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ABSTRACT: In this study, the effect of 18-crown-6 on the stability of oxytocin
in aqueous solution was explored. The study found that while 12-crown-4 and 15-
crown-5 do not stabilize oxytocin, 18-crown-6 does have a stabilizing effect in
citrate/phosphate buffer at pH 4.5. However, in acetate buffer at the same pH, the
presence of 18-crown-6 had a destabilizing effect, possibly leading to a different
degradation pathway. Both the stabilizing and destabilizing effects, depending on
the buffer used, are concentration dependent where a higher concentration of 18-
crown-6 is linked to a stronger effect. It is hypothesized that this effect may be
linked to 18-crown-6 binding to the protonated ammonium group of oxytocin. Upon changing the mobile phase used in high-
performance liquid chromatography experiments, we observed evidence supporting this binding hypothesis. When an acidic mobile
phase was used (0.01% trifluoroacetic acid (TFA)), a partial shift in oxytocin retention time was observed for samples in acetate
buffers in the presence of 18-crown-6 when using a 150 mm column (C18). The amount of the peak that shifted depended on the
18-crown-6 concentration used. A similar shift in oxytocin peak retention time was observed for samples in both acetate and citrate/
phosphate buffers when using a 250 mm column (C18), but the peak completely shifted in those samples. When using an even more
acidic mobile phase (0.1% TFA), the oxytocin peaks all had the same retention time again. Ultraviolet and nuclear magnetic
resonance spectroscopy experiments also showed that the presence of 18-crown-6 has an observable effect on the resulting oxytocin
spectra.

■ INTRODUCTION
Oxytocin is a nonapeptidic hormone, often used as a drug to
combat postpartum hemorrhage, the primary cause of maternal
deaths around the globe.1−4 Oxytocin also has other numerous
biological and psychological functions including a role in
lactation and relationships.5 Additionally, efforts have been
made toward using oxytocin as a drug to treat conditions such
as alcoholism,6 autism,7 and schizophrenia.8,9

Unfortunately, oxytocin, in aqueous solutions, degrades
rapidly when kept at temperatures above 30 °C.10 Although it
is not entirely clear why oxytocin samples in low and middle
income countries are often of poor quality, oxytocin’s
thermostability has been suggested to be a contributing factor
to the poor quality.11 Methods for enhancing oxytocin’s shelf
life would therefore be beneficial. For this reason, an
understanding of the degradation process can help in the
development of successful stability-enhancing methods.
The oxytocin structure was elucidated by du Vigneaud et al.

and reported in 1953.12−14 It includes a six amino acid cyclic
unit, with a disulfide bridge closing the ring. Wisńiewski et al.
have proposed that the first step in the degradation mechanism
of oxytocin is beta elimination, expelling R−S−S− as the
leaving group. The experimental support for this hypothesis
included experiments where they altered the oxytocin structure
in small ways and measured how much remained after 28 days
of storage at 40 °C in phosphate buffer solution at pH 7.4. For
unaltered oxytocin, only 12.6% remained after 28 days, but

when the sulfur atoms in the disulfide bridge were substituted
with CH2 units, 97.5% of this new analog remained. Those
results support the idea that an important early degradation
step is the expulsion of R−S−S− as a leaving group.15

Another interesting result was obtained when the only free
amino group was substituted for a hydrogen, resulting in 90.1%
of that analog remaining after 28 days under the above-
mentioned conditions.15 A potential explanation for this
observation is that the free amine could act as the base, thus
promoting the beta elimination. This hypothesis is further
supported by oxytocin showing the greatest stability around
pH 4.515,16 at which pH more of the amino group is
significantly protonated and thus unable to act as a base.
Furthermore, oxytocin has shown faster degradation kinetics
when stored at higher concentrations at pH 4.5, suggesting a
potential intermolecular degradation pathway with another
oxytocin molecule.16 If the process was primarily intra-
molecular or between oxytocin and the solvent, the oxytocin
concentration should have a more limited effect on the kinetics
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of degradation. This concentration dependence was not
observed at pH 2.0, which can be explained by another
degradation mechanism taking over.
We hypothesized that if the amino group could be further

inhibited from acting as a base, it would retard the oxytocin
degradation process (Figure 1). To test this hypothesis, we

decided to use 18-crown-6 ether, which is known to have a
binding affinity for protonated ammonium groups.17 In
contrast, smaller crown ethers, such as 15-crown-5 and 12-
crown-4, do not show a strong binding affinity to ammonium
groups because of the smaller ring sizes. It should be noted
however, that 18-crown-6 may not be a suitable excipient in
pharmaceutical formulations, as it also has a strong binding
affinity for potassium ions, and studies have shown oral toxicity
in dogs and mice.18,19 However, the goal of this study was to
explore a mechanistically guided approach to the oxytocin
thermostability challenge and for that it can provide valuable
insights.

