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ABSTRACT: Doxorubicin (DOX) is commonly used in chemo-
therapy and biomedical research because of its potent anticancer
activity. Although DOX is water soluble, it precipitates when
interacting with buffers, such as phosphate-buffered saline, or with
drugs such as S-fluorouracil (S-FU) and heparin. This study reports
that DOX precipitates in neutral buffers and 5-FU solution because
of the formation of covalently bonded DOX dimers. Additionally,
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this study proposes a structure for the DOX dimer and a mechanism
for dimerization on the basis of mass spectrometry in combination
with an experiment to establish the reaction model. The DOX
dimer/precipitate formation might be an important phenomenon,
considering the frequent use of DOX in chemotherapy an

biomedical research.

B INTRODUCTION

Doxorubicin (DOX) is an anthracycline anticancer drug that is
commonly used in chemotherapy and biomedical research.
Because of its potent activity against a broad spectrum of
cancers, it is used as a standard chemotherapeutic agent." DOX
has multiple mechanisms of action, including DNA intercala-
tion, inhibition of topoisomerase II, generation of reactive
oxygen species (ROS), and direct membrane effects;”™"
however, its use can result in serious adverse side effects
including irreversible cardiotoxicity.”® Consequently, many
studies have focused on the development of DOX delivery
carriers to improve their efficacy and safety.”® The number of
studies focusing on DOX delivery has considerably increased
over the past decade (Figure S1). Therefore, understanding the
chemical, physical, and biological characteristics of DOX is
extremely important for advancing its biomedical application
and expanding its clinical research scope.

DOX is an amphiphilic compound consisting of a hydro-
phobic anthraquinone ring and a hydrophilic amino sugar
moiety (Figure 1A). DOX is soluble in water and yields a clear
orange-red solution. However, DOX is known to form a red
precipitate when mixed with buffers, such as phosphate-buffered
saline (PBS), or with certain drugs such as fluorouracil (5-FU)
and heparin.”'® Considering the high solubility of DOX at
neutral pH (~20 mg/mL),"" it is unlikely that its precipitation
results from its insolubility in a neutral buffer. Furthermore,
daunorubicin (DNR), the 14-dehydroxylated version of DOX
(Figure 1A), which is more hydrophobic than DOX, has not
been reported to precipitate out of solutions with neutral
buffers.'* Several studies have demonstrated that an aqueous
solution of DOX undergoes self-association by 7—7 stacking in
the presence of NaClL'"'*'* However, DNR undergoes self-
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association in solution as well;"® hence, the precipitation of
DOX cannot be explained on the basis of the self-association of
its molecules. Therefore, it is hypothesized that the precipitation
of DOX in buffers occurs through alternative mechanisms.

This study investigates the mechanism of the formation of the
DOX precipitate in buffers and 5-FU. These findings differ from
the results of previous studies and will considerably impact DOX
usage in biomedical research and in clinical practice.

B RESULTS AND DISCUSSION

DOX Precipitate Formation in Neutral Buffers. DOX
and DNR were dissolved in water, yielding transparent orange-
red solutions. Upon the addition of PBS, the solutions remained
transparent, with no precipitation occurring immediately.
However, DOX dissolved in PBS gradually formed a red
precipitate upon incubation at 37 °C (Figure 1B). In contrast,
DNR did not undergo precipitation, although it is more
hydrophobic than DOX."” The precipitation of DOX occurred
in HBS (HEPES-buffered saline) and TBS (Tris-buffered
saline) as well (Figure 1C), indicating that phosphate itself
was not the direct cause of the precipitation. When incubated in
PBS at 37 °C for 24 h, more than 80% of DOX underwent
precipitation (Figure 1D). The DOX precipitate was separated
by centrifugation and resuspended in water; this solubilization
cycle was repeated four times. However, ~90% of the DOX that
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Figure 1. Precipitation of DOX in buffers. DOX and DNR in buffer solutions (1 mg/mL) were incubated for 24 h at 37 °C. (A) Structure of DOX and
DNR. (B) Photographs of DOX and DNR in PBS after incubation. (C) The presence or absence of precipitation of DOX and DNR in PBS (10 mM
phosphate, 150 mM NaCl, pH 7.2), HBS (25 mM HEPES, 150 mM NaCl, pH 7.4), and TBS (50 mM Tris-HCl, 150 mM NaCl, pH 7.4) after
incubation. (D) % precipitation of DOX in PBS after incubation, followed by four solubilization cycles with water. (E) Kinetics of DOX precipitation at
different temperatures (25, 37, and 60 °C). (F) DOX precipitation in the 100 mM phosphate buffer with different pH (4.5, 6, 7, 8, and 9).

was initially precipitated remained as a precipitate following the
solubilization cycles, indicating that the precipitation was not
caused by the saturation of DOX solubility.

