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Abstract: Silica microparticles made of diatomaceous earth have become particularly attractive
materials for designing drug delivery systems. In order to investigate the use of natural diatoms as
drug scaffolds for carbon monoxide releasing molecules (CORMs), we evaluated the chemisorption
of the cis-[Re(CO)2Br4]2− complex (ReCORM-2) and its vitamin B12 derivative (B12-ReCORM-2) on
Coscinodiscus frustules by 3D FT-IR spectroscopic imaging, and the drugs’ neovascularization effects
in vivo in the zebrafish (Danio rerio) model. By mapping the symmetric Re-C≡O υ(CO) stretching
vibration of the CORMs in the 2000 cm−1 region, we found that the drugs are mostly localized at the
girdle band of the diatom frustule. Both ReCORM-2 and B12-ReCORM-2 retain their CO-releasing
ability when chemisorbed on the diatoms. When applied in vivo at doses ≥25 µM, the molecules
markedly reduced intersegmental and subintestinal vessels development in zebrafish, revealing high
anti-angiogenic potential. In addition, diatom frustules did not provoke any toxic in vivo response
in the zebrafish embryos, including inflammation. Overall, our results indicate that: (1) CORMs
chemisorbed on diatom frustules retain their CO-releasing abilities; (2) both CO-releasing molecules
show a concentration-dependent effect on the neovascularization in developing zebrafish; (3) silicate
frustules are not toxic and could be used as CORMs drug carriers.
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1. Introduction

Carbon monoxide releasing molecules (CORMs) are drugs that are examined to explicitly convey
carbon monoxide (CO) to unhealthy or aggravated tissues to start and advance remedial impacts at the site
of disease. In several mammalian tissues, carbon monoxide mitigates important physiologically effects
embracing antiproliferative, anti-inflammatory, and anticoagulative responses [1–10]. Metal carbonyl
complexes have been dominatingly assessed as CORMs. There are currently various models available
in the literature, with CORM-2 and CORM-3 (Figure 1) being the best-known complexes of this class
of pharmaceutical compounds. The molecules are known to reverse the inhibition of mitochondrial
biogenesis [11–15] and prevent doxorubicin-induced cardiac cell death [16,17]. CORM-2 and CORM-3,
e.g., exert in vivo a positive effect in doxorubicin (Dox)-induced cardiomyopathy. CORM-2 protects
the myocardium from Dox exposure by decreasing apoptosis and oxidative stress, while CORM-3,
in a rat model of Dox-induced cardiomyopathy, induces a positive inotropic effect by increasing systolic
pressure of the heart [17]. CORMs have also recently been evaluated as anticancer compounds [18],
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and their liberated CO plays an important role in vascular functions with concentration-dependent
pro-angiogenic [19–23] and anti-angiogenic [24] effects [25]. Our contribution to the field was the introduction
of 17-electron Re complexes [26–28] (Figure 1) showing cardioprotective [13] and anticoagulative [6] effects.

Figure 1. Chemical structures of CORM-2, CORM-3, and ReCORM-2 and B12-ReCORM-2 (used in this study).

Because of their unique signatures, vibrational spectroscopy is the most commonly used structural
technique for the characterization of such chemical systems. Metal carbonyl complexes are recognized for
their distinctive infrared (IR) properties. They exhibit energetically segregated vibrations in a segment
of the electromagnetic spectrum (characteristically in the 2100–1800 cm−1 region) amiable to rapid
interpretation. This characteristic has allowed, e.g., for the IR mapping of several metal carbonyl-based
drugs in live cells [29–39]. In recent years, macromolecular systems have also begun to be exploited
as CORM carriers in an attempt to improve the pharmacokinetic properties of the molecules [40–42].
To date micelles [43,44], magnetic iron oxide particles [45], porous coordination polymers [46],
polymer matrices [47–49] and nanoparticles [50–53], have been described. Permeable silica-based
materials are especially appealing for drug-delivery applications because of their biocompatibility
and degradability, in addition to their thermal and chemical stability. However, their synthesis
is expensive, tedious and habitually requires poisonous substances. In 1999, Morse proposed the
utilization of natural diatoms as an option in contrast to manufactured silica-based materials for
bio-applications [54]. Diatoms are unicellular organisms flourishing in all aquatic and wet environments.
These creatures have the remarkable element of being encased inside a cell wall made of hydrated
silicon dioxide called a frustule. The hereditarily controlled design of the frustule of these creatures
surpasses the current human designing abilities and, because of their abundance, various shapes,
and physical-chemical properties, they can be very useful in material chemistry, biology, and medicine.
Effective frustule encapsulation has been accounted for several medications [55–60], but the key for
the further development of these composite materials is also a thorough comprehension of the drug
distribution in the same.