■ RESULTS AND DISCUSSION
Effect of Different Crown Ethers on Oxytocin

Stability in Citrate/Phosphate Buffer. Oxytocin solutions
(0.25 mg/mL) were prepared in citrate/phosphate buffer (0.1
M/0.2 M) at pH 4.5. Four samples were made, one with only
oxytocin as a control, and the others with different crown
ethers for each one. The crown ethers used were 12-crown-4,
15-crown-5, and 18-crown-6 and the crown ether concen-
tration was kept constant across the samples at 1.0% w/v. The
samples were then each divided into two portions with one half
being stored at 40 °C and the other at 50 °C for a period of up
to 47 days. During this time period the remaining amount of
oxytocin was regularly measured by high-performance liquid
chromatography (HPLC) analysis. The results are shown in
Table 1. While the remaining amount of oxytocin was similar
for the control sample and the samples with 15-crown-5 or 12-
crown-4 (statistically insignificant for the majority of those
samples), a greater amount of oxytocin remained in the
solutions with 18-crown-6, both at 40 °C and at 50 °C. At 40
°C the increased remaining amount of oxytocin was statisti-
cally significant, with p < 0.005 for all samples with 18-crown-6
present. At 50 °C, three out of four measurements showed that
there was statistically significantly greater remaining amount of
oxytocin when 18-crown-6 was present in the samples (p <
0.05 for 2 samples and p < 0.005 for 1 sample).

These results fit with the hypothesis that 18-crown-6 would
be the only one of these crown ethers to have a positive effect
on the oxytocin stability because of its binding affinity with
ammonium groups. Since 15-crown-5 and 12-crown-4 do not
have as significant binding affinity to ammonium groups
because of a smaller ring size, they were not expected to impact
the oxytocin stability and indeed, their effect was negligible at
the crown ether concentration tested. Therefore, these results
provide further support that the free amine group plays a role
in oxytocin’s degradation pathway and reinforced the
importance of understanding the degradation mechanism in
order to stabilize better the sites of importance.

Concentration Effect of 18-Crown-6 on Oxytocin
Stability. Oxytocin solutions (0.25 mg/mL) were also
prepared in citrate/phosphate buffer (0.1 M/0.2 M) at pH
4.5 with different concentrations of 18-crown-6 as an additive
(0.1, 0.3, and 2.0% w/v). The results showed that the oxytocin
stability was enhanced with higher concentrations of the crown
ether (Table 2). All of these results showed statistical
significance. Analogous samples were prepared in acetate
buffer (0.1 M). Surprisingly, in this sample series, the oxytocin
stability diminished as the crown ether concentration increased
(Table 2). Regarding the acetate results, all of them showed
statistical significance except one. The only one that did not
show statistical significance on the day 3 measurement was the
sample with the lowest concentration of 18-crown-6 (18C6-
A1).
The results in citrate/phosphate buffer fit with what was

expected. As the concentration of 18-crown-6 increases the
probability of it binding to a protonated ammonium group,
thus preventing it from being involved in undesired reactions.
It is not clear, however, why 18-crown-6 has an opposite effect
on oxytocin stability in acetate buffer, seemingly destabilizing
it. It is known that citrate buffer may produce amide- and
imide-linked citrate derived degradation products of oxy-
tocin.20 That degradation also involves the amine group, in
that case reacting with citric anhydride. The question then
becomes whether the stabilizing effect of 18-crown-6 in

Figure 1. Hypothesized stabilizing interaction between 18-crown-6
(blue) and the protonated ammonium group (red) on the oxytocin
molecule.

