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Cancer pharmacology is often markedly toxic and must be precisely dosed in order to reach the therapeu-
tic bioavailability under strict control. Transport properties are important tools in the process of interpre-
tation and fine-tuning pharmaceutical applications, notably for drugs that have a long record of use and
have met their limits of bioavailability. 5–Fluorouracil (5-FU) is one of the most used antineoplastic
agents since its discovery in 1957. In this paper, binary mutual diffusion coefficients of 5-fluorouracil,
obtained from a Taylor dispersion method setup are reported for aqueous solutions up to 75 mmol.
kg�1. These data were complemented by viscosity measurements. The overall information allows to com-
pute descriptive parameters and further interpretation on the basis of well-established models.

� 2021 Elsevier Ltd.
1. Introduction

Cancer is a global burden: worldwide, the World Health Organi-
zation estimates that 19.2 million new cases and 10 million cancer
deaths happened in 2020. Cancers of the lung and breast are the
leading types in the number of new cases, each contributing for
about 11.5% of the total cancer incidence; together with colorectal
cancer (10%), prostate cancer (7.3%), and stomach cancer (5.6%) are
the most commonly diagnosed [1,2].

Cancer pharmacology is one of the fastest growing fields in the
industry, aiming to address both preventive and curative interven-
tions of an undeniably complex field, on widely diverse therapeutic
approaches. Global spending on cancer chemotherapy – both for
therapeutic and supportive care – rose to USD 133 billion globally
in 2017, up from USD 90 billion in 2012. Growth prospects on
developed markets are on the rise, as newer drugs launched within
the past five years account for 30% of all oncology drug spending
[3].

5-Fluorouracil (C4H3FN2O2; CAS: 51–21-8; 5-FU), was first syn-
thesized by Heidelberger et al. in 1957 [4] and it is listed in the
World Health Organization’s (WHO) 20th Model List of Essential
Medicines [5]. Chemically, 5-Fluorouracil is a halogenated pyrim-
idine analogue (Scheme 1), the fluorination generating a highly
polarized C–F bond that increases the hydrophilicity of the uracil
base-molecule, resulting in a pharmacologically adequate solubil-
ity in water of 11.1 mg mL�1 [6,7].

The ionic character of the C–F chemical bond in the 5-FU mole-
cule has a moderate 30% ionic character, so a mainly covalent char-
acter could be assumed [8]. The modeling of the aqueous behavior
is demanding as the 5-FU relatively small molecule has two poten-
tial sites of protonation, two potential sites of deprotonation, and it
can occur in four tautomeric forms as well. However, recent in sil-
ico work shows that the neutral form of 5-FU dominates below
pH = 8, being overpowered by the N-1 (see Scheme 1) monodepro-
tonated form for higher pH values [9].

Pharmacologically 5-FU is an antimetabolite extensively used as
an antineoplastic agent in cancer chemotherapy, showing broad-
spectrum activity in solid tumors. It is a common choice as the
chemotherapeutic agent for a variety of malignant tumors, includ-
ing gastrointestinal, head and neck, and breast cancer as well as
tumors in the upper airways; also, it significantly decreases the
viability of melanoma cell lines [10]. Veterinary use follows closely
the well-established targets in human use [11].

Published studies propose a 5-FU therapeutic level of 20–
30 mg h�1 L�1 [12–16]. In fact, 5-Fluorouracil exhibits a high
toxicity-exposure ratio resulting in a narrow therapeutic window,
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Scheme 1. Molecular structure of 5-Fluorouracil (5-FU).

Table 1
Sample description.

Chemical name Source Purificationmethod Purity

5-Fluorouracil
(C4H3FN2O2)

Sigma-
Aldrich

Drying for 24 h at 50 �C
in an oven.

mass
fraction � 0.99a

Water Millipore 18.2 MX cm,
25.00 �C

a The mass fraction purity is on the water-free basis; data provided by the
suppliers.
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meaning that administration routes, cotreatments, as well as indi-
vidual traits gather a substantive predominance in the final
bioavailability and effective exposure. Recent work shows that
the mutagenic effects on the healthy cells are observable, adding
to the need to fully explore bioavailability optimization, even
under the medicinal threshold [17].