Within the context above, we have decided to functionalize via standard chemisorption techniques
Coscinodiscus diatoms frustules with the promising CO releasing drug cis-[Re(CO)2Br4]2− (ReCORM-2)
and B12-ReCORM-2 (Figure 1). We studied the compounds’ distribution on the frustules via FT-IR
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spectromicroscopy imaging (FTIR-SMI) and their release profile. Furthermore, we have for the first time,
investigated in vivo the toxicity of the Re-based CORMs and diatoms using the zebrafish (Danio rerio)
model, as well as the drugs’ potential to suppress the neoangiogenesis process in vivo. Overall,
our study indicates that CORMs chemisorbed on diatom frustules retain their CO-releasing abilities
and that they are rapidly released from the same. We show that 3D FT-IR spectroscopic imaging is
a powerful technique to help to elucidate CORM localization and reactivity on silica-based materials
and that both CO-releasing molecules show a concentration-dependent effect on the neovascularization
in developing zebrafish. This property could be beneficial for their potential therapeutic applications,
e.g., the stimulation of wound healing (pro-angiogenic effect) or anticancer effect (anti-angiogenic
effect). We hope our study can contribute to the long-term goal of developing functional bio-inspired
materials for CORM delivery applications.

2. Materials and Methods

2.1. Chemicals and Samples Preparation

Chemicals and solvents were purchased from standard sources. NaReO4 and vitamin B12 were
purchased from Sigma-Aldrich (Buchs, Switzerland). The synthesis of the [Et4N]2 cis-[(CO)2ReBr4]
salt (ReCORM-2) and B12-ReCORM-2 was performed according to the literature [27,61]. Glycerol and
sodium dithionite (Na2S2O4) were purchased from Reactolab SA (Servion, Switzerland) and Fisher
Scientific AG (Reinach, Switzerland), respectively. Diatom samples for FTIR spectromicroscopy imaging
and biological studies were prepared by using Coscinodiscus and Aulacoseira diatoms, respectively.
Diatomaceous earth, in the form of Celatom® Fw-14, was obtained from Applied Minerals Ltd.
(Burton, Staffordshire, UK). This earth was used to isolate Aulacoseira frustules of average 10 and
23 µm size, for toxicity studies, according to a published procedure [62]. The silicon skeleton of
diatoms is a major component of commercially available filtering agents as, e.g., diatomaceous earth or
Celite. Coscinodiscus (CF) valves were isolated from Celite 450 (delivered by Sigma-Aldrich, Buchs,
Switzerland) according to the following procedure: 1 g of Celite was suspended in 10 mL of 1M
HCl (Honey-well Research chemicals, Bucharest, Romania) and stirred vigorously for 15 h at room
temperature. The slurry was then filtered and washed with water. The mixture was poured on
metallic mesh sieves (300/150/63 µm) for sequential filtration and washed ten times with 30 mL of pure
water. The fraction accumulated on the 63 µm mesh was collected and dried. Frustules chemisorption
of ReCORM-2 and B12-ReCORM-2 on Coscinodiscus (CF) was achieved by the method described
by Vasani et al. [63]. Frustules were then filtered and washed several times with dry CH2Cl2 and
CH3CN (Sigma-Aldrich, Buchs, Switzerland) until washings were clear. Solutions of ReCORM-2
and B12-ReCORM-2 are red in color, but after filtration and washing, the visual appearance of the
frustules remained that of an off-grey slightly pink material. The loading degrees for ReCORM-2 and
B12-ReCORM-2 were calculated as 8.0 ± 2.2 and 6.8 ± 1.7 wt% [63,64]. These loading percentages are
in the normal loading range detailed for other molecules [55,64–66]. Isolated Coscinodiscus frustules
treated by this method are referred to as CF-1 (for ReCORM-2) and CF-12 (for B12-ReCORM-2).