Table 1. Remaining Amount of Oxytocin (%) in a Citrate/
Phosphate Buffer (0.1 M/0.2 M) in the Presence of
Different Crown Ethers (1.0% w/v) As Well As by Itselfa

remaining oxytocin (%)

sample temperature day 0 day 14 day 25 day 40 day 47

OT 40 °C 100.0
(0.1)

74.1
(0.4)

62.4
(1.5)

57.4
(0.7)

56.3
(0.3)

OT-
12C4

100.0
(6.3)

76.3d

(0.1)
68.4
(4.5)

59.3
(1.0)

57.3d

(0.2)
OT-
15C5

100.0
(0.3)

72.4c

(0.3)
66.8
(4.4)

58.1
(2.1)

54.6b

(0.6)
OT-
18C6

100.0
(0.6)

78.3d

(0.6)
71.4d

(2.1)
68.4d
(0.2)

65.4d

(0.3)
day 0 day 14 day 18 day 29 day 40

OT 50 °C 100.0
(0.1)

47.2
(1.0)

40.0
(2.4)

26.7
(4.3)

21.1
(0.0)

OT-
12C4

100.0
(6.3)

47.2
(0.2)

40.2b

(0.2)
26.0
(3.2)

18.7b
(8.1)

OT-
15C5

100.0
(0.3)

47.7
(3.7)

37.9
(1.1)

24.0
(5.2)

18.7d

(0.4)
OT-
18C6

100.0
(0.6)

53.5
(9.1)

44.8b

(1.1)
33.3b

(2.1)
25.4d

(0.7)
aStandard deviation is shown in brackets behind each value (OT =
oxytocin, 12C4 = 12-crown-4, 15C5 = 15-crown-5, 18C6 = 18-crown-
6). b= p ≤ 0.05. c= p ≤ 0.01. d= p ≤ 0.005.
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citrate/phosphate is because it slows down the amide- and
imide-linked degradation pathway, or if it retards the beta
elimination pathway that includes the disulfide bridge, or a bit
of both.
In an attempt to understand better what was happening, the

HPLC traces were analyzed further in order to see if a variation
in degradation products could be observed, depending on the
presence or absence of 18-crown-6. After 14 days at 50 °C,
oxytocin showed a similar degradation pattern, based on the
HPLC trace, for oxytocin in both acetate and citrate/
phosphate buffer, as well as for the sample that included 18-
crown-6 (2% w/v) in citrate/phosphate buffer. This suggests
that 18-crown-6 may be slowing down the main degradation
pathway in citrate/phosphate buffer (Figure 2).

When oxytocin was stored in acetate buffer in the presence
of 2% w/v of 18-crown-6, the HPLC trace showed more
significant differences, most notably a new peak around minute
10.5 that was not observed in any of the other HPLC traces
(Figure 2). This suggests that the presence of 18-crown-6 in
acetate buffer may lead to a different degradation pathway for
oxytocin. Further studies will be required to better understand
why 18-crown-6 has such a different effect on oxytocin stability
in acetate buffer compared to in citrate/phosphate buffer.
18-Crown-6 Effect on the Retention TimeAcidic

Mobile Phase and Short Column. In a different HPLC run,
the mobile phase was changed to a more acidic one (A: 0.01%
trifluoroacetic acid (TFA) in H2O and B: 0.01% TFA in 70%
MeCN: 30% H2O), allowing most of the amino group of
oxytocin to remain protonated throughout the run. Several
samples were prepared with the oxytocin concentration kept
constant at 0.25 mg/mL, while the 18-crown-6 concentration
ranged from 0% up to 1% w/v, with the 0% sample serving as a

control. In these HPLC runs, a partial shift was observed when
18-crown-6 was included in the samples (Figure 3). The

oxytocin amount in all of these samples was kept constant and
the overall area under both peaks was close to constant. The
amount of relative peak area that was shifted was dependent on
the 18-crown-6 concentration, suggesting that its presence in
the solution caused the peak shift. These results further
support the hypothesis that a guest/host complex is being
formed between oxytocin and 18-crown-6 and we hypothesize
that the new peak may be due to this guest/host complex
(Table 3).

