CO
delivery.24,25 For example, CORM-2 is a Ru(II)-carbonyl
complex and has been found to possess issues of incertitude in
CO release26 and CO-independent reactivity and activ-
ities.26−28 However, when CORM-2 was coated with sodium
dithionate in this binary microreactor, the incorporation of this
“triggering” agent into the tablet led to improved consistency
in CO release.24

Among the organic CO prodrugs we have developed, the
most studied class relies on cheletropic extrusion of carbon
monoxide from a norbornadiene-7-one moiety for CO
release20,22,29−33 under physiological conditions. These pro-
drugs have demonstrated efficacy in animal models of kidney
injury, gastric injury, liver injury, and general inflammation. As
is true with any prodrug strategy, there is the need to minimize
the unintended effects from the “carrier” portion of a prodrug.
We desire the same in the further development of CO
prodrugs. Along this line, we have worked on preparing
prodrugs using benign carriers such as artificial sweeteners
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saccharine and acesulfame34 and innovative formulations,
which allowed for physical trapping of the “carrier” portion
in a solid-phase matrix such as activated charcoal.35 In this
study, we focus on assessing the feasibility of a third approach
by immobilizing an organic CO prodrug to a solid-phase
matrix with the hope that (1) the solid-phase matrix is known
to be benign and is not absorbed into the systemic circulation;
(2) after immobilization, the CO extrusion reaction still occurs
at a comparable rate as the parent prodrug in solution; (3) the
conjugation chemistry offers the kind of stability so that the
“carrier” portion remains tethered after CO release; and (4)
the immobilized prodrug offers comparable CO bioavailability,
as measured by the carboxyhemoglobin (COHb) level, as the
prodrug itself.
To address the first issue, we considered various options and

settled on silica gel for the feasibility studies. Amorphous silica
gel is a biocompatible and generally benign material that has
been widely used as a drug excipient and food additive.36

Depending on the size, there are mainly two types of silica for
use as drug delivery vehicles for dosing via various routes: silica
nanoparticles and microparticles (in the μm size range). Silica
nanoparticles are known to be cell permeable37,38 and are not
desirable for the intended applications. On the other hand,
silica microparticles, either synthesized or obtained from
natural biosilica such as silica diatoms, have been studied in
encapsulating probiotic bacteria or drugs for oral delivery.37

Silica microparticle encapsulation offers gastro-retention and
gastro-resistance, allowing for local action in the GI tract and
shielding the loaded drug from the severe gastric environment
or, conversely, protecting the gastric mucus against drug
irritation.37 As for our applications, silica gel offers thermal
stability, chemical inertness, biocompatibility, and large water-
accessible surface areas,39 which are critical for the hydro-
phobicity-driven activation of our Diels−Alder reaction-based
CO prodrugs (Figure 1).32 For additional considerations, we

chose to use spherical silica gel instead of irregular silica gel to
facilitate oral administration via gavage and to minimize
potential irritation. Further, we chose the particle size of 20−
45 μm to allow for easy passage through a 20- or 18-gauge
gavage needle as a suspension in 3% carboxymethylcellulose
(CMC). An additional consideration is to prevent the
absorption of the particles and consequently the immobilized
compounds by staying far above the 5 μm particle size, which
is reported to be the threshold for absorption by the small
intestine.40

CO prodrug BW-CO-10332 (Figure 1) was selected as the
CO donor for immobilization to silica gel, owing to its modest
CO release kinetics (half-life of about 1.2 h)41 and available
chemistry for tethering to silica gel. As illustrated in Scheme 1,
bromobutyne was substituted with aminopropyl triethoxysilane
(APTES) or aminopropyl diisopropylsilane (APDIPS) to

introduce a linker. Two types of silane linkers were used to
evaluate the influence of conjugation chemistry on CO loading
degree. In addition, due to the instability of the triethylox-
ysilane moiety to moisture during purification, we could not
separate the amine 1a with flash column chromatography. On
the other hand, with diisopropyl substitution to shield the
silanol group,42 1b was more stable and easier to separate by
column chromatography. Due to the spontaneous CO release
of the alkyne-derived cyclopentadienone through intramolec-
ular Diels−Alder reaction, the formation of such “armed” CO-
releasing moiety was designed as the last step. As such, the
diketone intermediate 3 was synthesized and loaded on silica
gel by heating in toluene according to a literature procedure.43

