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Abstract. In this paper, drug–drug chemical inter-
actions between two different aromatic com-
pounds were studied by mass spectrometry. Spe-
cifically, we examined non-covalent complexes
(NCX) between paclitaxel, a chemotherapeutic
compound, and medications widely used in pallia-
tive care for depression, psychosis, and anxiety. It
is unknown whether psychotropic medications di-
rectly interact with paclitaxel. Here, we use a sim-
ple and rapid electrospray ionization mass spec-

trometry in vitro assay, which has been predictive in the case of neuropeptides, to measure the relative strength of
non-covalent interactions. This chemical interaction is most likely due to the overlap of aromatic rings of π-orbitals
between paclitaxel and five commonly used medications: diazepam, clonozepam, sertraline, fluoxetine, and
haloperidol. Molecular modeling illustrates that differences in the stability of the NCXs are likely due to the distance
between the aromatic rings present in both the paclitaxel and antidepressant medications.
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Introduction

T housands of drug–drug interactions (DDI) have been
documented, while most have no adverse effects the

threat of reduced efficacy of the drug treatment and negative
health consequences make research of DDIs a high prirority
[1]. Major mechanisms of DDIs included chemical, pharmaco-
dynamic, and pharmacokinetic [2, 3]. Chemical DDIs can be
studied in vitro, compared to pharmacodynamic and phar-
macokinetic DDIs that have to be studied in the more
complex in vivo environment. Mass spectrometry is well-
suited to study direct chemical interactions between com-
pounds, especially non-covalent interactions [4, 5]. Further-
more, mass spectrometry has been used to measure the rate
of formation and stability in the gas phase for the non-
covalent complexes (NCX) formed by these interactions
[6, 7]. Several studies have also been conducted on the
formation of NCXs with drug compounds and other bio-
molecules, such as nucleic acids, lipids, etc. [8–14].

Palliative care in oncology often involves the use of
multiple medications to aid in managing the various forms
of anxiety and depression that coincide in patients dealing
with cancer and its treatment(s) [15–17]. Thus, DDIs
remain a critical concern of patients, caregivers, and drug
manufacturers as there can be losses in efficacy and other
adverse side effects. Paclitaxel (Taxol®) [18], a highly
aromatic drug molecule used for cancer treatment, is a
natural product isolated from the bark of the pacific yew
(Taxus brevifolia Nutt) with activity against both leuke-
mias [19] and solid tumors [20, 21]. Horwitz et al. [22]
showed that the binding of paclitaxel to polymerized
tubulin stabilizes it against disassembly, resulting in mi-
tosis inhibition. Similarly, many drugs used to treat psy-
chiatric disorders such as depression contain aromatic
structures. For example, selective serotonin reuptake in-
hibitors like sertraline and fluoxetine [23], positive allo-
steric modulators of gamma-aminobutyric acid (GABA)
receptor complex like clonazepam and diazepam [24],
and dopamine receptor antagonists (D2) like haloperidol
[25] all contain aromatic rings. In one recent study [26],Correspondence to: Amina Woods; e-mail: awoods@intra.nida.nih.gov
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researchers investigated the possible interaction between
tamoxifen, another aromatic anti-cancer drug, with antide-
pressants in regard to increase risk of subsequent breast
cancer in women. Statistics show that no increased risk
was observed.

Non-covalent interactions between aromatic compounds,
known as aromatic (π–π) stacking, is due to the overlap of π-
orbital of the two aromatic electron clouds [27, 28]. Several
studies have used mass spectrometry to investigate the forma-
tion of NCXs by aromatic stacking [29–32]. Direct chemical
interaction via π–π stacking is very likely to occur between
paclitaxel and antidepressant drugs. This type of direct chem-
ical interaction could play a role in the bioavailability of these
medications in vivo.

In the present work, we used electrospray ionization
mass spectrometry (ESI-MS) to demonstrate the formation
of NCXs of paclitaxel with five commonly used antidepres-
sants (diazepam, clonozepam, sertraline, fluoxetine, and
haloperidol). Additional ESI-MS/MS experiments were
conducted to probe the effect that chemical structure has
upon the stability and formation rate of these complexes in
the gas phase.