Table 2. Remaining Amount of Oxytocin in the Presence of Different Concentrations of 18-Crown-6 (18C6) in either Citrate/
Phosphate Buffer (C) or Acetate Buffer (A) at 50 °C

remaining oxytocin (%)

sample buffer crown ether conc. (% w/v) day 0 day 3 day 7 day 10 day 14

OT-C citrate/phosphate(0.1 M/0.2 M) 0 100.0 (0.4) 84.8 (0.7) 71.9 (0.1) 61.6 (0.2) 51.9 (0.2)
18C6-C1 0.1 100.0 (1.4) 85.8a (0.1) 68.7c (0.3) 58.9c (0.1) 49.5c (0.5)
18C6-C2 0.3 100.0 (0.2) 86.6c (0.2) 70.8a (0.7) 60.9c (0.1) 51.3c (0.0)
18C6-C3 2.0 100.0 (1.2) 88.5c (0.2) 75.6c (0.3) 67.8c (0.0) 59.6c (0.3)
OT-Ad acetate (0.1 M) 0 100.0 (1.1) 92.6 (1.3) 87.2 (0.7) 82.7 (0.9) 74.2 (1.8)
18C6-A1 0.1 100.0 (0.6) 90.5 (0.0) 83.2b (1.1) 76.2c (0.0) 67.5b (0.0)
18C6-A2 0.3 100.0 (0.5) 87.3a (1.0) 82.5b (1.1) 73.4c (0.0) 62.1c (0.7)
18C6-A3 2.0 100.0 (0.1) 84.2a (1.3) 72.1c (1.4) 62.5c (2.4) 51.2c (0.2)

ap ≤ 0.05. bp ≤ 0.01. cp ≤ 0.005 dOT-A gave significantly better results at all time points (p = 0.02, 0.0004, 0.0003, and 0.0007, respectively, for
days 3, 7, 10, and 14), compared with OT-C.

Figure 2. HPLC traces of oxytocin after 14 days of storage at 50 °C in
the presence and absence of 2% w/v of 18-crown-6 in both acetate
and citrate/phosphate buffer.

Figure 3. Ultraviolet (UV) trace from HPLC runs of an oxytocin
standard (black), an oxytocin sample with 0.1% w/v of 18-crown-6
added (blue), and an oxytocin sample with 1.0% w/v of 18-crown-6
added (red). These samples were prepared in acetate buffer.

Table 3. Relative Peak Area of the Peaks Showing up at 4.1
and 4.6 min for Freshly Prepared Oxytocin Samples with
Different Concentrations of 18-Crown-6

sample
18-crown-6 conc.

(% w/v)
% of area under peak

at 4.1 min
% of area under
peak at 4.6 min

OT 0 100 0
OT-A-
18C6−1

0.01 95 5

OT-A-
18C6−2

0.05 92 8

OT-A-
18C6−3

0.1 89 11

OT-A-
18C6−4

1.0 12 88
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18-Crown-6 Effect on the Retention TimeAcidic
Mobile Phase and a Longer Column. Several more
samples were prepared with the oxytocin concentration
remaining constant at 0.25 mg/mL, while the 18-crown-6
concentration ranged again from 0% up to 1% w/v. In this set
of samples, an additional one with oxytocin (0.25 mg/mL), 18-
crown-6 (1.0% w/v), and potassium chloride (2.0% w/v) was
included as well as a sample with only 18-crown-6. These
samples were prepared in both acetate and citrate/phosphate
buffers at pH 4.5. When a longer column was used (250 mm
instead of 150 mm), a complete shift was observed in the
retention time of all of the oxytocin samples containing 18-
crown-6, regardless of buffer used (Figure 4). It is unclear why
the length of the columns, which should be otherwise identical,
would have such a drastic effect (partial vs complete peak
shift). Nevertheless, these results were reproducible in our lab
with these columns. A future study could be needed to provide
an adequate explanation for this observation. We hypothesize
that the new peak observed here is also for the oxytocin/18-
crown-6 complex shown in Figure 1. No peak was observed for
18-crown-6, as it does not absorb light at the detection
wavelength (220 nm), and KCl did not prevent a peak shift
from being observed in the samples. In the samples that
included KCl, the buffer region of the HPLC trace (2.5−5.5
min) was significantly altered (Figure 4), suggesting that the
potassium and/or chloride ions were interacting with the
buffer components (acetate or citrate/phosphate) and came