2.2. Characterization

UV-Vis and IR spectra were recorded using a Jasco V730 spectrophotometer (Echallens, Switzerland)
and a Perkin Elmer FTIR Frontier Serie 99155 (Schwerzenbach, Switzerland) equipped with a PIKE
TECHNOLOGIES GladiATRTM (OPUS 7.5 software) respectively. Measurements of inductively
coupled plasma with optical emission spectroscopy (ICP-OES) were executed with a Perkin Elmer
Optima 7000 DV (Schwerzenbach, Switzerland). FTIR spectromicroscopy imaging was performed
with a PerkinElmer Spotlight 400 FT-IR imaging system (Schwerzenbach, Switzerland) equipped
with a linear array detector that incorporates high-quality pure mercury cadmium telluride (MCT)
arranged as 16 gold-wired infrared detector elements. Each image was collected with a spectral
resolution of 2 cm−1 averaged over 32 scans for a 200 × 200 µm area. This gave 32 × 32 pixel image areas
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with a 6.25 × 6.25 µm pixel resolution. Chemical maps for each specific wavenumber were automatically
generated by the SpectrumIMAGE software R 1.8.0.0411 as average contour areas plotted by taking
each maximum pixel intensity. In order to acquire chemical maps of CF-1 and CF-12 samples, frustules
were allowed to settle in a thin film of paratone oil on round CaF2 windows (2 cm in diameter; 2 mm
thickness) housed in a custom made holder. All images were recorded in transmission mode.

2.3. Drug Release and CO-Releasing Properties of CF-1 and -12

In order to evaluate if CF-1 and CF-12 retained CO-releasing properties, the material was tested
via the standard myoglobin assay [67]. In these experiments, a few µg of CF-1 or CF-12 (typically
250–500 µg) were suspended in a newly prepared buffered solution (3 mL) of horse skeletal myoglobin
(Mb, Sigma-Aldrich, Buchs, Switzerland), reduced under a nitrogen atmosphere with excess Na2S2O4

at 25 ◦C and at pH 7.4. The rapid conversion of Mb to carboxymyoglobin (Mb-CO) was then followed
by monitoring the spectroscopic changes in the absorption spectra of the Q band region (500–600 nm)
of the protein. After the reaction was complete, CFs were once again filtered and imaged by FTIR
spectromicroscopy, as described in Section 2.2. The drug release profiles were considered over periods
of 8 h. For each test, 2 to 5 mg of CF-1 and CF-12 was weighed and added in 2 mL Eppendorfs.
The experiment was started by adding 2 mL of solvent (PBS buffer, pH 7.4). The concentrations of
100 µl samples of ReCORM-2 (from CF-1) and for B12-ReCORM-2 (from CF-12) were measured for each
time point by ICP-OES. The cumulative drug releases were calculated based on the Re content of the
samples, and the results plotted with the Origin 7.5 program. The cumulative values were calculated
from a linear regression obtained with six different concentration standards in the analysis range (from
1 to 35 µg mL−1, R2 = 0.9855).

2.4. In Vivo Toxicity Assessment and Anti-Angiogenic Activity Evaluation

Toxicity evaluation of ReCORM-2 and B12-ReCORM-2, NaReO4 (sodium perrhenate, CO-free
water metabolite of CORMS) [27], vitamin B12, and diatoms (13 and 20 µm in diameter) was carried
out in the zebrafish (Danio rerio) model as previously described [68]. Assessment of lethality and
developmental toxicity of the organisms was evaluated at different concentrations of the tested
compounds (25, 50, 100, 150, and 250 µM for CO-relesasing molecules, vitamin B12 and NaReO4, and 50,
100, and 200 µg/mL of Aulacoseira diatoms, see Supplementary Materials, Table S1). The angiogenesis
inhibitory activity of the rhenium CO-releasing molecules was examined in transgenic zebrafish
Tg(fli1:EGFP) embryos with EGFP-labelled endothelial cells, according to a previously published
procedure [69].

