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Introduction: Macrocrystalline oxides of alkaline earth metals (Mg and Ca) or light metals (Al and
Ti) can respond to standard warfare agents such as sulfur mustard, soman, or agent VX. In this paper,
we compared the decontamination ability of sodium hydroxide (NaOH) and sodium hypochlorite
(NaClO) for nitrogen mustards (cyclophosphamide [CP] and ifosfamide [IFOS]) with a new pro-
cedure using a destructive sorbent based on nanocrystalline and nanodispersive titanium dioxide
(TiO,) as a new efficient and cheap material for complete decontamination of surfaces.
Methods: Titanium (IV) dioxide nanoparticles were prepared by the homogeneous hydrolysis of
titanium(I'V) oxysulfate (TiOSO,) with urea. The as-prepared TiO, nanoparticles were used for
the fast and safe decontamination of cytostatics from the nitrogen mustard family (CP and IFOS)
in water. The adsorption—degradation process of cytostatics in the presence of TiO, was compared
with decontamination agents (0.01 M solution of sodium hydroxide and 5% solution of sodium
hypochlorite). The mechanism of the decontamination process and the degradation efficiency
were determined by high-performance liquid chromatography with mass spectrometry.
Results: It was demonstrated that a 0.01 M solution of sodium hydroxide (NaOH) decom-
poses CP to 3-((amino(bis(2-chloroethyl)amino)phosphoryl)oxy)propanoic acid and sodium
hypochlorite formed two reaction products, namely, IFOS and 4-hydroxy-cyclophosphamide.
IFOS is cytotoxic, and 4-hydroxy-cyclophosphamide is a known metabolite of CP after its
partial metabolism by CYP/CYP450. IFOS degrades in the pres—ence of NaOH to toxic IFOS
mustard. Titanium(IV) dioxide nanoparticles adsorbed on its surface CP after 5 minutes and
on IFOS after 10 minutes. The adsorption—degradation process of CP in water and in the pres-
ence of TiO, led to 4-hydroxy-cyclophosphamide and IFOS, respectively, which decayed to
oxidation product 4-hydroxy-ifosfamide.

Conclusion: Nanodispersive TiO, is an effective degradation agent for decontamination of
surfaces from cytostatics in medical facilities.

Keywords: cyclophosphamide, ifosfamide, ifosfamide mustard, titanium(I'V) dioxide, degrada-
tion, decontamination agents

Introduction

Macrocrystalline oxides of alkaline earth metals (Mg and Ca) or light metals (Al and Ti)
can respond to standard warfare agents such as sulfur mustard, soman, or agent VX.! Reac-
tions with the macrocrystalline oxides are slow and unusable for military decontamination
practices. However, if the size of the individual oxide particles decreases on the order of
1-10 nm, it is possible to observe an increase in their specific reactivity. Observed accelera-
tion heterogeneous reactions, which take place on the surface of the nanocrystals, have been
explained in particular by increasing the proportion of highly reactive sites, such as the edges
and corners of nanocrystals in which the amount of dislocations or defects increase.?

submit your manuscript
e
in

Dove

http:

International Journal of Nanomedicine 2018:13 7971-7985 7971
© 2018 Stenglovi Netikova et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at htps://www.dovepress.com/terms.php
BY NG

and incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work you
hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For permission
for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
www.dovepress.com
www.dovepress.com
www.dovepress.com
http://dx.doi.org/10.2147/IJN.S159328
https://www.facebook.com/DoveMedicalPress/
https://www.linkedin.com/company/dove-medical-press
https://twitter.com/dovepress
https://www.youtube.com/user/dovepress
mailto:irena.stenglovanetikova@vfn.cz

Stenglova Netikova et al

Dove

The sulfur mustards family includes eight useful agents,
including sulfur mustard bis(2-chloroethyl)sulfide (yperite)
used as a chemical warfare agent, which is cytotoxic and acts
as a nonspecific DNA alkylating agent. After World War I,
there was research into its effect on tumor cells. Cytostatics
are first derived from the sulfur mustard, and with a substitu-
tion of nitrogen instead of sulfur, we get the nitrogen mus-
tards. In 1942, they were classified to begin human clinical
trials of nitrogen mustards for the treatment of lymphoma.?
There was an incident during an air raid on Bari (Bari) in
World War II, where a release of mustard gas affected hun-
dreds of soldiers and civilians.* On the basis of these past
studies, bis(2-chlorethyl)ethylamine, called Mustin, was the
first prototype of an anticancer chemotherapeutic.*