Finally, the temperature and pH dependences of DOX
precipitation were examined. Monitoring the progress of the
precipitation in PBS at different temperatures (25, 37, and 60
°C) revealed that DOX precipitated more rapidly at higher
temperatures (Figure 1E). When DOX was dissolved in
phosphate buffers of different pH (4.5, 6, 7, 8, and 9), the
solutions initially appeared clear and red. However, in alkaline
solutions, there was a gradual increase in the amount of
precipitate formed (Figure 1F). These data suggested that the
formation of the DOX precipitate was temperature- and pH-
dependent.

Characterization of the DOX Precipitate through Mass
Spectrometry. The composition of the DOX precipitate was
analyzed through flow injection analysis—mass spectroscopy
(FIA—MS). The electrospray ionization (ESI) mass spectrum of
intact DOX helped to identify ions at m/z 544 as [M + H]*, m/z
1087 as [2M + H]*, and m/z 397 and m/z 321 as fragments
produced by the loss of sugar and carbonyl moieties,
respectively, as reported previously (Figure 2A)."> The DOX
precipitate was dissolved in an aqueous solution containing 50%
acetonitrile and 0.1% formic acid and analyzed through FIA—
MS (Figure 2B). The mass spectrum of the DOX precipitate
exhibited peaks derived from intact DOX (shown in red in

33236

Figure 2B) as well as new peaks that were most likely derived
from new products (shown in blue in Figure 2B). It is
hypothesized that the ion that was detected at m/z 1067
represents [M + H]* of a covalent dimer of DOX, while the
peaks at m/z 2133 and m/z 938 represent [2M + H]* and a
fragment produced by the loss of a sugar moiety of the dimer,
respectively. One of the reactions that may occur between two
DOX molecules is imine formation by dehydration between the
carbonyl and amino groups. However, the imine form of two
DOX molecules should have been detected as an ion at m/z
1069 as [M + H]*. Therefore, it is hypothesized that the
dimerization of DOX involves the loss of two hydrogen ions in
addition to imine formation; therefore, the resulting DOX dimer
was two mass units lighter than the imine formed by two DOX
molecules.

The composition of the precipitate was further analyzed
through liquid chromatography—mass spectrometry (LC/MS).
A sharp peak attributed to intact DOX appeared at 22.2 min
(Figure 2C). In contrast, the chromatogram of the precipitate
exhibited peaks that were attributed to a derivative of the DOX
monomer (the leading peak at 22.1 min, m/z 560), intact DOX
(the sharp peak at 22.2 min), and the DOX dimer (the broad
peak at 27 min) (Figures 2D and S2). When the dimer (peak
highlighted in blue in Figure 2D) was isolated using preparative
high-performance liquid chromatography (HPLC) and re-
injected for LC/MS, the chromatogram retained the peaks
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Figure 2. Characterization of the DOX precipitate by mass spectrometry. The DOX precipitate formed in PBS was dissolved using 0.1% formic acid in
50% acetonitrile and analyzed through FIA—MS (B) and LC/MS (D). (A, B) Mass spectra of (A) DOX and (B) the total DOX precipitate.
Chromatograms of (C) DOX, (D) the DOX precipitate, and (E) the DOX dimer isolated from the blue-highlighted peak in (D), monitoring the

absorbance at 480 nm.

attributed to the DOX monomer derivative and intact DOX in
addition to the peak attributed to the dimer, indicating that the
dimer can be partially hydrolyzed into intact DOX and the DOX
monomer derivative (Figure 2E). These results suggested that
the main component of the DOX precipitate was the covalent
DOX dimer.