Material and Methods
Electrospray Ionization Mass Spectrometry

Initial studies were conducted to investigate the ability of
paclitaxel to form NCXs by π–π stacking in the gas phase
with five common antidepressants: clonazepam, diazepam,
fluoxetine, haloperidol, and sertraline. An Orbitrap-Velos
mass spectrometer (Thermo Fisher, San Jose, CA) with a
static nanospray source was used in positive ion mode for
electrospray analysis. Spray voltages between 1.3–1.5 kV
were employed, and 2-μm nanospray tips (New Objective,
Woburn, MA) were used. The resolving power of the in-
strument was set at 60,000 FWHM for both MS (identifica-
tion of ionized unbound drugs and NCX) and MS2 experi-
ments (which exclusively dissociates the NCX). For MS
experiments, one microscan at 500 ms was used to deter-
mine intensities of the NCX, as well as the free monomer
drugs. For MS2 experiments, a microscan time of 1000 ms
was used in higher energy collision dissociation (HCD)
mode with collison energies (CE) between 2 and 16 eV
and a selection mass window of five daltons. The intensity
of each NCX ion, as a function of its collision energy, gave
a reasonable measure of the relative gas phase binding
strength of paclitaxel and each aromatic compound.

Sample Preparation
The drug compounds: clonazepam (Clon) (C1277, Sigma–
Aldrich, St. Louis, MO), diazepam (Diaz) (D0899, Sigma–
Aldrich), fluoxetine (Fluox) (F132, Sigma–Aldrich), haloperi-
dol (Hal) (H1512, Sigma–Aldrich), sertraline (Sert) (S6319,

Sigma-Aldrich), and paclitaxel (Pax) (sold under the brand
name Taxol. 580,555, EMD Chemicals, Gibbstown, NJ) were
used without further purification. Stock solutions were pre-
pared as follows: clonazepam at 8 nmol/μL in 80% ethanol/
20% acetone, diazepam at 10 nmol/μL in ethanol, fluoxetine at
10 nmol/μL in ethanol, haloperidol at 5 nmol/μL in methanol,
sertraline at 5 nmol/μL in 50% ethanol/50% methanol, and
paclitaxel at 2.5 nmol/μL in methanol. For mass analysis, the
stock solutions were diluted in 100% methanol.

Molecular Modeling
Molecules were modeled with Spartan 10 (Wavefunction, Inc.,
Irvine, CA). For all molecules, the equilibrium geometry for
the ground state in vacuum was calculated. Clonazepam, diaz-
epam, fluoxetine, haloperidol, and sertraline were processed
using Restricted Hartree–Fock with the basis set 3-21G*, while
paclitaxel was processed using semi-empirical with the basis
set PM3.

Results
Initial studies were conducted to investigate the ability of
paclitaxel to form non-covalent complexes by π–π stacking in
the gas phase with five common antidepressants.

To analyze the formation of NCXs between paclitaxel and
aromatic antipsychiatric medications, mass spectra of clonaze-
pam, diazepam, fluoxetine, haloperidol, and sertraline with
paclitaxel were recorded in positive ion mode (Figure 1). Each
mass spectrum was an average of 50 MS scans, and a model of
the antidepressant aromatic structure used was included. We
observed in Figure 1a–e, a singly charged NCX ion for each
pyschiatric compound with paclitaxel.

To confirm the assignments of the interaction between these
aromatic compounds in Figure 1, we fragmented the peaks
representing the NCXs formed by paclitaxel and each aromatic
pyschiatric compound (Figure 2), to see if the fragmentation of
the complex would yield the individual drug compounds. MSn

analysis was conducted on each [NCX+H]+ ion. Each product-
ion spectrum yielded mass peaks (Figure 2a–e) that confirmed
the NCXs assignments and showed that the singly charged
NCX ion dissociated into the monomeric drug ions. In positive
ion mode, the abundance of each monomeric drug ion varied
mainly depending upon their proton affinity. A model of pac-
litaxel structure is seen in Figure 2a.

To compare the relative affinity of each aromatic antide-
pressant to form a NCX with paclitaxel, we performed an ESI-
MS assay on a mixture of the five aromatic antidepressant
compounds with paclitaxel. The mixture consisted of paclitaxel
at 100 pmol/μL and clonazepam, diazepam, fluoxetine, halo-
peridol, and sertraline at 5 pmol/μL. Figure 3 shows an average
mass spectrum of this mixture consisting of 500 MS scans. All
five antidepressants formed singly charged NCX with pacli-
taxel, as expected, but the abundance of each NCX varied
greatly. To compare NCX formation for each antidepressant,
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Figure 1. Mass spectra of 100 pmol/μL paclitaxel with
10 pmol/μL of (a) clonazepam, (b) diazepam, (c) fluoxetine, (d)
haloperidol, and (e) sertraline. Structure of compound used is
inserted above each spectrum