The 5-FU molecule exerts its antitumor effects through several
mechanisms, including inhibition of RNA synthesis and function,
inhibition of thymidylate synthase activity, and incorporation into
DNA, leading to DNA strand breaks [4,18]. The tumor cells activity
requires uracil for fast replication and antimetabolites are used as
nucleic acids replication blockers. This can be achieved by either of
two strategies, using chemical derivatives of nucleotides or by
competitive reactions with the deoxynucleotides needed for DNA
replication, irreversibly blocking replication [18]. Both previous
processes are heavily dependent of transport properties, notably
the competitive diffusion of biochemical entities in the inter- and
intracellular mediums. Experimental work with murine models
established that 5-FU was passively transported by diffusion, both
through paracellular and transcellular routes [19], a very interest-
ing finding as transcellular transport mechanisms often are active,
energy-expending, processes.

Therefore, in this frame, the diffusion of 5-FU in aqueous media
is a critical object of interest by its own as there’s no cotransporters
or an active mechanism that could be modulated instead to control
transport, concentration, and ultimately bioavailability.

Also, low bioavailability, short half-life, and high cytotoxicity
created the need for alternative molecule-centered strategies that
reach for enhanced transport and protection of the molecule, often
by including the active drug in nanoparticles [20].

The modeling and optimization of the therapeutic action by
fine-tuning all the factors involved in such a variable-rich research
need a diffusion standard to compare to, that must be independent
from healthy and altered biological mediums, at different temper-
atures – both organ temperature variations due to the cancer itself
and the ones resulting from medical hyperthermic or cryogenic
interventions).

Thoroughly knowing these drugs is critical for effective use, ear-
lier to establish mechanisms, and later to foresee protocol exten-
sions. Transport properties are important tools in the process of
interpretation and fine tuning of pharmaceutical applications,
notably for drugs that have a long record of use and have met their
bioavailability limits. This work aims to study the transport prop-
erties of 5FU in water. Such systems are now of major importance
for the reliable and safe delivery of precise dosages of drugs, and
important insights have been obtained by manipulating the rates
of diffusion of the carrier-drug complexes and the thermodynamic
binding constants. For that, it is necessary a comprehensive exper-
imental of the diffusion of drug alone before to analysis the trans-
port behaviour of this drug in combination with carrier molecules
(e.g., cyclodextrins) or other components. However, as far as we
know, there are no studies of diffusion and viscosity for these
aqueous systems.
2

In this paper, viscosities and diffusion coefficients for 5-FU
aqueous solutions were measured. The obtained experimental data
are discussed on the basis of well-established models, allowing the
characterization of this binary system.

2. Experimental

2.1. Materials

5-Fluorouracil (Sigma-Aldrich, �99%) was used as received,
without further purification (Table 1). The crystalline powder
was dried for 24 h at 50 �C in an oven. Aqueous solutions were pre-
pared by gravimetric methods using ultrapure water (Millipore,
Germany, Milli-Q Advantage A10). Weighing was done using a
Radwag AS 220C2 balance with readability of 10�5 g in the lower
range. All solutions were freshly prepared and degassed by sonica-
tion before each experiment.

2.2. Diffusion measurements

The fundamentals of the Taylor dispersion technique are well
documented in literature [21–26]. However, a description of the
technical procedure will be briefly described here.

The Taylor dispersion technique, for measuring intermolecular
diffusion, is based on the dispersion of small amounts of solution
injected into laminar carrier streams of solvent or solution of dif-
ferent composition, flowing through a long capillary tube. The
length of the Teflon dispersion tube used in the present study
was measured directly by stretching the tube in a large hall and
using two high quality theodolites and appropriate mirrors to
accurately focus on the tube ends. This technique gave a tube
length of 3.2799 (±0.0001) � 103 cm, in agreement with less-
precise check measurements using a good-quality measuring tape.
The radius of the tube, 0.05570 (±0.00003) cm, was calculated from
the tube volume obtained by accurately weighing (resolution
0.1 mg) the tube when empty and when filled with distilled water
of known density.

At the start of each run, a 6-port Teflon injection valve (Rheo-
dyne, model 5020) was used to introduce 0.063 cm3 of solution
into the laminar carrier stream of slightly different composition.
A flow rate of 0.17 cm3 min�1 was maintained by a metering pump
(Gilson model Minipuls 3) to give retention times of about 8 � 103

s. The dispersion tube and the injection valve were kept at 25 �C
(±0.01 �C) in an air thermostat.