After loading, intermediates 4a and 4b were reacted with
acenaphthoquinone through an aldol condensation reaction to
get the “armed” immobilized CO prodrugs SICO-101 and
-102 as purple solid (Figure 2A, Figure S1). To assess the
relationship between surface area and CO loading degree, two
types of silica gels with different porosity and thus different
surface areas (Table 1) were used to conjugate with
intermediate 3b to form SICO-102-I and SICO-102-II.
Immobilization of the CO prodrug was confirmed with solid-
phase magic-angle NMR (MAS NMR), which showed
aromatic and aliphatic proton and carbon signals (Figure S2).
The immobilized prodrugs were first assessed for their

loading degree and CO release. It is well-defined that CO
release from the CO prodrugs through intramolecular Diels−
Alder reaction is facilitated by hydrophobic force in an aqueous
environment32 and by increasing reaction temperature.
Further, solvent (water) infiltration into silica gel can also be
driven by increasing the temperature.44 Therefore, to achieve
complete CO release for loading degree determination, SICO-
101 and SICO-102 were incubated at 65 °C overnight in PBS
in a headspace vial (Table 1). Among the three SICOs, SICO-
102-I showed the highest overall CO loading degree of 0.2
mmol/g; as expected, SICO-102-II with less surface area also
resulted in a much-decreased CO loading degree, indicating an
expected correlation between surface area and CO loading
degree. However, when evaluating the CO release profile of
these SICOs under physiological conditions (37 °C), SICO-
102-I was found to release a maximum of only 54% of the
overall CO load, resulting in a bona fide CO loading degree of
0.1 mmol/g. On the other hand, SICO-101 released 77% of
the loaded CO within 6 h, giving a slightly higher bona fide
CO loading degree (0.13 mmol/g) under near-physiological
conditions. Presumably, compared to APTES, APDIPS may
increase the hydrophobicity of the loaded silica gel, rendering
it less water-accessible42 for prodrug activation, especially for
the CO prodrug buried inside the silica cavity. Studies of CO-
release kinetics (Figure 2B) showed that immobilization
through an APTES linker led to CO-release kinetics (t1/2 of
about 1.3 h) comparable to that of the parental CO prodrug
BW-CO-103, indicating the water-accessible nature of the
conjugated prodrug. Such properties meet our expectation of
maintaining similar CO release kinetics after immobilization.
Since BW-CO-103 suffers from low water solubility and
requires a cosolvent such as DMSO or a solubilizer such as
Kolliphor HS15 for solubilization for in vitro32 and in vivo
studies,45 silica gel immobilization allows for resolution of this
solubility issue and yet provides water-accessible surface
features to facilitate CO release due to the hydrophilic surface
silanol groups.46 Interestingly, SICO-102 with an APDIPS
linker led to a slower CO release compared to the parent CO

Figure 1. An organic CO prodrug that depends on hydrophobicity-
driven Diels−Alder reaction for activation.

Molecular Pharmaceutics pubs.acs.org/molecularpharmaceutics Communication

https://doi.org/10.1021/acs.molpharmaceut.2c01104
Mol. Pharmaceutics XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.2c01104/suppl_file/mp2c01104_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.2c01104/suppl_file/mp2c01104_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c01104?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c01104?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c01104?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.molpharmaceut.2c01104?fig=fig1&ref=pdf
pubs.acs.org/molecularpharmaceutics?ref=pdf
https://doi.org/10.1021/acs.molpharmaceut.2c01104?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


prodrug BW-CO-103, with a half-life of about 2 h in general,
presumably due to the increased hydrophobicity of the
diisopropyl-decorated silica surface.42 CO release from
SICO-101 was also verified by a widely used myoglobin
assay4 (Figure 2C). It should be noted that since only CO is
released to the myoglobin assay solution and the chromogenic
CO prodrug posed no interference to the spectroscopic
measurements, such an assay was done by directly incubating
SICO-101 with a myoglobin solution without the need for a
two-compartment assay as we did for BW-CO-103.32 In
addition, a preliminary shelf life evaluation showed SICO-101
being stable at −20 °C for a month without a significant

decrease in CO release yield (Table S2). However, prolonged
storage at room temperature or elevated temperature did
compromise the CO release yield and should be avoided.
With confirmed CO release yield and kinetics in a

biologically relevant medium, SICO-101 was chosen for
further biological evaluation. CO is well-known to exert anti-
inflammatory activity both in vitro and in vivo.47 Liposaccharide
(LPS)-induced release of TNF-α from RAW264.7 cells has
been extensively used as an in vitro model to evaluate the anti-
inflammatory activity of CO prodrugs and CO gas.32,34

Therefore, we sought to test the anti-inflammatory activity of
SICO-101 and the corresponding CO-released byproduct

Scheme 1. Synthesis of Silica-Immobilized CO Prodrugsa

aReagents and conditions: (i) ACN, reflux; (ii) pyridine, DCM, 0 °C−rt; (iii) compound 1, TMS-Cl, toluene, 90 °C; (iv) compound 3, toluene, 90
°C heating in sealed tube for 36 h; (v) acenaphthoquinone, TEA, DMF, 45 °C, 1.5 h; then Ac2O, H2SO4, 0 °C, 30 min; (vi) DI water or buffer,
37−65 °C, 12 h.