Model Reaction Using DOX and Hydroxylamine.
Nuclear magnetic resonance (NMR) spectroscopy was
performed to determine the structure of the DOX dimer.
However, the NMR spectra were unclear, and the structure of
the dimer could not be ascertained from the data. Therefore,
DOX was reacted with hydroxylamine in an experiment
designed to determine the reaction mechanism. The mixture
of DOX and hydroxylamine in PBS was incubated at 37 °C for
24 h, and the supernatant was analyzed through LC/MS
(Figures 3A and S3). The chromatogram exhibited three major
peaks. The first peak, appearing at 21.2 min, was generated by an
ion at m/z 559, which is inferred to be the oxime of DOX. The
second peak, appearing at 21.8 min, is attributed to intact DOX.
The third peak appeared at 23.2 min and was generated by an
ion at m/z 557, which is two mass units lighter than the oxime
form of DOX, indicating that DOX/hydroxylamine in PBS
underwent a reaction similar to the dimerization of DOX.
Finally, the eluent that generated the third peak was isolated
through HPLC and reinjected for HPLC, revealing that this
product was stable in the aqueous solution (Figure 3B). The
NMR spectra of the product isolated from the third peak (Figure
S4) revealed that the product had an oxime moiety at C14
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instead of C13 and had a ketone moiety at C13, as shown in
Figure 3C.

Proposed Mechanism of Dimerization of DOX. Figure 4
represents the mechanisms of dimerization of DOX and
hydrolysis of the dimer, which was deduced from the results
of the experiment using DOX + hydroxylamine to model the
reaction mechanism. First, the a-hydrogen at the a-hydroxy
ketone group (C14) of DOX is deprotonated, undergoes keto—
enol tautomerization, and forms an @-hydroxy aldehyde. The a-
hydroxy aldehyde reacts with the amine group of another DOX
molecule to form an a-hydroxy imine. Subsequent oxidation of
the alcohol at C13 forms a DOX dimer having an a-iminoketone
structure. The DOX dimer precipitates because of its poor water
solubility. These chemical reactions also explain the temper-
ature-dependent nature of precipitate formation (Figure 1E).
Following imine formation, the oxidation of the alcohol at C13 is
likely to be mediated by the enaminol (aminoreductone)
formed by imine—enamine tautomerization. Enaminols are
unstable in basic solutions and oxidize to form a-iminoke-
tones.'”'” The increased precipitation of DOX in an alkaline
solution (Figure 1F) can be explained by the pH-dependent
oxidation of enaminol, the enhancement of the initial keto—enol
tautomerization, or the pK, value of the amine of DOX (pK, =
8.2).!" Figure S5 represents the nitroblue tetrazolium (NBT)
assay, which indicates the presence of reducing substances by
forming an insoluble purple formazan. DOX + NBT in PBS
formed a purple precipitate, whereas DOX + NBT in water and
DNR + NBT in PBS did not. These data support the hypothesis
that the solution of DOX in PBS formed an enaminol

https://dx.doi.org/10.1021/acsomega.0c04925
ACS Omega 2020, 5, 33235-33241


http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c04925/suppl_file/ao0c04925_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c04925/suppl_file/ao0c04925_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c04925/suppl_file/ao0c04925_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c04925/suppl_file/ao0c04925_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04925?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04925?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04925?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c04925?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c04925?ref=pdf

ACS Omega

http://pubs.acs.org/journal/acsodf

A

DOX oxime

AN

DOX

Third peak

/

17.5 20.0 225 25.0 275

TIme (min)

B

17.5 20.0 25 25.0 275
Tlme (min)

NHo

Figure 3. Reaction modeling using DOX and hydroxylamine. DOX was
incubated in PBS containing a molar equivalent of hydroxylamine for
24 hat 37 °C. Chromatograms of (A) DOX/hydroxylamine in PBS and
(B) the product isolated from the blue-highlighted third peak in (A),
monitoring the absorbance at 480 nm. (C) Structure of the product
isolated from the third peak determined via NMR spectroscopy (NMR
spectra are shown in Figure $4).

intermediate during precipitation. The DOX precipitation
experiment was performed using PBS in a N, atmosphere. In a
N, atmosphere, DOX precipitated as readily (57% in 14 h) as it
did in air (65% in 14 h), indicating that the oxidation of the DOX
dimer was not mainly mediated by air. It is possible that DOX
itself acted as an oxidant for the oxidation of its dimer because
DOX is known to form a semiquinone by reduction, indicating
that it can oxidize reducing substances.'® However, further
experiments are required to confirm the mechanism of the
oxidation. Theoretically, hydrolysis of the DOX dimer produces
intact DOX and an oxidized DOX monomer with an a-
ketoaldehyde moiety. In fact, the chromatogram of the DOX
precipitate contained a peak attributed to an ion at m/z 560
(Figures 2D and S2B). This ion was most likely derived from the
geminal diol form of the oxidized DOX monomer.