Dispersion of the injected samples was monitored using a dif-
ferential refractometer (Waters model 2410) at the outlet of the
dispersion tube. Detector voltages, V(t), were measured at accu-
rately timed 5 s intervals with a digital voltmeter (Agilent 34,401
A) with an IEEE-488 interface. Binary diffusion coefficients were
evaluated by fitting the dispersion equation (1) to the detector
voltages

V tð Þ ¼ V0 þ V1t þ Vmax tR=tð Þ1=2exp �� 12D t ��tRð Þ2=r2t
h i

ð1Þ
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where r is the internal radius of the dispersion tube, tR is the mean
sample retention time, Vmax is the peak height; finally, V0 and V1 are
the baseline voltage and baseline slope, respectively.

Taylor dispersion technique shows some advantages when
compared with other techniques as, for example, Gouy interferom-
etry [27] or Lobo’s open-ended conductimetric cell [28], including
its versatility (it can be applied to electrolytes and non-
electrolytes), low uncertainty (<1%), and low time consuming
experiments. Additionally, diffusion coefficients can be considered
constant in each experiment as convection effects are negligible
[29,30].

2.3. Viscosity measurements

A glass Ostwald viscometer was used for viscosity measure-
ments. It was calibrated with water in a thermostated water bath
with temperature controlled within ± 0.01 �C by using a NIST-
traceable thermometer and reference to published data [31]. To
compute the viscosity, the arithmetic mean value of at least four
essays for each solution was used. The measurement of the efflux
time was done with a digital stopwatch with a resolution of
0.01 s. The efflux time represents the average of at least four inde-
pendent measurements. Reproducibility of efflux times in all cases
was better than 0.05%, which corresponds to a standard uncer-
tainty of ± 0.025 s. The standard uncertainty of the viscosity values
is equal to 0.005 mPa�s.
3. Results and discussion

Viscosity and mutual binary diffusion coefficients measure-
ments of aqueous 5-Fluorouracil solutions were varied out at
25.00 �C. The results will be presented in the following sections
and the data discussed on the basis of well-established models.

3.1. Viscosity measurements

The measurements of the viscosity of 5-Fluorouracil aqueous
solutions, g, are shown in Table 2 (and Figure S1).

The analysis of the dependence of the viscosity on the concen-
tration was evaluated by fitting the values of relative viscosity, gr,
to the Jones–Dole equation (Eq. (2)) [32]

g
g0

¼ 1þ Ac1=2 þ Bc ð2Þ

where c is the concentration (mol dm�3), and A and B are empirical
terms. The coefficient A is related to the long-range intermolecular
Table 2
Experimental viscosity, g, of 5-Fluorouracil aqueous solutions at different molalities,
m, and at 25.00 �C and at pressure P = 101.3 kPa.

103 m/ (mol/kg)a g/ (mPa.s) rc/ (mPa.s)

0.000 b0.8889
1.92 0.8891 0.0004
5.03 0.8892 0.0003

10.6 0.8901 0.0002
16.8 0.8905 0.0002
28.8 0.8917 0.0003
41.9 0.8926 0.0005
48.0 0.8933 0.0004
60.1 0.8946 0.0001

a m represents molality.
b Computed value for infinitesimal concentration viscosity, 0.12% relative to [31].
c r is the measure standard deviation of the mean, for n = 4 experiments. Relative

standard uncertainty of molality, ur(m) = 0.03; standard uncertainties are u
(T) = 0.01 �C, u(P) = 2.03 kPa.
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forces (solute–solute interactions) and can be an accurate aid to
understand whether or not some kind of association occurs in the
solution (however, for non-electrolytes in aqueous solution, this
coefficient is usually very small and can even be insignificant
[33]. The Jones-Dole coefficient B is related to the solute–solvent
interactions that take place in the solution and helps to evaluate
the chaotropic or kosmotropic character of the solute in the
solution.

The low A value (A = –0.029 dm3/2 mol�1/2)) and the low posi-
tive B value (B = 0.211 dm3 mol�1), suggest that the interactions
between 5-Fluorouracil and water are more relevant than (5-FU)-
(5-FU) interactions showing this drug is a water structure-
making solute [34]. These results suggest that the interaction
between (5-FU)-(5-FU) (self-associative capacity) is weak, but the
interaction (5-FU) -water is not negligible, indicating the existence
of an ordered first layer of hydration around the (5-FU).