Figure 2. (A) Microscopic morphology of SICO-101 (scale bar: 50 μm); (B) CO release kinetics of SICOs (nonlinear regression of the data is
shown as the solid trace); (C) myoglobin assay showing characteristic Q-band absorption of carboxymyoglobin after incubation with SICO-101 at
37 °C for 1 h.

Table 1. CO Release Profiles of Silica Gel-Immobilized CO Prodrugs

silica gel specification

compound ID size (μm)
porosity
(Å) surface area (m2/kg) loading degree of CO (mmol/g)a max. CO release % at 37 °C CO release t1/2 at 37 °C (h)

SICO-101 20−45 70 450−550 0.17 (0.13) 77% 1.3
SICO-102-I 20−45 70 450−550 0.20 (0.10) 54% 2.3
SICO-102-II 20−45 100 270 0.08 (0.06) 75% 2.8
aResults in the parentheses denote the bona fide CO loading degree achieved at 37 °C.
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SICP-101 by an ELISA assay (Figure 3). To avoid potential
interference by silica gel particles, we physically separated the

RAW264.7 cells from the silica gel in the culturing medium by
using Transwell cell culture inserts, as CO released in the
culture medium can readily diffuse to the cells in the upper
compartment. In this two-chambered system, CO is released
into the cell-culture medium and offers an enhanced level of
diffusion and exchange with the surrounding air. To mitigate
this, we used a higher dose (about 2.1 mM in total) than what
we normally use for a nonimmobilized prodrug. It should be
noted that the total CO prodrug concentration does not
represent the available CO concentration at a given moment,
as we have demonstrated in other studies.48 As shown in
Figure 3, in the chronic LPS-challenge assay, LPS significantly
induced TNF-α expression in the RAW264.7 cell culture after
12 h. Co-incubation with 4−16 mg/mL SICO-101 signifi-
cantly reduced TNF-α expression levels, indicating the anti-
inflammatory effects of CO generated by SICO-101. Mean-
while, cell viability was not significantly affected by SICO-101
or SICP-101 (Figure S3).
The goal of developing such a silica gel-immobilized CO

prodrug is to enable oral delivery of CO to achieve effective
systemic availability. Such an administration route would

require SICO-101 to release CO under the acidic conditions
of the gastric fluid. By using a simulated gastric fluid (SGF, pH
1.2), CO release was confirmed with a slight decrease in half-
life, and a bona fide CO-release yield (76%) in the SGF
(Figure 4A) similar to that in PBS. Such fast CO release under
acidic conditions was also seen with another Diels−Alder
reaction-based CO prodrug, BW-CO-111.49 Moreover, since
the byproduct after CO release is fluorescent, it allows for easy
quantification of the potential detachment of the CO prodrug
and the byproduct after CO release. Fluorescence spectropho-
tometer analysis of the SGF, SIF, and PBS after CO release
from SICO-101 did not detect a meaningful quantity (less
than 0.1%) of the fluorescent release product (Figure S4 and
Table S1), indicating the stable nature of immobilization for
both the CO prodrug and CO-released byproduct.
Lastly, we verified the ability of SICO-101 to deliver