The nitrogen mustards used as warfare agents include
HN1 —bis(2-chlorethyl)ethylamine, HN2 — bis(2-chlorethyl)
methylamine, and HN3 — tris(2-chlorethyl)amine, and
derivatives from uracil mustard (5-[bis(2-chloroethyl)
amino]-1H-pyrimidine-2,4-dione) that are used as cyto-
toxic chemotherapy agents include cyclophosphamide
(CP) (NV,N-bis(2-chlor)), chlorambucil(4-[bis(2-chlorethyl)
amino]benzenebutanoic acid), ifosfamide (IFOS) (N,3-
bis(2-chloroethyl)-1,3,2-oxazaphosphinan-2-amide 2-oxide),
melphalan (4-[bis(2-chloroethyl)amino]-L-phenylalanine),
and bendamustine (4-[5-[bis(2-chloroethyl)amino]-1-meth-
ylbenzimidazol-2-yl]butanoic acid).

CP is the most common and most versatile cytostatic. It
is a unique alkylating cytostatic agent for the following rea-
sons: CP alone is ineffective; the cytostatic effect is due to its
metabolite formed in the liver — 4-hydroxy-cyclofosfamide.
The treatment affects the microsomal enzyme system and
CYP/CYP450. This metabolite is found in two tautomer forms,
namely, 4-hydroxy-cyclophosphamide and aldophosphamide,
which are mutually balanced. In the cells, aldophosphamide
decays to acrolein and the cytotoxic agent phosphorus-amino
mustard, which is a bifunctional alkylating agent. [IFOS, as well
as CP, is inactive in vitro and is most likely activated in vivo
in the liver by microsomal enzymes to 4-hydroxy-ifosfamide,
which is in equilibrium with its tautomer aldoifosfamide.
Aldo-phosfamide spontaneously decomposes to acrolein and
the alkylation metabolite isofosfamide mustard.

Stenglova Netikova et al® presented new data, which
demonstrated the possibility of using titanium(IV) dioxide
as a new, efficient, and cheap material for complete decon-
tamination of anthracycline antibiotics. This pioneering study
makes it attractive to scientists and a promising alternative
way to perform cytostatics decontamination.

In this paper, we compared the previously used decon-
tamination methodology of sodium hydroxide (NaOH) and

sodium hypochlorite (NaClO) for CP and IFOS with the new
procedure using a destructive sorbent base on nanocrystalline
and nanodispersive titanium dioxide (TiO,).

Experimental

All of the chemicals used, including titanium oxo-sulfate
(TiOSO,), urea (CO(NH,),), NaOH, NaClO, and sulfuric acid
(H,SO,), were obtained from Sigma-Aldrich (St Louis, MO,
USA), and CP and IFOS were obtained as drugs from the phar-
maceutical company Sandoz (Holzkirchen, Germany). All the
reagents used were analytical grade and employed without further
purification; CP and IFOS were in pharmacological purity.

Titania TITI5 sample preparation
Homogeneous hydrolysis of titanium oxo-sulfate with urea
was used to obtain titanium(I'V) dioxide. This method is
based on thermal decomposition of urea at a temperature
higher than 60°C. In a typical synthesis,* 15 g of TiOSO,
was dissolved in 100 mL of hot distilled water acidified
with 98% H,SO,. The pellucid liquid was diluted into 4 L
of distilled water and supplemented with 200 g of urea. The
mixture was heated to 98°C with stirring for 6 hours until
it reached a pH of 7.2. The formed precipitate was washed
using decantation until the conductivity of 10 S was reached,
filtered off, and dried at 105°C.

Characterization methods

Preparation of stock solutions

For the stability testing, we prepared stock solutions of
drugs in a variety of physiological solutions. The appropriate
amount of drug injection solution in physiological solution
was transferred to a 50 mL volumetric flask and filled to
volume with physiological saline solution 0.9% sodium
chloride (NaCl) at a final concentration of 20 pg/mL.