3.2. Binary mutual diffusion coefficients

3.2.1. Analysis of data
Limiting binary diffusion coefficients measured values for aque-

ous 5-Fluorouracil solutions at 25.00 �C are presented in Table 3
(and Figure S2).

The dependence of the diffusion coefficients of 5-FU on the con-
centration can be fitted by using an exponential equation

D ¼ Q1 � e �m=Q2ð Þ� �þ Q3 �mð Þ þ Q4 ð3Þ
where Q1 to Q4 are fitting parameters. The best fitting of Eq. (3) to
the experimental data, reported in Table 3, leads to the following
constant values: Q1 = (0.1678 ± 0.004) � 10�9 (m2 s�1), Q2 = (0.00
25 ± 0.0002) (mol kg�1), Q3 = (0.43 ± 0.06) � 10�9 (m2 s�1 kg mol�1)
and Q4 = (1.00 � 10�9 ± 0.003) (m2 s�1), and a determination coef-
ficient equal to 0.9970.

The value for the limiting mutual diffusion coefficient, D0, for
infinitesimal concentration, is D0 = 1.168 � 10�9 (m2 s�1).

3.2.2. Interpretation of dependence of D with concentration
The interpretation of the diffusion behavior of these aqueous

systems can be made on the basis of the Nernst–Hartley equation
[35], and suggests that two different effects, can control the diffu-
sion process, that is, the ionic mobility at infinitesimal concentra-
tion (or molar mobility coefficient of a diffusing substance, FM)
and the gradient of the free energy (or thermodynamic factor, FT)
[35]
D ¼ FMFT ð4Þ
Table 3
Diffusion coefficients, D, of 5-Fluorouracil in aqueous solutions at different
molalities, m, in H2O flux and the respective standard deviations of the
meana), SD, at 25.00 �C and at pressure P = 101.3 kPa.

103 m/ (mol kg�1)a D ± SD/ (10�9 m2 s�1)b

0.525 1.115 ± 0.004
1.05 1.080 ± 0.034
2.62 1.030 ± 0.019
5.25 1.015 ± 0.001

10.5 1.008 ± 0.005
26.2 1.011 ± 0.001
52.5 1.023 ± 0.003
75.0 1.033 ± 0.003

a m represents molality.
b D is the mean diffusion coefficient value obtained from 4 to 6 exper-

iments and SD is the standard deviation of that mean. Relative standard
uncertainty of molality, ur(m) = 0.03; standard uncertainties are u
(T) = 0.01 �C, u(P) = 2.03 kPa.



Table 5
Hydrodynamic radii (Eq. (9)), Rh, of 5-FU aqueous solutions, at 25.00 �C and
P = 101.3 kPa.

103 m/ (mol kg�1)a (Dg/T)/(10�15 m�s�2�kg�K�1)b Rh/(nm)

0.0000 33.3 0.22
0.525 33.3 0.22
1.05 32.2 0.23
2.62 30.7 0.23
5.25 30.3 0.24

10.5 30.1 0.24
26.2 30.2 0.24
52.5 30.7 0.24
75.0 31.0 0.23

a m represents molality.
b g represents the viscosity of solution at 25.00 �C. The values of this parameter

are shown in Table 2. Standard uncertainties are ur(m) = 0.03; u(T) = 0.01 �C and u
(P) = 2.03 kPa.
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However, assuming that this drug is a non-electrolyte, and con-
sidering that variations in the viscosity with concentration and the
counterflow of solvent relative to the solute are neglected, the
equation (4) is simplified by equation (5) (Nernst–Hartley
equation),

D ¼ D0 1þ c
@lnc
@c

� �
ð5Þ

where FM = D0 and FT ¼ 1þ c @lnc
@c

� �
In fact, for m � 10.5 mol kg�1, the experimental diffusion coef-

ficients are fairly constant (DD � 9%). The observed slight decrease
of D with concentration (1.07 � 10�10 m2 s�1) may result from (5-
FU)-water interactions, as was discussed in the previous section.

From Eqs. (4) and (5), the thermodynamic factor, FT, can be esti-
mated and the corresponding values are reported in Table 4. It can
be seen that the gradient of the free energy (FT) slightly decreases
upon increasing the 5-FU concentration, leads us to assume the
presence of weak solute–water interactions are responsible by
the behavior of this system. Support for this fact is given by the
analysis of viscosity data (Sections 3.1 and 3.2).

