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Abstract. The interest of quinoline as a contaminant agent and as scaffold for the
development of new therapeutic agent warrants to revisit the pH-solubility behavior of
quinoline (Q) and quinoline derivatives (Q-derivatives) with possible salting-out effect. Q is a
weak base with potential hazard upon exposure that may be occupational by inhalation or
ingestion of or dermal exposure to particulates in certain industries; or simply by inhalation
of cigarette smoke. In contrast, quinoline and its derivatives are useful in diverse therapeutic
applications such as anticancer, antiseptic, antipyretic, antiviral, and antimalarial. These
claims have raised the possibility of using quinoline motif for the synthesis of new drugs;
however, it may act as a pollutant on soil and water as ionizable organic compounds (IOC).
The solubility and partitioning behavior of Q may be a critical factor in determining the
extent of inhalation and oral absorption or sorption onto soil and water. Studies on the
solubility of Q have been reported; however, due to Q-derivatives distinctive usage, it is
necessary to revisit and evaluate the solubility profile of Q at different pH levels and ionic
strengths. This study reports a simple analytical method for determining the solubility of
nitrogen heterocyclic compounds and possible salting-out effect as a function of pH, buffer
concentration, and ionic strength. This information can be of value when developing Q-
derivatives and to enhance understanding of Q as well as its derivatives behavior in the
gastrointestinal tract or when evaluating the presence of Q as an environmental contaminant.
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INTRODUCTION

The solubility of compounds starts by understanding the
molecular symmetry and thermodynamic properties of crystal
compounds (1). The crystallinity of organic compounds is
frequently responsible for their poor solubility in aqueous
media. Therefore, its control is an important factor in the
design of drug formulations for maximum bioavailability and
chemical analyses (2) as well as on the detection of organic
pollutants in soil and water (3,4).

Several methods are used to determine the physico-chemical
properties such as aqueous solubility and octanol-water partition
coefficient of a vast number of pollutants hydrophobic compounds
(HOC). Correlation of these two properties has been widely
studied with different phenomena such as sorption to the

groundwater, transport, fate, and release in the environment (4–
8). In the context of in vivo delivery, efforts have been focused on
solubilization techniques for poorly water-soluble drugs. Various
solubilization approaches including pH adjustment, cosolvency,
micellization, and complexation (5) as well as lipid-based formula-
tions (9–11), amorphous and salt forms (12–16), encapsulation
(17,18), co-crystals (19–22), and excipients (additives) (23) have
been taken to increase dissolution and hence bioavailability in the
case of oral administration and avoid precipitation upon dilution in
the case of injectables.

However, for ionizable organic compounds (IOC), the
information is limited compared to HOC. In addition, these
compounds do not fit the same pattern as non-polar compounds.
Information on the sorption of IOC is of great value when
determining the fate and transport of these substances into the
environment. In addition, the extent of drug absorption based on
physicochemical properties such as ionization effects of the active
pharmaceutical ingredient (API) on formulations may influence
drug absorption after oral administration with potential clinical
implications (24). Thus, information on solubility and partitioning
on the sorption, absorption or adsorption, of IOCs as a function of
pH and ionic strength (μ) is important for the development of
methodologies and strategies for analysis, formulation, and de-risk
the solubility impact on drug candidate success. The environmental
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fate (25–27) or biologic hazard of nitrogen-based heterocyclic
compounds (NHC) such as pyridine, acridine, and especially
quinolone (Q) and 3-quinoline derivatives (Q-derivatives), con-
tinue to be of relevance. More specifically, Q and Q-derivatives for
the potential of salting-out effect. It is a versatile heterocyclic weak
base with a variety of therapeutic applications (28–30). Over the
past decades, the Q scaffold has become an important assembly
motif for the development of new drugs with various applications
(28–32). A comprehensive review on the advances of quinoline-
based anticancer or antimalarial agents has been published recently
(31). Quinoline and its functionalized derivatives with biological
and pharmacological activity include antimalarials (Quinine and
Quinidine) (29), antiviral (Saquinavir) (30), and anticancer
(Camptothecin, Irinotecan, and Topotecan) (31); quinoline-5,8-
dione moieties are present in antitumor agents such as
lavendamycim, streptonigrin, and styrylquinoline (32).

Overall, physicochemical properties of Q-derivatives for
pharmaceutical use are diverse, for instance, compounds with
anti-microbial activity may show low melting point ~ 135°C and a
molar mass of 340 g.mol−1. However, low melting and low
molecular weight (MW) do not translate to a desired aqueous
solubility, for example, quinoline-based anticancer drugs or
antimalarial are practically insoluble in water (~ 0.05 mg/mL)
(31). Owing significance of the quinoline motif, in many chemical
processes and the synthesis of functional compounds in various
areas of chemistry, food, and pharmaceutical, the goal of this study
was to evaluate the salting-out effect assessing the solubility of Q at
different pH values, buffer concentrations, and ionic strengths. The
procedures chosen to assess this are simple and robust. The
hypothesis to be tested is that the protonated (ionized) drug QH+

and neutral Q species will be influenced by the concentration and
presence of other ions or excipients in the formulation. The
solubility issue is particularly complex in the case of ionizable drugs
such as poorly water-soluble weak bases. The systems were chosen
because of their potential dissociation and hence competing
dissolution. Thus, depending on the situation, inhibition or
improvement of the release characteristics occurs. Consequently,
the bioavailability of specie-rich phase QH+ or Q when a certain
concentration is exceeded. Hence, these findings are of high
practical importance for pharmaceutical development and in vitro
assessment of solubilization approaches like lipid-based formula-
tion (LBF) (33) dispersion anddigestion andprecipitation behavior
using weakly basic drugs derived from quinoline.