Chromatographic conditions

The concentrations of CP and IFOS were measured after
adding NaOH (0.1 M) and NaClO (5%) by an isocratic
high-performance liquid chromatography (HPLC) system of
DIONEX UltiMate 3000 (Thermo Fisher Scientific, Waltham,
MA, USA) consisting of a pump with a column of YMC Co.
(Allentown, PA, USA; ODS Hydrosphere C18 150x4.6 mm
ID) and a DAD detector with data-processing Chromeleon
station software (Thermo Fisher Scientific). The UV detection
of 5-FU was set at 230 nm. Mobile phase A consisted of 0.1%
formic acid in 100% methanol, and mobile phase B consisted
of 0.1% formic acid in Milli-Q water (5:95 v/v) at a flow rate
0f0.500 mL/min. The column temperature was maintained at
30°C. The injected volume of each sample was 20 uL.
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All samples after their degradation were analyzed by mass
spectrometry (MS). The analysis of drugs was performed
using an LTQ Orbitrap mass spectrometer (Thermo Fisher
Scientific) following chromatographic separation using
an HPLC system consisting of an autosampler and dual
pumps. An HPLC system Thermo Finnigan (Thermo Fisher
Scientific) was used. An LTQ Orbitrap MS equipped with
an atmospheric pressure interface and an ESI ion source was
used. The source voltage was set to 3.5 kV. The heated capil-
lary temperature was maintained at 275°C. Analyses were
run using full MS (50-1,000 m/z range) in the negative ion
mode, with a resolution of 30,000 in ITMS mode.

The method was developed and validated with respect to
linearity, accuracy, recovery, precision, system suitability,
selectivity, and robustness, and forced degradation studies
proved the stability indicating ability of the method.

Selectivity might include degradants and matrix. Decon-
tamination studies were performed for cytotoxic drugs to
provide an indication of the stability indicating property and
selectivity of the proposed method. Intentional decomposi-
tion was attempted to stress conditions that were exposed
to it with alkali (0.01 M NaOH) and sodium hypochlorite
(5% NaClO) to evaluate the ability of the proposed method
for a decontamination strategy of cytotoxic drugs.

Sampling procedure and analysis of the

transformation products

Decontamination tests were performed by using CP as
internal standards. In this procedure, standards were mixed
into the decontamination solution in a series of glass vials
(Supelco [Bellefonte, PA, USA], 20 mL). The vials were
sealed with caps and covered with aluminum foil to protect
the reaction mixture from sunlight. At predetermined time
intervals (0, 5, 15, 20, 30, 50, 70, 90, and 120 minutes), the
reaction was terminated by addition of formic acid (0.1%).
The solution was transferred to a smaller vial (Supelco, 2.0
mL) and analyzed immediately by HPLC to determine oxida-
tion or hydrolysis of the transformation products.

HPLC method for the decomposition of cytostatics
The decomposition of CP and IFOS on the reactive sorbents
in water was measured at the University JE Purkyné in Usti
nad Labem using the methodology developed at the Institute
of Inorganic Chemistry AVCR.?

Fourier transform infrared spectroscopy analysis

of cytostatics degradation

The CP and IFOS degradation processes were studied on a
Nicolet Impact 400D FTIR spectrometer (Nicolet CZ, s.r.o0.,

Prague, Czech Republic) equipped with the Praying Mantis™
(Harrick, Pleasantville, NY, USA) for diffuse reflection
measurements (DRIFTS).”

Results and discussion
As has already been discussed, nanocrystalline TiO, prepared
by homogeneous hydrolysis of oxo-titanium sulfate with urea
was used for the degradation of CP and IFOS. According
to the reaction conditions, TiO, can be prepared either as
an excellent photocatalytic pigment®!° or as a destructive
sorbent for stoichiometric decomposition of chemical
warfare agents,*!! pesticides,'? and some of the anthracycline
antibiotic cytostatics.’

CP is the most commonly used alkylating agent (adding
] to the DNA) in tumor therapy and
represents a great contribution to stopping the proliferation

an alkyl group [C H,
of tumor cells, but there is also a health risk for medical
staff. Cyclophosphamide is a “prodrug” in which the active
chemotherapeutic is created in the liver.

LC-MS chromatogram and mass spectra of CP are pre-
sented in Figure S1; the chromatographic peak at retention
time ¢, =3.40 minutes with [M+H]" =261.2 (ESI*) corre-
sponds to pure CP.'* The two reaction products are formed by
the reaction of CP with NaClO; after 5 minutes of reaction,
it produced 4-hydroxy-cyclophosphamide (#, =8.4 minutes,
[M+H]*=277.02), and after 15 minutes, it was identified as
3-(2-chloroethyl)-2-((2-chloroethyl)amino)-1,3,2-oxaza-
phosphinane 2-oxide, (#, =6.50 minutes, [M+H]* =261.09),
also known under the name IFOS. LC chromatograms and
the mass spectra of these reaction products are shown in
Figure S2. The chromatographic behavior demonstrated that
the 4-hydroxy-CP formed during the reaction with NaClO has
a higher polarity than IFOS, which is indicated by a longer
retention time. The reaction pathway of CP conversion in the
presence of sodium hypochlorite is shown in Figure 1.