However, for m > 10.4957 mol kg�1 (FT) slightly increases, lead-
ing us to conclude that fact may result from other interactions (e.g,
(5-FU)-(5-FU) interactions) not contemplated in this model. In fact,
it is known that the Nernst-Hartley model is only valid in the dilute
region, where the change in the viscosity can be neglected. Thus,
considered this effect in the analysis of the diffusion behavior of
these aqueous systems, the thermodynamic factor can be cor-
rected, F’T, according to:

F
0
T ¼ FT

g
g0

� �
ð6Þ

g/g0 is the ratio of the viscosity of the solution to that of water
[36]. The corresponding F’T values are almost equal to FT values,
except at more concentrated solutions, where they are slightly
higher. This increase of the thermodynamic factor becomes the
contribution of the FM factor to be even smaller when the concen-
tration of 5-FU becomes higher. Thus, we can conclude that the
variation in D is mainly due to the variation of the thermodynamic
factor (attributed to the non-ideality in the thermodynamic
behavior).
3.2.3. Effect of the concentration and the viscosity on the
hydrodynamic radius, Rh, of 5-FU

The Stokes-Einstein equation (Eq. (7)) for the diffusion of spher-
ical particles through a liquid with low Reynolds number relates
Table 4
Thermodynamic parameters for 5-Fluorouracil in aqueous solutions at different
molalities, m, at 25.00 �C and at pressure P = 101.3 kPa.

103 m/ (mol kg�1)a FT/ (10�9 m2 s�1)b F́T/ (10�9 m2 s�1)c

0.0000 1.000 1.000
0.525 0.954 0.958
1.05 0.924 0.924
2.62 0.881 0.881
5.25 0.868 0.869

10.5 0.862 0.863
26.2 0.865 0.867
52.5 0.875 0.880
75.0 0.884 0.891

a m represents molality.
b FT = Dexp/FM, where Dexp and FM represent our data and molar mobility factor,

i.e., FM = D0 = 1.168 � 10�9 (m2 s�1), respectively.
c F’T = Dexp gr /FM, with gr the relative viscosities being measured in this work.

Standard uncertainties are u(c) = 0.001 mol/dm3; ur(m) = 0.03; u(T) = 0.01 �C and u
(P) = 2.03 kPa.
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the mutual diffusion coefficient, D, and the solvated radius of the
Rh.

D0 ¼ kT
6pg0Rh

ð7Þ

with temperature, T, the Boltzmann constant, k, and the solvent vis-
cosity, g0.

Considering this model (Eq. (7)) and our experimental diffusion
coefficients (Table 2), the effective hydrodynamic radii of 5-FU
have been estimated. Table 5 reports these values, together with
the (Dg/T) values, of 5-FU in aqueous solution.

From the analysis of the Table 5, it can be seen that the variation
of the values found for the radius as well as (Dg/T) are low, but not
negligible, being the maximum deviations observed, around 9%. In
fact, if this radius keeps constant when the medium viscosity
changes, Dg/T would be constant, which would mean that the dif-
fusion process is solely controlled by the viscosity of the medium.
However, it is necessary to have present the limitations of this
model. For example, the substituted viscosity value refers to the
bulk solution rather than the location in the vicinity of the solute
molecules, whose presence can affect the structure of the solvent
and, consequently, its viscosity. In addition, the shape of the solute
molecule is far from spherical. Despite these limitations, this
model is useful, once that it permits estimate values of hydrody-
namic radii, lead to us a better understanding of the structure of
this system.

4. Conclusion

Diffusion coefficients and viscosity of aqueous binary solutions
of 5-Fluorouracil, a critical oncologic drug, were measured. Models
are suggested for those systems, for concentrations ranging from
0.5 to 75 mmol.kg�1. Some relations could be derived from our
measures, in order to further characterize said solutions, namely
the Jones-Dole approach and the apparent molar volume computa-
tion. Through those data, solute–solvent interactions could be pre-
dominant ones and a suggestion of the compound being a
kosmotrope emerged.

In summary, it can be stated that 5-FU in water presents a
structure-making behavior, and this information is very relevant
in pharmaceutical applications in biological systems.
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