2.5. Immunotoxicity Assessemnt

Myelotoxicity (neutropenia and inflammation) of silicate frustules was addressed in the transgenic
Tg(mpx:GFP) zebrafish embryos expressing green fluorescent protein (GFP) in neutrophils [70],
as previously described [69,71]. This enabled us to directly visualize the effect of applied treatments on
the neutrophils occurrence, chemotaxis, and accumulation within inflamed tissues and inner organs.
Embryos of Tg(mpx:GFP) zebrafish were kindly provided by Dr. Ana Cvejic (Wellcome Trust Sanger
Institute, Cambridge, UK) and raised in our zebrafish facility to the adult stage under previously
described life conditions [68]. At the 6 h post-fertilization (hpf) stage, embryos were exposed to various
concentrations of diatoms (50, 100, and 200 µg/mL) and incubated at 28 ◦C by 120 hpf. At 120 hpf,
embryos were imaged for the neutrophils occurrence under a fluorescence microscope (Olympus BX51,
Applied Imaging Corp., San Jose, CA, USA). The Neutrophil’s occurrence (according to fluorescence
intensity) was determined using the ImageJ 1.50i program (National Institutes of Health, NIH, public
domain software). The experiment was performed three times using 10 embryos for each concentration.
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3. Results and Discussion

3.1. IR Spectra and Chemical Images of Materials

The average solid-state IR spectra of CF, CF-1, and CF-12 are shown in Figure 2. Isolated CF’s
show characteristic absorption peaks of silicon dioxide with the asymmetric ν(Si-O-Si) mode being
predominant at 1100 cm−1. In addition to the characteristic silica signature, after chemisorption of
ReCORM-2 and B12-ReCORM-2, the IR spectra of CF-1 (red spectrum in Figure 2) and CF-12 (blue
spectrum in Figure 2) show respectively weak absorptions at 1970 and 1785 cm−1, and 2000 and
1860 cm−1. These are assigned respectively to the symmetric and asymmetric Re-C≡O ν(CO) stretching
modes of chemisorbed ReCORMs. It should be noted that following chemisorption of ReCORM-2,
CF-1 also showed weak Si-O-Si overtone modes around 2000 and 1870 cm−1 assigned to hydrated
silicon dioxide [72] and two peaks centered at 1460 and 1400 cm−1. These latter peaks are assigned to
a combination of δ(CH3) and δ(CH2) vibrations either due to residual organic solvents or the to the
Et4N+ counter ion of cis-[Re(CO)2Br4]2−. In the case of CF-12 the Si-O-Si overtones are hidden under
the Re-C≡O ν(CO) stretching modes.

Figure 2. Solid-state IR spectra (2200–600 cm−1 range) of untreated Coscinodiscus frustules (CF, black),
ReCORM-2 (CF-1, red trace) and B12-ReCORM-2 (CF-12, blue trace) treated Coscinodiscus frustules.
Insert shows magnified 2100–1700 cm−1 region. Asterisks (*) in the insert indicate hydrated silicon
dioxide Si-O-Si overtone modes; νsCO and νasCO indicate respectively the symmetric and asymmetric
stretching Re-CO bands of the molecules.

Figure 3 shows optical and MCT detector generated chemical images of single CF-1 and CF-12
valves, which were isolated following chemisorption of Coscinodiscus frustules treated with solutions
of the CO releasing molecules ReCORM-2 and B12-ReCORM-2 [63]. The chemical maps of the selected
vibrations show the following features. In both cases, the asymmetric ν(Si-O-Si) band at 1100 cm−1

shows the highest intensity in the central region of the diatom valve. The intensity of theν(Si-O-Si) mode
slopes to lower values radiating away from the centre to the outer rim of the diatom, known as the girdle
band. In the 3D surface representations of the chemical maps (Figure 3E) the roughness of the valve
surface, composed of pores of ca. 0.5 µm in diameter, can be somewhat appreciated. The symmetric
and asymmetric Re-C≡O ν(CO) stretching modes of chemisorbed ReCORM-2 and B12-ReCORM-2,
show the highest intensity in the girdle band. This is most evident in the 3D surface representations
(Figure 3F) of the symmetric ν(CO) vibrations. Depending on the CORM used, the broad symmetric
ν(CO) mode is found centered at 2010 and 1996 cm−1 for CF-12 and CF-1, respectively. The shift is fully
consistent with the assignment. In B12-ReCORM-2, two of the coordinated Br- ions are substituted by
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the cyanide group of vitamin B12 and a solvent molecule [27]. On the basis of both theoretical [73,74]
and previous experimental evidence [61,75], we demonstrated that by substituting π-basic ligands
(such as Br-) with σ-donor or π-acidic ligands (such as CH3CN) the symmetric ν(CO) stretching
frequency of [M(CO)xL6-x]n complexes shifts to higher wavenumbers. The apparent discrepancy in the
position of the symmetric Re-C≡O ν(CO) stretching in CF-1 and CF-12, with respect to the solid-state
IR (Figure 2), is due to the fact that MCT images were recorded with frustules immersed in a film of
paratone oil on round CaF2 windows.