Although this study is the first to describe the precipitation of
DOX as a result of its dimerization, Yokoyama et al. have
previously observed the formation of this DOX dimer as a side
product during the preparation of DOX-loaded polymeric
micelles."” The structure of the DOX dimer proposed therein is
identical to the one proposed in this work. Fukushima et al.
evaluated the role of the DOX dimer in the antitumor activity of
the DOX-loaded micelles; however, they did not describe the
relationship between the precipitation of DOX and the
formation of its dimer.”® Their findings, taken together with
the findings of the present study, indicate that the dimerization

of DOX needs to be considered when using the drug for material
research, regardless of the occurrence of precipitation.

The reaction of the a-hydroxy ketone with an amine can not
only occur between two DOX molecules but also between DOX
and other molecules containing amine groups. For example,
Zunino et al. demonstrated that DOX binds covalently to
proteins, although DNR does not.”' They proposed that DOX
formed an a-hydroxy aldehyde by keto—enol tautomerization
and, subsequently, the aldehyde formed imines by reacting with
the amino groups of proteins. Furthermore, they speculated that
the imines were stabilized by some conformational and/or
hydrophobic effects. The stable binding of DOX to proteins was
presumed to be mediated by a mechanism similar to that of the
dimerization of DOX. The covalent binding of DOX to serum
proteins may influence its pharmacokinetics and pharmaco-
logical effects in vivo and in vitro. These data suggest that both
the dimerization of DOX and its binding to proteins or other
amine-containing molecules via the reactive a-hydroxy ketone
need to be considered when using DOX in basic and clinical
research.

Characterization of the DOX Precipitate Formed by 5-
FU and Heparin. DOX is known to precipitate when mixed
with 5-FU."" Therefore, combination chemotherapy using these
two drugs necessitates separate administration to avoid
precipitation. This work examined whether the DOX dimer
was present in DOX precipitated by 5-FU (Figure 5). DOX + 5-
FU dissolved in water (pH = ~9) formed a red precipitate,
similar to that formed by DOX in neutral buffers (Figure SB).
ESI-MS and LC/MS revealed that this precipitate did not
contain 5-FU and was identical to the DOX precipitate in the
buffer, indicating that 5-FU also induced the dimerization of
DOX. It is likely that 5-FU acts as a proton acceptor and initiates
dimerization. Heparin has also been reported to induce DOX
precipitation;10 however, LC/MS results suggested that the
DOX precipitate formed upon the interaction with heparin
contained only intact DOX (Figure S6). This precipitate was
most likely caused by electrostatic interactions between DOX
and heparin. These data indicate that while some drugs can
mediate DOX dimerization, not all DOX precipitation is caused
by dimerization.

Cytotoxicity and Cytolocalization of the DOX Dimer.
Finally, the cytotoxicity of the DOX dimer (precipitate) was
compared with that of intact DOX in A549 cells (Figure 6A). To
generate the DOX dimer solution, the DOX precipitate was
dissolved in dimethyl sulfoxide (DMSO); in addition to the
precipitate, this solution might also have contained intact DOX
and oxidized DOX formed by hydrolysis (Figures 2E and 4B).
The DOX dimer exhibited a lower cytotoxicity (ICso = 1.17 g/
mL) than intact DOX (ICg, = 0.25 pg/mL). Additionally, the
intercellular localization of the DOX dimer was visualized using
fluorescence microscopy (Figure 6B). Intact DOX was observed
primarily in the nucleus and cytoplasm. In contrast, the DOX
dimer was observed only in the cytoplasm, indicating that
dimerization altered the intercellular localization of DOX. DOX
cytotoxicity is mediated by DNA intercalation, inhibition of
topoisomerase II, and ROS generation; however, DNA
intercalation and topoisomerase II inhibition require trans-
location of DOX to the nucleus. Therefore, the relatively weak
cytotoxicity of the DOX dimer may be attributed to the lack of
nuclear localization.
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B CONCLUSIONS

This study revealed that the dimerization of DOX is responsible
for its precipitation in the neutral buffers and 5-FU solution. The
structure of the DOX dimer and the mechanism of its formation
were determined using mass spectrometry of the DOX dimer
and of all the products formed when DOX reacted with
hydroxylamine in PBS. The proposed mechanism of dimeriza-
tion of DOX includes the formation of an a-hydroxy aldehyde by
keto—enol tautomerization of the a-hydroxy ketone, imine
formation between two DOX molecules, and oxidation of the
alcohol group at C13. This covalent dimer formation occurs
under physiological conditions and, therefore, needs consid-
eration in biomedical research using DOX, such as drug delivery
studies and DOX-based therapies.