out of the column alongside them. If the potassium ion is
binding more strongly to the buffer components than to 18-
crown-6 in these HPLC runs, that would explain why its
presence did not prevent the peak shift from being observed.
When analyzing these results there are two important things

to keep in mind. First, these samples were fresh so no
degradation product is to be expected to be observed at this
point in time. Second, this peak shift had not been observed in
previous HPLC runs, so this peak shift/complexation was
directly dependent on the mobile phase being used. Still, the
possibility remained that a fast reaction was taking place
between the mobile phase and oxytocin yielding a new product
with a new retention time. To test this possibility, we changed
the TFA concentration in the mobile phase and re-analyzed
the samples. The new mobile phase composition had increased
TFA concentration and was A: 0.1% TFA in H2O and B: 0.1%
TFA in 70% MeCN: 30% H2O. When this mobile phase was
used, all of the oxytocin samples showed up at the same
retention time, regardless of whether 18-crown-6 was present
or not (Figure 5). It remains unclear why a more acidic mobile
phase leads to 18-crown-6 no longer having any observable
effect on the retention time. It could have been expected that
the more acidic medium would lead to greater complexation
yielding a potential peak shift, which is not what we observed.
For the 0.1% TFA mobile phase, the pH was close to 2, and for
the 0.01% TFA mobile phase it was closer to 3. 18-crown-6 can
also bind hydronium ions, and at the lower pH, we have an

Figure 4. HPLC traces of samples showing an oxytocin peak shift when in the presence of 18-crown-6. The samples were prepared in citrate/
phosphate buffer (left) and in acetate buffer (right). The mobile phase used was A: 0.01% TFA in H2O and B: 0.01% TFA in 70% MeCN: 30%
H2O.

Figure 5. HPLC traces of samples showing no oxytocin peak shift regardless of the presence of 18-crown-6. The samples were prepared in citrate/
phosphate buffer (left) and acetate buffer (right). The mobile phase used was A: 0.1% TFA in H2O and B: 0.1% TFA in 70% MeCN: 30% H2O.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c06248
ACS Omega 2021, 6, 5805−5811

5808

https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c06248?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c06248?ref=pdf


order of magnitude more hydronium ions that might also bind
to the 18-crown-6. It is difficult to tell whether this would be
enough to affect the complexation or not, and the difference
seems low to completely negate the observed peak shift. These
results do suggest however, that a reaction is unlikely to be
causing the previously observed peak shift, but rather a pH or
mobile phase dependent guest−host complex interaction.
18-Crown-6 Effect on the UV Absorption Spectrum.

Samples were prepared to see if changes would be observed in
the UV absorption spectrum (200−300 nm) of oxytocin
depending on the additives present (Figure 6). 18-crown-6

(4% w/v) on its own did not absorb much. When oxytocin
(0.25 mg/mL), 18-crown-6 (4% w/v), and KCl (4% w/v)
were all together, the UV trace was very similar to the UV trace
of oxytocin by itself. When oxytocin and 18-crown-6 were in
the solution by themselves, there was a noticeably bigger right
shoulder observed around 230 nm. The solvent used here was
a 70/30 mixture of mobile phases A and B that were used in
the third part of this study. These results suggest that in this
solution mixture, potassium may have bound more strongly to
the 18-crown-6 preventing the crown ether to interact as
strongly with the oxytocin and affecting its UV trace.
18-Crown-6 Effect on the Nuclear Magnetic Reso-

nance Spectroscopy Spectrum. Two nuclear magnetic
resonance spectroscopy (NMR) samples were prepared in
D2O to see if any interaction could be observed using that
approach. One of the NMR samples only contained oxytocin

whereas the other contained oxytocin and 18-crown-6. The
spectra were both calibrated to the NMR solvent, D2O, at 4.79
ppm, to enable a better comparison of the peak locations. The
NMR shows that there is a clear peak shift for many of the
oxytocin peaks when 18-crown-6 is present (Figure 7). This is
especially noticeable for the aromatic protons on tyrosine,
where the distance between the chemical shifts of the aromatic
peaks has increased in the presence of 18-crown-6. There are,
however, many other peaks that have shifted slightly as can be
seen in Figure 7. While it is difficult to identify exactly what
type of interaction is between the two compounds based on
the NMR spectrum, the observed peak shifts do support the
possibility of a guest/host interaction between the 18-crown-6
and the oxytocin, even in pure D2O.