Figure 3. MCT detector generated chemical images of single Coscinodiscus valves exposed to CH3OH
solutions of the CO releasing drugs B12-ReCORM-2 (left) and ReCORM-2 (right). (A) and (A’): Optical
image of single Coscinodiscus valve. (B) and (B’): chemical mapping of the Si-O-Si stretching vibration at
1100 cm−1. (C) and (C’): chemical mapping of the symmetric C≡O stretching mode of B12-ReCORM-2
at 2010 (left) and ReCORM-2 at 1996 (right) cm−1 respectively. (D) and (D’): overlay of (B) and (C),
and (B’) and (C’) respectively. (E) and (E’): 3D surface representations of chemical maps shown in
(B) and (B’) respectively. (F) and (F’): 3D surface representations of chemical maps shown in (C) and
(C’) respectively. Images were recorded with frustules allowed to settle in a thin film of paratone oil on
round CaF2 windows (2 cm in diameter; 2 mm thickness).

3.2. CO Release, Drug Release, and Chemical Images of Loaded CF’s

In order to further corroborate the presence of chemisorbed CORMs on CF and to evaluate if the
same retained their CO-releasing ability, CF-1 and CF-12 were suspended in a newly prepared buffered
solution of horse skeletal myoglobin (Mb) reduced under a nitrogen atmosphere with excess Na2S2O4

at 25 ◦C and at pH 7.4. As mentioned in Section 2.3., this test (known as the myoglobin assay) is the
standard technique to assess the ability of molecules to release CO. It is grounded on the spectroscopic
evaluation of the conversion of Mb to carboxymyoglobin (Mb-CO) as evidenced by the change in the
absorption spectrum of the Q band region (500–600 nm) of the protein [67]. Figure 4 (top left spectrum)
shows the UV-visible spectrum of reduced Mb in the presence of CF and CF-12. As evident from the
spectra, i.e., the split of the single Q band absorption of Mb at 555 nm to the two peaks of Mb-CO at
540 and 576 nm, only CF-12 was able to induce the spectroscopic change associated with CO-binding to
the protein. This assay confirmed the presence of B12-ReCORM-2 in the material and that the same is
still able to release CO. Similar results were obtained, under the same conditions, if CF-1 was assessed.
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Figure 4. Top left: UV-visible spectra of reduced Mb in the presence of CF and CF-12. Insert shows the
splitting of the protein Q band (red line) characteristic of carboxymyoglobin (Mb-CO). Bottom Left:
IR spectra (2200–700 cm−1 range) of isolated CF-12 before (black) and after (red) exposure to a buffered
solution of reduced Mb. The tentative assignment of major peaks are based on reference [72]. Right: MCT
detector generated chemical images of single CF-12 valves exposed to a buffered aqueous solution of
reduced myoglobin. (A): Optical image; (B): chemical mapping of the Si-O-Si stretching vibration at
1100 cm–1; (C): chemical mapping of the residual symmetric C≡O stretching mode of B12-ReCORM-2 at
2010 cm−1; (D): overlay of (B) and (C); (E) and (F): 3D surface representations of chemical maps shown
in (B) and (C), respectively.