systemically available CO through oral administration. SICO-
101 was mixed with 3% CMC aqueous solution as a slurry that
can readily pass through the 18-gauge gavage needle. This
CMC formulation was given to mice through oral gavage,
followed by drawing peripheral blood to test the COHb levels
at different time points. To compare the CO prodrug with and
without immobilization, we chose to use a dose of SICO-101
on par with that of the native CO prodrug BW-CO-103 (25
and 50 mg/kg). As shown in Figure 4B and Table 2, SICO-
101 dose-dependently increased mouse blood COHb levels.
The peak COHb levels of SICO-101 given at a dose equivalent
to 50 mg/kg and 25 mg/kg of the prodrug (calculated based
on 0.17 mmol/g substitution degree, 350 mg of the silica
conjugate is equivalent of 25 mg of the prodrug) were about
4.3% and 2.4%, respectively. As the bona fide CO release yield
is about 77% for SICO-101, the COHb AUC achieved by
SICO-101 is on par with that of BW-CO-103 at the same CO
prodrug dose (25 mg/kg) after calibrating against the CO
loading degree and effective release yield. Specifically, a 25 mg/
kg dose of BW-CO-103 gave rise to about COHb AUC of 4.1
± 0.3%·h, whereas the equivalent in the form of SICO-101
gave a COHb AUC of 2.4 ± 0.5%·h, which is about 59% of the
CO bioavailability dosed by BW-CO-103. Considering
individual differences among mice and experimental variations,
such coherence confirms the delivery efficiency of SICO-101
as being comparable to that of BW-CO-103. Previously, we
have shown that oral administration of 25 mg/kg BW-CO-103
in mice resulted in systemic exposure of the CO-released
byproduct BW-CP-103 with an AUC of 7.7 ± 0.6 μM·h and
bioavailability of about 25% compared to 5 mg/kg i.v.

Figure 3. TNF-α levels in the RAW264.7 cell cultures treated with
SICO-101 and SICP-101. Cells were coincubated with 1 ng/mL LPS
and SICO-101 or SICP-101 for 24 h. Cells were seeded in Transwell
in the upper compartment, and SICO-101 and SICP-101 were added
to the culture medium in the lower compartment. Mean ± SD, ** p <
0.01 and *** p < 0.001 vs LPS-only group; # p < 0.05 and ### p <
0.001 vs corresponding SICP group; culture medium is the vehicle
group (n = 3).

Figure 4. In vitro CO release and in vivo pharmacokinetic profiles of SICO-101. (A) CO release kinetics of SICO-101 in SGF by using GC (solid
trace shows the nonlinear regression of the data); (B) in vivo COHb profiles in mice after oral administration of SICO-101 (mean + SD, n = 3).
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administration.45 As the silica immobilization approach has
been shown to retain the byproduct on the silica, the
adsorption through the GI tract and systemic exposure are
mostly circumvented. It should be noted that throughout the
animal study procedure after oral administration of the SICO-
101 formulation, there was no noticeable change in the
appearance or behavior of the mice, indicating minimum acute
safety concerns for this formulation. The bulk (if not all) of
SICO-101 after releasing CO is expected to be excreted in
feces because of the large size of the silica particles.
Nevertheless, the biosafety of the formulation needs further
evaluation for the future development of this approach.

■ CONCLUSION
To summarize, we have developed a third approach for oral
CO delivery to the systemic circulation using a CO prodrug
while minimizing the unintended effects of the “carrier”
moiety. In this case, a CO prodrug is immobilized to spherical
silica gels. The resulting immobilized prodrug features stable
attachment of the CO prodrug, spontaneous CO release in the
biological environment, and retention of the stable conjugation
after CO release. The CO loading degree and the CO release
kinetics of the silica-immobilized CO prodrugs are dependent
on the surface area and the linker chemistry. A representative
candidate, SICO-101, was found to exert anti-inflammatory
activity in the LPS-challenged model in RAW264.7 cells. We
also showed SICO-101 was able to deliver CO to mice
through oral administration with kinetic and bioavailability
parameters comparable to that of the parent prodrug BW-CO-
103. We have met all four criteria that we set for this approach:
using a benign matrix, ensuring water accessibility to the
immobilized prodrug for CO-release kinetics comparable to
that the parent prodrug, stable conjugation chemistry to allow
the “carrier” portion to remain tethered after CO release, and
achieving CO bioavailability comparable to that of the prodrug
itself. To the best of our knowledge, there has not been a study
of delivering CO through oral administration of immobilized
CO prodrugs. With further optimization for high CO loading
degree and CO release kinetics, the strategy described may
generate potential candidates for CO delivery to treat various
inflammatory diseases, including in the gastrointestinal system.
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Table 2. CO Delivery Efficiency of SICO-101 and BW-CO-103 (n = 3)

compound ID
route of

administration
CO prodrug dose (as in BW-CO-103,

mg/kg)
silica gel dose
(mg/kg)

COHb AUC
(%·h)

CO delivery efficiencya
(%)

SICO-101 p.o. 50 700 4.3 ± 0.3 6.1
p.o. 25 350 2.4 ± 0.5 6.9

BW-CO-103 (via
Kolliphor)

i.v. 5 N.A. 7.0 ± 0.9 100
p.o. 25 N.A. 4.1 ± 0.3 11.7

aCalculated as 100% × (AUCCOHb /p.o. DoseCOprodrug)/(7.0/5)(i.v.AUC/i.v.Dose). N.A.: Not available.
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