IFOS is similar to CP and is hydroxylated in cells to
its active metabolite 4-hydroxy-ifosfamide and its tau-
tomers form aldo-ifosfamide; by cleavage of acrolein, it
changes from aldo-iphosphamide to iso-phosphorus-amino
mustard.

The main active human metabolite of CP is 4-hydroxy-
cyclophosphamide, and its formation occurs through
hydroxylation.'* IFOS is a chemotherapeutic agent chemi-
cally related to the nitrogen mustards and a synthetic analog
of CP. Trissel'® reported that IFOS is chemically stable in
NaCl (0.9%). We expect that it will also be stable in sodium
hypochlorite NaClIO (5%), because no other reaction product
has been detected.
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Figure | The pathway of conversion of CP in the presence of sodium hypochlorite (5% solution).
Abbreviations: CP, cyclophosphamide; CP-TP1-OCI, 4-hydroxy-cyclophosphamide; CP-TP2-OClI, ifosfamide.

The appearance of new peaks during the decontamination
process of CP in 5% NaClO aqueous solution is indicative
of the formation of decay products.

CP reacts with aqueous solutions of 0.01 M NaOH, and
after 15 minutes, the reaction produces 3-((amino(bis(2-
chloroethyl)amino)phosphoryl)oxy) propanoic acid
(¢, =7.49 minutes, [M+H]* =293.02), which is also the end
product. It is formed by the opening cycle of the CP backbone
leading to the formation of carboxyl (~COOH) and amino
(—-NH2) groups. The scheme of reaction of 0.01 M NaOH
with CP is presented in Figure 2. HPLC-MS chromatogram
and the mass spectra of transformation product 3-((amino(bis
(2-chloroethyl)amino)phosphoryl)oxy) propanoic acid of
CP are presented in Figure S3.

The results of the adsorption/degradation experiments
in the presence of TiO, indicated that no adsorption prod-
uct occurred throughout the 60-minute reaction time in an
aqueous medium. In the case of adsorption/degradation of
CP on the surface of TiO,, we can explain that based on the
knowledge of the stoichiometric degradation of organophos-
phates, which are decomposed bimolecular nucleophilic
substitution S, > mechanisms, where surface —~OH groups, in

o] Cl
(/P\N O\T//\N/\/
NH \\\ NH, \\\
Cl
Cyclophosphamlde (cP)
m/z 261.2

15 min

NaOH (0.01 M)
HOOC

CP-TP1-OH
m/z 293.02

Figure 2 Scheme of degradation CP after reaction with a solution of 0.0l M
NaOH.

Abbreviations: CP, cyclophosphamide; CP-TPI-OH, 3-((amino(bis(2-chloroethyl)
amino)phosphoryl)oxy) propanoic acid.

this case, act as a strong nucleophile, as we have reported
in our previous studies.'®!” The electrophilic center nitrogen
atom in the drug molecule will probably play a crucial role in
the adsorption process. In the first part, the electron from the
center nitrogen atom travels to the inside of the molecule. The
mechanism is known as “inner sphere electron transfer”!$1
with elimination of a molecule of HCI. The mechanism is next
followed by a substitution reaction to “temporarily” affect the
electrophilic nitrogen atom (denoted as +). The final step is the
creation of a stable surface complex. This can be explained by
an increased number of catalyst active sites that are available
for the adsorption reaction.?*?! The proposed mechanism of
adsorption of CP on a titania surface is shown in Figure 3.
Kinetics of the reaction of CP with 5% solution NaClO
and 0.01 M NaOH are presented in Figure 4A and B (blue
curve). The origin and degradation of transformation products
denoted as CP-TP1 (4-hydroxy-cyclophosphamide) shows a
red curve and transformation products denoted as CP-TP2
(IFOS) in a green curve. It is clear that CP is not completely
degraded after 120 minutes, and after reaction with sodium
hydroxide, the reaction product is another cytotoxic agent,
IFOS. CP in the presence of nanostructured TiO, is adsorbed
and gradually degraded without the formation of reaction
products. The kinetics of CP degradation were calculated as
first-order kinetics [odkaz], and are &=0.0602 min™! and the
degree of conversion is 89.7% at 120 minutes (Figure 4C).
Since IFOS (m/z 261.09) was identified as one of
the transformation products (CP-TP2-ClO) of CP in the
NaClO (5%) agent, it was also in this case tested for its stability
in both decontamination agents (NaClO and NaOH). The typi-
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Figure 3 The proposed mechanism of adsorption of CP on a titania surface.
Abbreviation: CP, cyclophosphamide.