After exposure to the Mb solution, CF-12 was recovered and analyzed once again by FTIR-SMI,
in order to evaluate changes in its IR spectrum. A comparison of the average FTIR spectromicroscopy
spectra of CF-12 before and after reaction with Mb is given in Figure 4 (bottom left spectrum). There are
two fundamental changes in the spectrum. First, the relative intensity of the two weak absorptions in
the 2000 and 1880 cm−1 region decreased after the reaction of CF-12 with Mb. This is consistent with
the release of the drug and/or loss of CO by B12-ReCORM-2, resulting in a lower relative concentration
of its symmetric and asymmetric Re-C≡O ν(CO) stretching modes. Furthermore, there appears to be
an increase in intensity of the 952 cm−1 band (see red spectrum). This vibration has been associated
to the stretching mode of vicinal silanols (Si-OH) resulting from an increase of surface concentration
of the species following surface hydration [72]. This assignment is fully consistent with CF-12 being
exposed to an aqueous solution of Mb. In the same region, however, the frequency of stretching Re = O
mode is also reported [76]. As mentioned above, a Re = O species (in the form of perrhenate, ReO4

−) is
the final product in the aerobic decomposition of the ReCORMs following CO release [27]. We doubt,
however, that this band can be assigned to ReO4

− given the high solubility of the ion in water.
To evaluate the relative distribution of the above-mentioned vibration, FTIR-SMI maps of Mb-exposed

CF-12 were recorded. Figure 4 (right) shows optical and MCT detector generated chemical images
acquired in this experiment. The chemical maps of the selected vibrations show the following features.
Consistently with images reported in Figure 3 the asymmetric ν(Si-O-Si) band shows the highest intensity
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in the central region of the diatom valve and lower intensity on the girdle band. Once again, the roughness
of the valve surface can be fully appreciated in the 3D surface representations of the chemical map
(Figure 4E). The residual intensity of the weak 2010 cm−1 absorption is highest in the girdle band.
This is most evident in the 3D surface representations (Figure 4F) of the vibration. We note once again
here that these vibrations also contain the Si-O-Si overtone modes. Thus the observed vibrations
in hydrated CF-12 are most likely be due to an overlap of both residual ν(CO) Re-C≡O stretching
vibrations and Si-O-Si overtone modes.

Having established that following chemisorption of ReCORM-2 and B12-ReCORM-2 on
Coscinodiscus frustules the molecules retain their CO-releasing ability, we finally studied CF-1 and
CF-12 drug release profiles. The addition of PBS buffer to solid samples of CF-1 and CF-12 initiated
drug release, which was monitored by ICP-OES (Re content). As shown in Figure 5, after 1 h of
incubation ca. 90% of the drug contents were released from the frustules. The release occurred very
rapidly, in particular for ReCORM-2, and was steadily sustained afterward. Examination of the relative
profiles of drug discharge indicates that, within experimental error, ReCORM-2 is more rapidly released
than B12-ReCORM-2 in the first 20 min of incubation, but then similar concentrations of Re metal are
measured afterward.

Figure 5. Cumulative [%] of Re metal released in PBS buffer, pH 7.4, by CF-1 (black line) and CF-12.
The cumulative [%] of Re metal in solution is taken as a measure of drug release.

3.3. Assessment of Biological Activities of B12-ReCORM-2 and Re-CORM-2 Molecules

The toxicity profile of B12-ReCORM-2 and Re-CORM-2 molecules was addressed in vivo
using zebrafish embryos, a creature model generally utilized in the current preclinical medication
improvement pipeline. Due to their remarkable genetic, physiological, and immunological resemblance to
human beings, and high response correspondence to drugs, zebrafish has risen as a flexible biotechnological
stage for the toxicity and bioactivity evaluation of chemically synthesized molecules, streamlining
the way to preclinical trials and lessening the failure at advanced phases of experimentation and
testing [77,78]. To date, the toxicological profile of the rhenium-based CO-releasing molecules has
remained unexplored in vivo.