■ CONCLUSIONS
In conclusion, this study explored how 18-crown-6 affects
oxytocin stability in both acetate and citrate/phosphate buffer
solutions, yielding positive effect in citrate/phosphate buffer
but negative effect in acetate buffer. Evidence of potential 18-
crown-6 binding interactions was observed in HPLC experi-
ments where a potential guest−host complex could be
observed at a new retention time only when 18-crown-6 was
present and only in certain mobile phases. Additional evidence
of potential binding interactions was observed in the UV trace
of oxytocin compared to oxytocin with 18-crown-6 in it. In the
UV experiment, KCl seemed to negate the 18-crown-6 effect
on the UV trace, likely because of K+ being able to bind to 18-
crown-6. The presence of potassium chloride did not, however,
seem to negate the HPLC peak shifting effect of 18-crown-6 in
citrate/phosphate buffer samples, likely because of it binding
more strongly to the buffer and exiting the column along with
the buffer. Lastly, NMR experiments showed that an NMR
peak shift can be observed when oxytocin is in the presence of
18-crown-6 in D2O, further supporting the possibility of
binding interactions between the crown ether and oxytocin.
These results will hopefully aid in developing more efficient
mechanistically guided stabilization approaches for oxytocin as
well as for other thermolabile molecules.

■ MATERIALS AND METHODS

■ MATERIALS
Oxytocin was purchased from Grindeks (Latvia). The
following chemicals were bought from Sigma-Aldrich, with
the country of origin indicated in brackets: 18-crown-6 (India),

Figure 6. UV absorption spectra for oxytocin, 18-crown-6, a solution
with both oxytocin and 18-crown-6, and a solution with oxytocin, 18-
crown-6, and potassium chloride.

Figure 7. Stacked NMR spectra of pure oxytocin (blue) and a mixture of oxytocin and 18-crown-6 (black) in D2O.
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15-crown-5 (Switzerland), 12-crown-4 (Germany), potassium
chloride (Germany), sodium hydrogen phosphate (Germany),
sodium dihydrogen phosphate (Germany), and TFA (France).
Citric acid anhydrous was obtained from Pernhofen (Austria).
Ammonium acetate was purchased from Riedel-de Haen̈
(Serbia/Montenegro). Sodium acetate was bought from Merck
(Germany). Acetic acid, acetonitrile, and methanol were
purchased from Honeywell (Germany). All water used in
this study was obtained from a Milli-Q water purification
system.
Formulation. Oxytocin standards for HPLC runs were

generally prepared in the same buffer as samples being run in
each part of the study.
Section 1: Four oxytocin samples with a constant

concentration of 0.25 mg/mL were prepared in a citrate/
phosphate buffer (0.1 M/0.2 M) at pH 4.5. One of these
samples had no other additives, while the other three samples
contained 12-crown-4, 15-crown-5, or 18-crown-6. The crown
ether concentration was kept constant at 1% w/v. These
samples were then stored at 40 or 50 °C and analyzed regularly
via HPLC over a period of 47 days.
Section 2: Eight oxytocin samples were prepared with the

oxytocin concentration kept constant at 0.25 mg/mL. Four of
these samples were prepared in a citrate/phosphate buffer (0.1
M/0.2 M) and the other four were prepared in acetate buffer
(0.1 M), all at pH 4.5. For the four samples in each buffer, one
sample had no additives, while the others had 18-crown-6 at a
range of concentrations (0.1%, 0.3% or 2% w/v). These
samples were stored at 50 °C and analyzed regularly over a
period of two weeks.
Section 3: Oxytocin samples (0.25 mg/mL) were prepared in

acetate buffer (0.1 M) with 18-crown-6 added in a range of
concentrations (0, 0.01, 0.05, 0.1, and 1.0%).
Section 4: Oxytocin samples (0.25 mg/mL) were prepared in

acetate buffer (0.1 M) on the one hand, and citrate/phosphate
buffer (0.1 M/0.2 M) on the other hand, with 18-crown-6
added in a range of concentrations (0, 0.1, 0.5, and 1.0% w/v).
Furthermore, an oxytocin sample with 18-crown-6 (1.0% w/v)
and KCl (2.0% w/v) was prepared in each of the buffers, as
well as a sample with pure 18-crown-6 (1.0% w/v).
Section 5: For the UV−vis part of the study, the additives