cal LC-MS chromatogram and mass spectra of IFOS (£, =6.50  (known as palifosfamide).* This transformation product is
minutes, [M+H]*=261.09) are presented in Figure S4. After  labeled [FOS-TP1-OH (¢, =2.49 minutes, [M+H]*=219.99).
the reaction with sodium hydroxide (NaOH, 0.01 M) the agent =~ The LC-MS chromatogram and mass spectra of the transfor-
has had identified only one transformation product formed by ~ mation product IFOS-TP1-OH of IFOS in sodium hydroxide
alkylation of IFOS after 30 minutes as ifosforamide mustard ~ (NaOH 0.01 M agent) are shown in Figure S5.

A B
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\ . .\.
o e ° e
o 06 T \. o 06 T \
o & S b A ‘\o\.
0.4 § *<e 0.4 1 Y Dy S
e v
/ T~e—— o 1 / v
'/A o T ey \'\v
0.2 \. Aa 0.2 —v ¥
g A A ]
0.0 g ] ] 004 w
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Figure 4 Transformation products formed during CP degradation plotted as a function of the normalized concentration (C/C)) of cyclophosphamide decay.

Note: Transformation products formed during the decontamination time (minutes) in the presence of (A) 5% NaClO agent, (B) 0.0 M NaOH agent, and (C) TiO,.
Abbreviations: CP, cyclophosphamide; CP-TP1-OCI, 4-hydroxy-cyclophosphamide; CP-TP2-OClI, ifosfamide.
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Figure 5 The proposed pathway of conversion of IFOS in the presence of a sodium hydroxide (0.01 M) agent.

Abbreviations: IFOS, ifosfamide; IFOS-TP1-OH, ifosforamide mustard.

Kaijser et al?® described a sensitive and selective method
for the analysis of ifosforamide mustard in plasma. The
method consists of direct derivatization of ifosforamide mus-
tard in plasma with diethyldithiocarbamate and subsequent
solid-phase extraction of the resulting derivative. The analysis
of'the derivatization product was performed by HPLC with UV
detection (HPLC-UV).? Ifosforamide mustard probably repre-
sents the most important cytotoxic compound able to produce
irreversible cross-links between DNA strands. In tumor cells,
ifosforamide mustard reacts with DNA, causing cell death.?*
The scheme of IFOS degradation in the presence of 0.01 M
NaOH is shown in Figure 5. The sodium hypochlorite agent
(5%) did not result in any identified transformation product.

In the case of IFOS degradation on the surface of
TiO,, only one oxidation product, 4-hydroxyifosfamide
(C,H,,CIN,O,P), was identified after 15 minutes of reac-
tion time ([M+H]*"=276.09). Figure 6 presents the proposed
pathway of adsorption of IFOS on a titania surface.

This degradation product is a metabolic product of IFOS,
which is formed by hydroxylation at the ring carbon atom
4 to form the unstable intermediate 4-hydroxyifosfamide.
This metabolite then rapidly degrades to the stable urinary
metabolite 4-ketoifosfamide. The stable urinary metabolite,

Ifosfamide (IFOS)

Adsorption on titania surface

4-carboxyifosfamide, is formed upon opening of the ring.
These metabolites have not been found in obtained solutions
after the adsorption reaction with TiO,.*® The kinetics of
the reaction of IFOS (violet curve) with the solution of 5%
NaClO and 0.01 M NaOH are presented in Figure 7A and B.
The green curve in Figure 7B shows the origin of the trans-
formation products named IFOS-TP1-OH and ifosforamide
mustard. Titanium dioxide mineralized IFOS and trans-
formed 4-hydroxyifosmamide into phosphoric acid, carbon
dioxide, and water. The rate constant k and degree of conver-
sion d are 0.0746 min" and 96.5%, respectively (Figure 7C).