Herein, the toxicity assays were initiated from the 6 h post-fertilization (hpf) stage, when embryos
are highly sensitive to applied xenobitiocs. The results obtained after 120-h treatment have revealed that
both types of molecules were safe at the doses <150 µM, while at higher doses, B12-ReCORM-2 was more
toxic than Re-CORM-2. On the other side, NaReO4, the CO-free water metabolite of the CORMs, did
not provoke any adverse toxic effect in the treated animals by 120 hpf. Interestingly, see Figure 6 and
Table S1 in Supplementary Materials, none of the CORMs provoked the appearance of teratogenic
malformations at any applied dose, nor had adverse effects on embryos hatching. This suggests that
mortality caused at higher CORMs doses (≥150 µM) could be due to the liberated CO, which could
diffuse into embryos via the chorion pores and might interfere with the oxygen exchange within the
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embryo tissues [79]. In a previous study, Song et al., investigating CORM-3, have found dose-dependent
mortality, cardiotoxicity, and inhibitory effect on the embryos hatching, suggesting that CO-mediated
inhibition of embryos hatching might play a critical role in the embryo’s survival [79]. To address
whether the chorion acted as a protective barrier limiting Re-CORM-2 and B12-ReCORM-2 passage to
embryos, we mechanically removed the chorion at 20 hpf (earlier removal is not safe). B12-ReCORM-2
and Re-CORM-2 were then applied onwards at a doses ranging from 50 to 250 µM. Data recorded by
120 hpf showed no difference in the survival rates between the groups of embryos with and without
chorion, nor any adverse effect of the CO-releasing molecules at the highest applied dose of 250 µM
(mortality rate of 10% compared to that in the control group). Taken together, the data suggest that the
chorion had no effect on embryos survival and that embryos’ death (Figure 6) is likely due to embryos’
sensitivity at the early developmental stage to CO-releasing molecules. In line with this assumption is
the fact that treated embryos died by 48 hpf (data not shown).

Figure 6. Toxicity evaluation of ReCORM-2, B12-ReCORM-2, NaReO4, and vitamin B12 addressed in
the zebrafish (Danio rerio) embryos exposed to different doses in a period from 6 hpf to 120 hpf.

Stimulated by the observation of the reduced circulation in some embryos treated with B12-ReCORM-2 at
doses≥50 µM, we explored both B12-ReCORM-2 and ReCORM-2 for the possibility of inhibiting angiogenesis.
Neo-angiogenesis (new vessels formation) represents a crucial process for cancer development, intrusion,
and metastasis [80], therefore, inhibiting tumor vascularization is a recognized clinical approach for
solid malignancies therapy, which, in combination with cytotoxic drugs, could greatly increase the
anticancer effectiveness of medications [81].

Suppression of angiogenesis was studied using transgenic zebrafish Tg(fli1:EGFP) embryos.
In this transgenic line, endothelial cells expressing EGFP can be directly observed by fluorescence
microscopy, enabling the detection of the anti-angiogenic drugs without adverse toxic effects. The tested
Re-CORM-2 molecules were applied to 6-hpf embryos at a maximum dose of 100 µM (corresponding
to the highest safety dose of B12-ReCORM-2, Figure 7) and inspected at 48 hpf and 72 hpf for the
intersegmental vessels (ISVs) and subintestinal vessels (SIVs) development (ISV angiogenesis precedes
SIV angiogenesis), respectively. The anti-angiogenic phenotype was characterized by the decreased
number/length of SIVs and/or ISVs along the whole body. While in untreated embryos, 28–30 ISVs and
6–9 arcades in the SIV basket-like structure were present, the embryos treated with both molecules at
doses ≥25 µM had markedly reduced the number of both ISVs and SIVs vessels. In the experiment,
B12-ReCORM-2 demonstrated higher anti-angiogenic potential than ReCORM-2, particularly on the
SIVs development (p > 0.001, Figure 7). We note that the majority of ISV vessels were affected at
100 µM of B12-ReCORM-2 (see Supplementary Materials Figure S1), showing a markedly decreased
EGFP expression as an indication of the cells viability loss, without affecting other inner organs’
functioning and development. None of the tested molecules inhibited angiogenesis at the doses below
25 µM, according to the fluorescence intensity of the vessels in hematopoietic tissues. Although vessel
fluorescence in these areas was not measured, observably much higher fluorescence intensity indicates that
both CO-releasing molecules increased vessel density in embryos exposed to the doses from 5 and 10 µM,
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contrary to their inhibitory effect at higher doses (≥25 µM). This observation is in line with previously
reported studies [25].

Figure 7. The suppression of neovascularization in developing zebrafish embryos by ReCORM-2
and B12-ReCORM-2 treatments assessed according to the ISV vessel development at 48 hpf and the
SIVs vessel development at 72 hpf. Treatments’ effect on the fluorescently labeled vasculature in
Tg(fli1:EGFP) embryos was shown (A). The tested compounds achieved a dose-dependent inhibition of
the ISV vessel development, compared to the ISVs number in the control group (B); the effect on the
SIVs basket development was the most pronounced at the doses ≥50 µM (C). ** p <0.01; *** p < 0.001.