Figure 2. Product-ion spectra of the NCX+ from a mixture of
paclitaxel with (a) clonazepam at CE= 8 eV, (b) diazepam at
CE= 6 eV, (c) fluoxetine at CE = 10 eV, (d) haloperidol at CE =
10 eV, and (e) sertraline at CE= 10 eV
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the ratio of the NCX peak to the corresponding antidepressant
peak [M+H]+ was used for comparison of the data recorded in
Figure 3, to normalize the data in case of difference in proton
affinity among the five anitdepressants tested. In the case of
sertraline, the [M-CH5N+H]

+ peak was also included in the
calculation. These results are listed in Table 1 and have the
following affinities to form NCXs with paclitaxel from least to
most: haloperidol < diazepam < fluoxetine < clonazepam <
sertraline.

Additional experiments were conducted to evaluate the
stability of the NCXs formed between paclitaxel and clonaze-
pam, diazepam, fluoxetine, and sertraline (Figure 4). Haloper-
idol was not tested due to very low abundance of NCX ions and
low stability of the NCX ion in the gas phase. In these exper-
iments, the singly charged NCX ions were fragmented with
collision energies between 2 and 16 eV in HCD mode. The
relative ion intensities of each complex ion were plotted as a
function of collision energy, using the average of 50 scans
(Figure 4). The ion intensities of each complex were normal-
ized by dividing by the total ion current in each spectra.
Clonazepam and diazepamNCXs with paclitaxel were the least
stable, while fluoxetine and sertraline NCXs with paclitaxel
were the most stable.

Discussion
Molecular modeling was conducted on each of the drugs
used in this study to compare the MS results with their

structures (shown as inserts in Figure 1a–e). The models
illustrate the ground state equilibrium geometry for (a)
clonazepam, (b) diazepam, (c) fluoxetine, (d) haloperidol,
(e) sertraline, and paclitaxel structure (seen in Figure 2a).
Since π–π stacking results in the formation of NCXs be-
tween paclitaxel and the aromatic antidepressant com-
pounds, comparing the distance between the aromatic rings
in each compound might explain the MS results, i.e., the
closer the value of the aromatic rings’ distance in each
compound to the rings in paclitaxel, the higher the affinity
of the compounds to interact, and the more stable the NCX
will be. Haloperidol was the least interactive in terms of
NCX formation, most likely due to its linear structure
compared to the more compact structure of the other anti-
depressants. Furthermore, the distance between its two
aromatic groups is 1.8 times larger compared to paclitaxel,
thus making the π–π stacking less efficient. Diazepam was
the second least interactive, in terms of NCX formation,
and its structure was the most compact of the compounds
tested, in terms of the separation between the aromatic
groups. The distance between diazepam’s two aromatic
groups was approximately 75% of the distance of the
aromatic groups in paclitaxel. For stability, fluoxetine
formed the most stable NCXs with paclitaxel and, based
on its structure, the distance between its aromatic groups
was the closest to paclitaxel of the compounds tested. The
distance between fluoxetine’s aromatic rings was calculated
to be 8.905 Å, while the distance between paclitaxel’s
aromatic rings was calculated to be 8.652 Å. As these
distances were the closest, it explains why fluoxetine and
paclitaxel were more likely to form NCXs. The data also
points to the importance of the distance between two aro-
matic rings in each molecule for the formation of stable π–
stacking between two compounds.

Mass spectrometric analysis of solutions of paclitaxel and
antidepressants drugs showed the presence of non-covalent
interactions. The relative affinity of each drug–drug interaction,
as measured by MS/MS experiments, fits well with our hy-
pothesis that the interatomic distances of the aromatic rings of
the antidepressants drugs and the molecular structure of pacli-
taxel suggest aromatic stacking are the driving force for the
formation of non-covalent complexes.

Figure 3. MSanalysis of 100 pmol/uL paclitaxel and 5 pmol/μL
of haloperidol, diazepam, clonazepam, sertraline, and
fluoxetine

Table 1. Ratio of NCX mass peak/antidepressant ions and the distance be-
tween rings in the drugs used

Antidepressant NCX ion/
antidepressant ion

Half-wave collision
energy (eV)

Distance between
aromatic rings (Å)

Haloperidol 0.0036 NA 15.555
Diazepam 0.099 4.5 6.401
Fluoxetine 0.43 6.5 8.905
Clonazepam 0.51 5 7.164
Sertraline 0.62 6.8 7.235

Figure 4. Stability of NCXs of paclitaxel with clonazepam,
diazepam, fluoxetine, haloperidol, and sertraline at varying col-
lision energies

1202 S. N. Jackson et al.: Non-covalent Complexes of Drug Molecules



S. N. Jackson et al.: Non-covalent Complexes of Drug Molecules 1203

Acknowledgements
The authors acknowledge Dr. Lorenzo Leggio, Dr. Michelle
Leff, Dr. Gail Seabold, and Dr. J. Albert Schultz for their
comments and Dr. Martha Vestling for her critical insight. This
work was supported by the Intramural Research Program of the
National Institute on Drug Abuse, NIH. The authors declare
that they have no competing interests.