Significant degradation pathways of both agents, CP
and IFOS, derived from mustard gas? as well as their deg-
radation products were detected on the surface by in situ
sensing DRIFT spectra in reaction time.?” DRIFT spectral
data provide evidence of the chemical interactions with a
titania surface. The results of the degradation experiments
in the heterogeneous CP-water-TiO, system indicated that
no degradation product occurred throughout the 120 minutes
reaction time in an aqueous medium.

However, from the DRIFT spectra obtained in the reac-
tion time for the CP-TiO, system there are some important
bands recognizable from surface-adsorbed CP. The surface

4-Hydroxyifosfamide

o //o /\/CI o Cl o //O Cl

\IT\N O\P//\N/\/ \P\N/\/

- |

j H N 15 min j o
Cl cl HO CI
261.09 m/z 276.09 m/z
Ho. §% on o 9 onrHo PH ow
NN PN PN %

<IN NI

H

Titania surface layer

Figure 6 The proposed pathway of adsorption of IFOS on a titania surface.
Abbreviation: IFOS, ifosfamide.
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Figure 7 Transformation products formed during IFOS degradation plotted as a function of the normalized concentration (C/C)) of IFOS decay.
Note: Transformation products formed during the decontamination time (minutes) in the presence of (A) 5% NaClO agent, (B) 0.0 M NaOH agent, and (C) TiO,.

Abbreviations: IFOS, ifosfamide; IFOS-TP|-OH, ifosforamide mustard.

degradation of CP is realized through binding of the elec-
trophilic phosphoryl oxygen v(P=0) to the surface hydroxyl
groups by hydrogen-bond formation. The P=O bond (~1,280-
1,305 cm™) is shifted to a lower wave number (~1,215 cm™),
which may indicate the decay of this group during stable
surface complex formation with surface hydroxyls.”?’ As can
be further seen, the vibrational band around a wave number
of 1,170 cm™ corresponding to v(P—O) vibration absorption
is lost over time. It has been demonstrated that the ring in the
molecules was completely opened by cleavage of the P-O
bond. On the other hand, vibration bands at 1,030-1,058 cm™,
which can be assigned to a specific vibration v(P—O-C),
remain unchanged, only showing a slight deformation due
to the separation of the electronegative oxygen from the
phosphorus in the ring.?® Therefore, it is apparent that other
vibration bands will be influenced. The peaks at 922 and
1,455-1,460 cm™ are the absorptions of v(P—N), and the
peaks at 968, 2,850, and 2,960 cm™" are the absorptions of
v(C-H) stretching vibrations.?*° In the DRIFT spectra of CP

Cl

=0)
0)

== 1,280 v(P=0)

1,460 v(P-N)

C=0)

> 1,058 v(P-0-C)

< 1,170 v(P-0)

2,361 v(O:
) 1,900 v(C:
> 1,775 v(C:
- 884 v(C-Cl)

Absorbance

T
1,000

T
3,000 1,500
Wavenumber (cm-)
— 0 — 15 — 300 — 500 — 90" — 120/

T T
2,500 2,000

Figure 8 The DRIFTS fingerprint spectra of CP destructive adsorption on the
titanium oxide.

Abbreviations: CP, cyclophosphamide; DRIFTS, diffuse reflectance infrared Fourier
transform spectroscopy.
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Figure 9 The DRIFTS fingerprint spectra of IFOS destructive adsorption on the titanium oxide.
Abbreviations: IFOS, ifosfamide; DRIFTS, diffuse reflectance infrared Fourier transform spectroscopy.

and IFOS are the characteristic peaks at 785 and 884 ¢cm™!,
respectively, corresponding to the v(C—Cl) bond, which
slowly decreases due to the dehydrohalogenation pathway,
where the Ti(IV) centers act as Lewis acids and promote the
cleavage of the labile C—CI bond in the drug molecule (the
mechanism is known as “inner sphere electron transfer”)
accompanied by elimination of a molecule of HC1.3!

In the case of IFOS degradation, we assume two different
reaction pathways in aqueous solution (heterogeneous
IFOS-water-TiO, system) and the surface interaction of
pure [FOS (IFOS-TiO, system). In the first step, [FOS is
superficially oxidized to 4-hydroxyifosfamide (4-H-IFOS)
as the major degradation product identified after 5 minutes in
the retention time of 5.213 minutes with m/z [M+H]*=276.09
(faster process) followed by the opening of the agent cycle by
cleavage of the P—O bond similarly to what occurs with CP
(aslower process). This metabolite has not yet been found in
the obtained solution after the adsorption reaction with TiO,.**
Other DRIFT band characteristics remain similar to CP.
Nevertheless, in all cases, the belt vibration intensity of the
bands is reduced due to further cleavage of the molecules into
smaller fragments, which apparently remain on the surface.