were at the same concentration whenever present in a sample.
The samples in this series included: pure oxytocin (0.25 mg/
mL), pure 18-crown-6 (4.0% w/v), a mixture of oxytocin with
18-crown-6, a mixture of oxytocin with 18-crown-6 and
potassium chloride (4.0% w/v). The solvent for this series
was the same as the mobile phase used in the third part of this
study, that is 70% of mobile phase A (0.01% TFA in water)
and 30% of mobile phase B (0.01% TFA in a 70% MeCN: 30%
H2O solution). These samples were analyzed directly by UV−
visible spectrophotometry.
Analysis. Analytical HPLC used in this study included a

Dionex Ultimate 3.0 HPLC system controlled by Dionex
Chromeleon software v7.2. The HPLC system consisted of a
column oven compartment, an autosampler with temperature
control, an UltiMate 3000 pump, and an UltiMate 3000 photo-
diode array detector. The UV detection was set at 220 nm. All
HPLC samples were run in triplicate and the averages and
standard deviation of the calculated remaining amount of
oxytocin are reported.
Section 1: A Phenomenex Luna 5 μm C18(2), 150 × 4.6

mm, 100 Å, LC column was used with a SecurityGuard
Cartridge (C18 4 × 3.0 mm). The chromatographic procedure

of the European pharmacopoeia was followed. Mobile phase A
was a 15.6 g/L solution of sodium dihydrogen phosphate.
Mobile phase B was a 1:1 acetonitrile:water solution. The flow
rate was 1 mL/min. At minutes 0−17, mobile phase A went
from 70 to 40% (v/v) in a linear gradient elution. From minute
17−19, mobile phase A went back to 70%. The equilibration
time was 11 min. As the high salt concentration could more
easily lead to clogging in the instrument, new mobile phase
constitutions were sought.
Section 2: A Phenomenex Luna 5 μm C18(2), 250 × 4.6

mm, 100 Å, LC column was used with a SecurityGuard
Cartridge (C18 4 × 3.0 mm). Mobile phase A was an aqueous
20 mM ammonium acetate solution and mobile phase B was
pure acetonitrile. The flow rate was 1 mL/min. At minutes 0−
11, mobile phase A was constant at 75%. From minute 8−10.5
mobile phase A went down to 10% in a linear gradient elution
followed by an isocratic step at this concentration until minute
11. From minute 11−12.5, mobile phase A percentage was
increased again to 75%. The equilibration time was 3.5 min.
Section 3: A Phenomenex Luna 5 μm C18(2), 150 × 4.6

mm, 100 Å, LC column was used with a SecurityGuard
Cartridge (C18 4 × 3.0 mm). The mobile phase combination
was A: 0.01% TFA in H2O and B: 0.01% TFA in 70% MeCN:
30% H2O. The flow rate was 1 mL/min. At minutes 0−17,
mobile phase A went from 70 to 40% in a linear gradient
elution. From minute 17−19 the mobile phase went back to
70%. The equilibration time was 11 min.
Section 4: A Phenomenex Luna 5 μm C18(2), 250 × 4.6

mm, 100 Å, LC column was used with a SecurityGuard
Cartridge (C18 4 × 3.0 mm). The first mobile phase
combination was A: 0.01% TFA in H2O and B: 0.01% TFA
in 70% MeCN: 30% H2O. The flow rate was 1 mL/min. At
minutes 0−17, mobile phase A went from 70 to 40% in a linear
gradient elution. From minute 17−19 the mobile phase went
back to 70%. The equilibration time was 11 min. The second
mobile phase combination was A: 0.1% TFA in H2O and B:
0.1% TFA in 70% MeCN: 30% H2O.
Section 5: UV−vis spectrophotometric analyses were

performed on a Genesys 150 UV−visible spectrophotometer
using 1 cm quartz cells. The range of wavelengths measured
was 200−300 nm. 1H spectra were recorded on a Bruker
Avance 400 MHz spectrometer in deuterated water as the
solvent.

Statistical Analysis. Evaluation of the statistical signifi-
cance of improvement or declination in stability was carried
out using Student’s t-test. The p-values equal or below 0.05
were regarded as significant.
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