References

1. Peterson, J.F., Bates, D.W.: Preventable medication errors: identifying
and eliminating serious drug interactions. J. Am. Pharm. Assoc. 41, 159–
160 (2001)

2. Scott, A., Scott, G.N.: Mechanisms of drug interactions. Pharm. Tech
Topics. 18, 1–24 (2013)

3. Roberts, A.G., Gibbs, M.E.: Mechanisms and the clinical relevance of
complex drug-drug-drug interactions. Clin. Pharmacol. 10, 123–134
(2018)

4. Loo, J.A.: Electrospray ionization mass spectrometry: a technology for
studying noncovalent macromolecular complexes. Int. J. Mass Spectrom.
200, 175–186 (2000)

5. Schug, K.A., Linder, W.: Noncovalent binding between guanidinium and
anionic groups: focus on biological- and synthetic-based arginine/
guanidinium interactions with phosph[on]ate and sulf[on]ate residues.
Chem. Rev. 105, 67–114 (2005)

6. Strittmatter, E.F., Schnier, P.D., Klassen, J.S., Williams, E.R.: Dissocia-
tion energies of deoxyribose nucleotide dimer anions measured using
blackbody infrared radiative dissociation. J. Am. Soc. Mass Spectrom.
10, 1095–1104 (1999)

7. Xu, Y., Afonso, C., Gimbert, Y., Fournier, F., Dong, X., Wen, R., Tabet,
J.-C.: Gas phase self-association of eudistomin u controlled bu gas phase
acidity and origin of its interaction with nucleobases. Int. J. Mass
Spectrom. 286, 43–52 (2009)

8. Hofstadler, S.A., Sannes-Lowery, K.A.: Applications of ESI-MS in drug
discovery: interrogation of noncovalent complexes. Nat. Rev. Drug
Discov. 5, 585–595 (2006)

9. Hofstadler, S.A., Griffey, R.H.: Analysis of noncovalent complexes of
DNA and RNA by mass spectrometry. Chem. Rev. 101, 377–390 (2001)

10. Rosu, F., Pirotte, S., De Pauww, E., Gabelica, V.: Positive and negative
ion mode ESI-MS andMS/MS for studying drug-DNA complexes. Int. J.
Mass Spectrom. 253, 156–171 (2006)

11. Gupta, R., Beck, J.L., Ralph, S.F., Sheil, M.M., Aldrich-Wright, J.R.:
Comparison of the binding stoichiometries of positively charged DNA-
binding drugs using positive and negative ion electrospray ionization
mass spectrometry. J. Am. Soc. Mass Spectrom. 15, 1382–1391 (2004)

12. Wan, C., Cui, M., Song, F., Liu, Z., Liu, S.: A study of the non-covalent
interaction between flavonoids and DNA triplexes by electrospray ioni-
zation mass spectrometry. Int. J. Mass Spectrom. 283, 48–55 (2009)

13. Pashynska, V.A., Van den Heuvel, H., Claeys, M., Kosevich, M.V.:
Characterization of noncovalent complexes of antimalarial agents of the
artemisin-type and FE(III)-heme by electrospray mass spectrometry and
collisional activation tandem mass spectrometry. J. Am. Soc. Mass
Spectrom. 15, 1181–1190 (2004)

14. Barbacci, D., Jackson, S.N., Muller, L., Egan, T., Lewis, E.K., Schultz,
J.A., Woods, A.S.: Cellular membrane phospholipids act as a depository
for quaternary amine containing drugs thus competing with the
acetylcholine/nicotinic receptor. J. Proteome Res. 11, 3382–3389 (2012)

15. Spiegel, D.: Cancer and depression. Br. J. Psychiatry. 168, 109–116
(1996)

16. Spiegel, D., Giese-Davis, J.: Depression and cancer: mechanisms and
disease progression. Biol. Psychiatry. 54, 269–282 (2003)