B EXPERIMENTAL SECTION

DOX Precipitate Formation. DOX hydrochloride (Ava-
Chem Scientific, San Antonio, TX, USA) and DNR hydro-
chloride (AvaChem Scientific) were dissolved in water to yield
concentrations of 2 mg/mL. Subsequently, 2x PBS (20 mM
phosphate, 300 mM NaCl, pH 7.2), 2x HEPES-buffered saline
(2x HBS, 50 mM HEPES, 300 mM NaCl, pH 7.4), 2 Tris-
buffered saline (2x TBS, 100 mM Tris-HCI, 300 mM NaCl, pH
7.4), S0 mg/mL S-FU (Adrucil, Teva Parenteral Medicines,
Irvine, CA, USA), or 2 mg/mL heparin (MilliporeSigma, St.
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Louis, MO, USA) was added to the DOX or DNR solution at a
volume ratio of 1:1. Each solution was incubated for 24 h at 37
°C and allowed to form a precipitate. The temperature
dependence of DOX precipitation was investigated by
incubating 1 mg/mL DOX in PBS for 1, 3, 6, and 24 h at 25,
37, and 60 °C. The pH dependence of DOX precipitation was
investigated by incubating 1 mg/mL DOX in 100 mM
phosphate at pH 4.5, 6, 7, 8, and 9 for 24 h at 37 °C. The
resulting precipitates were centrifuged (10,000g for 3 min), and
the percentage of DOX precipitated was calculated on the basis
of the absorbance of the supernatants at 480 nm.

Flow Injection Analysis—Mass Spectrometry and
Liquid Chromatography—Mass Spectrometry. The DOX
precipitate formed in PBS was centrifuged (10,000g for 3 min)
and resuspended in fresh water. This washing step was
performed three times. The precipitate was then solubilized
with 0.1% formic acid in a 50% aqueous solution of acetonitrile.
ESI mass spectra of intact DOX and the total DOX precipitate
were obtained by FIA—MS by using an Agilent LC/MSD system
(Santa Clara, CA, USA). The DOX precipitate was separated
and analyzed using a Shimadzu LC/MS system (Kyoto, Japan)
equipped with a Vydac C18 column. The absorbance was
monitored at 480 nm, and the ESI mass spectra of the
components present in the DOX precipitate were acquired.
Solvent A (0.1% formic acid in water) and solvent B (0.1%
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formic acid in acetonitrile) were used, and a linear gradient of
1.5%/min of solvent B was maintained.

Reaction Modeling Using DOX and Hydroxylamine.
DOX (1 mg/mL) was incubated for 24 h at 37 °C in PBS
containing a molar equivalent of hydroxylamine. The products
were separated and analyzed using a Shimadzu LC/MS system.
DOX oxime, which was detected at ~23 min, was purified using
an Agilent 1200 series analytical HPLC system, and its 'H NMR,
BC NMR, and 'H-"*C HSQC spectra were obtained using a
Bruker 400 MHz spectrometer.

In Vitro Cytotoxicity and Cytolocalization Assays. The
DOX precipitate formed in PBS was washed with water three
times and lyophilized. The lyophilized powder was completely
dissolved in DMSO. The resulting solution was used as a DOX

33240

dimer solution to determine in vitro cytotoxicity and for
cytolocalization assays. Human lung adenocarcinoma A549 cells
(ATCC, Manassas, VA, USA) were maintained in Dulbecco’s
modified Eagle medium containing 10% fetal bovine serum, 100
U/mL penicillin, and 100 pg/mL streptomycin. A549 cells were
seeded in 96-well plates (5 X 10* cells/well) and incubated for
24 h. Thereafter, the cells were treated with various
concentrations of DOX or the DOX dimer. Cell viability was
measured using the Cell Counting Kit-8 (Dojindo, Kumamoto,
Japan) on day 3. Cytolocalization of DOX (5 pg/mL) and the
DOX dimer (S pg/mL) was observed after 1 h using a BZ-X810
microscope (Keyence, Osaka, Japan). Nuclei were stained using
S pug/mL Hoechst 33342 (Thermo Fisher Scientific, Waltham,
MA, USA) for 10 min.
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