Having established that the examined CO-releasing molecules show no toxic responses in
zebrafish embryos at doses as high as 100 µM, we finally loaded Re-CORM-2 and B12-ReCORM-2 into
Aulacoseira frustules (13 and 20 µm in size) and evaluated the toxicity of the drug-free micro-frustules
in vivo. In these experiments, we evaluated Aulacoseira diatoms to address their effects on embryos’
survival, development (teratogenicity), inner organs functioning, and particularly their inflammatory
response. The zebrafish model has been proven particularly suitable for the toxicity assessment of
nanoparticles and biomaterials [82–85]. In our experiment, embryos were in direct contact with diatoms
of 13 and 20 µm in size for a period of 114 h (from 6 to 120 hpf). The results obtained after 5-days
exposure showed no evidence of any detrimental effects to the organisms at concentrations up to
200 µg/mL (Figures 7A and 8A), indicating that the tested silicate frustules are safe. Inflammation is
the most common adverse tissue reaction towards drug carrier-materials, nanoparticles, and released
drugs. Since neutrophils migration, infiltration and accumulation within inflamed tissue represent the
hallmark of primary host response to inflammation [86–88], we have evaluated whether the tested
micro-frustules provoked an inflammatory response in zebrafish embryos after 5-days exposure.
Accordingly, we used embryos of the transgenic Tg(mpx:EGFP) zebrafish line with fluorescently
labeled neutrophils, which enabled us to visualize the neutrophils’ burden, recruitment, chemotaxis,
and accumulation within damaged tissues after exposure to the diatoms, as previously shown [71,89,90].
The zebrafish embryonic epithelium is very thin and consists of only two layers of epidermal cells [91].
This characteristic makes the zebrafish embryos very sensitive to exposed materials and tractable for the
inflammatory response. In this study, when zebrafish embryos were exposed to various concentrations
Aulacoseira diatoms, we observed no difference in neutrophil abundance between the control (untreated)
and diatoms-exposed group (Figure 8B). Moreover, we did not observe neutrophils chemotaxis and
accumulation at any particular site (organ) of the body, suggesting that silicate frustules did not induce
any inflammatory response in the embryos within the timeframe of exposure. Such frustules can, thus,
be regarded as safe within the tested dose range.
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Figure 8. Inflammatory response in Tg(mpx:EGFP) embryos after the 114-h exposure to the silicate
diatoms (13 and 20µm in size). Fluorescence intensity of EGFP-labelled neutrophils (A) and morphology
and neutrophils occurrence within the body of the exposed embryos (B) are shown.

4. Conclusions

In conclusion, we showed via FT-IR spectromicroscopy imaging that Re-based CORMs can be
chemisorbed on diatom frustules without affecting their CO-releasing properties and that the same
rapidly discharged the molecules in PBS buffer. Both CORMS showed a concentration-dependent effect
on the neovascularization in developing zebrafish. Angiogenesis stimulation was observed at lower
drug doses (<25 µM) while angiogenesis inhibition at the higher doses. B12-ReCORM-2 revealed more
profound effects than ReCORM-2. Neither the CORMs, nor the diatom carriers, showed any sign of
toxicity in vivo at very high doses. In particular, the materials stimulated no inflammatory reaction as
the major tissue response to the exogenous administration. Both of these properties could be beneficial
for their potential therapeutic application, e.g., the stimulation of wound healing (expected to occur
upon lower doses) or the anticancer effect (expected at higher doses). In the future, we plan to evaluate
the effects of the molecules and loaded diatoms on doxorubicin-induced cardiac cell death.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-3417/10/20/7380/s1,
Figure S1: The suppression of neovascularization in developing zebrafish embryos by ReCORM-2 and B12-ReCORM-2
treatments assessed according to the ISV vessels development at 48 hpf. Suppressed ISVs angiogenesis was indicated
by red dashed arrows, while white arrow indicates the vessels in the hematopoietic tissue that increased fluorescence
compared to the control ones seemed to be stimulated, Table S1: Lethal and teratogenic effects observed in zebrafish
(Danio rerio) embryos at different hours post-fertilization (hpf).
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