17. Bernard, S.A., Bruera, A.: Drug interactions in palliative care. J. Clin.
Oncol. 18, 1780–1799 (2000)

18. Wall, M.E., Wani, M.C.: Camptothecin and taxol: discovery to clinic-
thirteenth Bruce F. Cain Memorial Award Lecture. Cancer Res. 55, 753–
760 (1995)

19. Wani, M.C., Taylor, H.L., Wall, M.E., Coggon, P., McPhail, A.T.: Plant
antitumor agents. VI. The isolation and structure of taxol, a novel anti-
leukemic and antitumor agent from Taxus brevifolia. J. Am. Chem. Soc.
93, 2325–2327 (1971)

20. McGuire, W.P., Rowinsky, E.K., Rosenshein, N.B., Grumbine, F.C.,
Ettinger, D.S., Armstrong, D.K., Donehower, R.C.: Taxol a unique
antineoplastic agent with significant activity in advanced ovarian epithe-
lial neoplasms. Ann. Intern. Med. 111, 273–279 (1989)

21. Klauber, N., Parangi, S., Flynn, E., Hamel, E., D'Amato, R.J.: Inhibition
of angiogenesis and breast cancer in mice by the microtubule inhibitors 2-
methoxyestradiol and taxol. Cancer Res. 57, 81–86 (1997)

22. Mani, S., McDaid, H., Hamilton, A., Hochster, H., Cohen, M.B.,
Khabelle, D., Griffin, T., Lebwohl, D.E., Liebes, L., Muggia, F., Horwitz,
S.B.: Phase I clinical and pharmacokinetic study of BMS-247550, a novel
derivative of epothilone B, in solid tumors. Clin. Cancer Res. 10, 1289–
1298 (2004)

23. Matreja, P.S., Badyal, D.K., Khosla, P., Deswal, R.S.: Effectiveness and
acceptability of sertraline and citalopram in major depressive disorder:
pragmatic randomized open-label comparison. Hum Psychopharmacol.
22, 477–482 (2007)

24. Griffin III, C.E., Kaye, A.M., Bueno, F.R., Kaye, A.D.: Benzodiazepine
pharmacology, and central nervous system–mediated effects. Ochsner J.
13, 214–223 (2013)

25. Santos, E., Cardoso, D., Neves, H., Cunha, M., Rodrigues, M., Apóstolo,
J.: Effectiveness of haloperidol prophylaxis in critically ill patients with a
high risk of delirium: a systematic review. JBISRIR. 15, 1440–1472
(2017)

26. Haque, R., Shi, J., Schottinger, J.E., Ahmed, S.A., Cheetham, T.C.,
Chung, J., Avila, C., Kleinman, K., Habel, L.A., Fletcher, S.W., Kwan,
M.L.: Tamoxifen and antidepressant drug interaction among a cohort of
16 887 breast cancer survivors. J. Natl. Cancer Inst. 108, 1–8 (2016)

27. Sinnokrot, M.O., Valeev, E.F., Sherrill, C.D.: Estimates of the ab initio
limit for pi-pi interactions: the benzene dimer. J. Am. Chem. Soc. 124,
10887–10893 (2002)

28. McGaughey, G.B., Gagné, M., Rappé, A.K.: Pi-Stacking interactions.
Alive and well in proteins. J. Biol. Chem. 273, 15458–15463 (1998)

29. Sherman, C.L., Brodbelt, J.S., Marchand, A.P., Poola, B.: Electrospray
ionization mass spectrometric detection of self-assembly of a crown ether
complex directed by π-stacking interactions. J. Am. Soc. Mass Spectrom.
16, 1162–1171 (2005)

30. Franski, R., Gierczyk, B.: ESI-MS detection of very weak π-stacking
interactions in the mixed-ligand sandwich complexes formed by substitut-
ed benzo-crown ethers and metal cations. J. Am. Soc.Mass Spectrom. 21,
545–549 (2010)

31. Tan, W., Zhou, J., Yuan, G.: Electrospray ionization mass spectrometry
probing of binding affinity of berbamine, a flexible cyclic alkaloid from
traditional Chinese medicine, with G-quadruplex DNA. Rapid Commun.
Mass Spectrom. 28, 143–147 (2014)

32. Troc, A., Gajewy, J., Danikiewicz, W., Kwit, M.: Specific noncovalent
association of chiral large-ring hexaimines: ion mobility mass spectrom-
etry and PM7 study. Chem. Eur. J. 22, 13258–13264 (2016)


	n In�Vitro Study of Aromatic Stacking of Drug Molecules
	Abstract
	Section12
	Section13
	Section24

	Section15
	Section16
	Section17
	Section18
	Acknowledgements
	References