In the presence of gaseous CO, , absorption bands appear at

2(gy

1,706, 1,775, and 1,900 cm™', corresponding to the carbonyl

group V(C=0). The band at 2,361 cm™ is assigned to adsorbed
CO, with a Ti-O-C-O adsorption configuration.*

The examples of the fingerprint DRIFT spectra
(700-4,000 cm™") obtained at preselected time intervals
(0, 15, 30, 50, 90, and 120 minutes) after reactive adsorp-
tion on the titanium oxide denoted TIT15 are presented in
Figures 8 and 9. The proposed mechanism pathways of
adsorption of CP and IFOS on the titania surface are shown
in Figures 10 and 11.

Conclusion

Aqueous solutions of sodium hydroxide and sodium
hypochlorite have been used as cleaner simulants in medical
facilities for the remediation of cytostatics from the family
of nitrogen mustards. Sodium hydroxide decomposes CP
to 3-((amino(bis(2-chloroethyl)amino)phosphoryl)oxy)
propanoic acid and sodium hypochlorite forms two reaction
products, namely, IFOS and 4-hydroxy-cyclophosphamide.
IFOS is stable in a solution of sodium hypochlorite; IFOS
in the presence of sodium hydroxide is converted to toxic
IFOS mustard. In contrast, a destructive sorbent based on
nanocrystalline and nanodispersive TiO, can on its surface
stoichiometrically decompose CP and IFOS respectively, into
anontoxic reaction product (fragments) and then mineralize
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them to water and carbon dioxide. Nanodispersive TiO, is an

effective degradation agent for decontamination of surfaces

from cytostatics in medical facilities.
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Figure S1 HPLC-MS chromatogram (A) and mass spectra (B) of CP.
Note: Adduction is represented by [M+H]+, formed by the interaction of a molecule with a proton (hydron).
Abbreviations: CP, cyclophosphamide; HPLC-MS, high-performance liquid chromatography—mass spectrometry; NL, intensity of the signal; RT, retention time.
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Figure S2 HPLC-MS chromatogram (A) and mass spectra of the transformation product of CP (B) 4-hydroxycyclophosphamide and (C) 3-(2-chloroethyl)-2-((2-chloroethyl)
amino)- 1,3,2-oxazaphosphinane 2-oxide (IFOS) from CP in sodium hypochlorite 5% solution (NaClO).

Note: Adduction is represented by [M+H]+, formed by the interaction of a molecule with a proton (hydron).

Abbreviations: CP, cyclophosphamide; HPLC-MS, high-performance liquid chromatography—mass spectrometry; NL, intensity of the signal; RT, retention time.
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Figure S3 HPLC-MS chromatogram (A) and mass spectra (B) of transformation product 3-((amino(bis(2-chloroethyl)amino)phosphoryl)oxy) propanoic acid from CP in
sodium hydroxide 0.0 M (NaOH) solution.

Note: Adduction is represented by [M+H]+, formed by the interaction of a molecule with a proton (hydron).

Abbreviations: CP, cyclophosphamide; HPLC-MS, high-performance liquid chromatography—mass spectrometry; NL, intensity of the signal; RT, retention time.
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Figure S$4 Typical LC-MS chromatogram (A) and mass spectra (B) of IFOS.
Note: Adduction is represented by [M+H]*, formed by the interaction of a molecule with a proton (hydron).
Abbreviations: IFOS, ifosfamide; LC-MS, liquid chromatography—mass spectrometry; NL, intensity of the signal; RT, retention time.
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Figure S5 LC-MS chromatogram (A) and mass spectra (B) of the transformation product IFOS-TP|-OH of IFOS in sodium hydroxide 0.0l M (NaOH) solution.

Note: Adduction is represented by [M+H]*, formed by the interaction of a molecule with a proton (hydron).

Abbreviations: IFOS, ifosfamide; IFOS-TPI-OH, 3-((amino(bis(2-chloroethyl)amino)phosphoryl)oxy) propanoic acid; LC-MS, liquid chromatography—mass spectrometry;
NL, intensity of the signal; RT, retention time.
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