THEORY

The ionization of acids and bases was proposed by
Brønsted-Lowry (1923). A base is defined as species which
accept a hydrogen ion (proton acceptor). The ionization
process for a base such as Q is:

QHþ↔Hþ þQ ð1Þ
and the ionization constant, Ka, is given by:

KT
a ¼ Hþf g Qf g

QHþf g ð2Þ

Where Ka is the thermodynamic ionization constant at a
given temperature, T. The { } represents the activity of the
ionic species

The equation for Ka can be written as follows:
pKa ¼ pHþ log QHþ� �

= Q½ � ð3Þ

where [] denotes concentration and pKa = − log Ka and pH =
− log H+. pKa is a measure of the strength of acids and bases;
the stronger the base, the higher the pKa.

The ionic strength μ is the contribution of the total
number of ions present in solution to the activity coefficient.
The ionic strength (μ) is dependent on the concentration of
an ion and its valency and it is given by:

I ¼ 1
2
∑CiZ2

i ð4Þ

where Ci is the molar concentration of the ion and Zi is its
valency.

It is important to consider the concentrations of the
protonated and non-protonated species as well as Q and QH+

at equilibrium. Likewise, the concentration of the ionized
species into its effective concentration activity coefficient (γ).
After a combination of equations involving [Q]/[QH+] (not
shown) and activity coefficient for ionized species ϒQH+, the
following equation is derived:

pKT
a ¼ pHþ log

QHþ½ �ϒQH þ − Hþ½ �
Q½ � þ H½ �þ ð5Þ

The thermodynamic pKa values from the titrations
performed in this study were calculated using Eq. 5.

It is well reported that the solubility of a compound in
water can be influenced by the presence of other electrolytes
by changing the activity coefficients of the ions of the salt that
in turn causes changes in the ionic strength (34). The
solubility of weak electrolytes is strongly influenced by the
pH of the solution. If the unionized form Q represents the
free base and the soluble ionized form is represented by QH+,
then the concentration of Q in solution is the intrinsic
solubility constant, such that, So =Q, and Eq. (3) can be
arranged to:

QHþ½ � ¼ Hþ½ � Q½ �
Ka

ð6Þ

and the total solubility, S, of the compound at a given pH is
the sum of the solubility of the unionized form Q and the
ionized form QH+, such that:

S ¼ QHþ� �þ Q½ � ð7Þ

The total solubility can be expressed as a function of the
hydrogen ion, H+, concentration, intrinsic solubility, So, and
the ionization constant Ka, obtaining:

S ¼ So þ H½ �þSo
Ka

ð8Þ

or

S ¼ So
Hþ

Ka

� �
þ 1 ð9Þ

and the logarithm form:

log S=So−1ð Þ ¼ pKa–pH ð10Þ
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The pKa values at the equilibrium solubilities of quino-
line at different pH levels and ionic strengths can be
calculated by using Eq. (10).

MATERIALS AND METHODS

Materials

Quinoline was purchased from Sigma Chemical Com-
pany (St. Louis, MO) then it was distilled under reduced
pressure of 20 mmHg at 118°C. The purified quinoline was
used to perform all solubility studies. A summary of the
physico-chemical properties of quinoline is summarized in
Table I.

The solubility of quinoline was measured using
McIlvaine’s buffer, which is a mixture of one part of citric
acid (H3C, Fisher Scientific, Fair Lawn, NJ) and two parts of
disodium phosphate (Na2HPO4, Fisher Scientific, Fair Lawn,
NJ). This buffer system was chosen because of the versatility
of the pH range (2–8) without changing the acidic-basic
species. Distilled, deionized, and filtered water (Milli-Q
Water System, Millipore) was used to prepare the various
buffer solutions at different concentrations, pH values, and
ionic strength as well as for dilutions of saturated samples.
The pH of all the buffer solutions was measured prior to the
addition of quinoline.

Methods

Determination of pH-Solubility Profile

The buffer systems were equilibrated at 20°C with an
excess of quinoline. The solutions were placed in Teflon-lined
screw-capped glass test tubes. The test tubes were covered
with aluminum foil to prevent photodecomposition. Repli-
cates of the quinoline buffer systems were rotated on a test
tube rotator (Berkley, CA) for 24 h. The equilibrated samples
were centrifuged at 500 rpm for 15 min in a Beckman
centrifuge (Fullerton, CA). The supernatant was removed

with a Pasteur pipette and placed in a clean test tube. The pH
of the supernatant was measured (Table II) and analyzed by
both a UV spectrophotometer (Beckman DU-8, Fullerton,
CA) at a wavelength of 225 nm and by high performance
liquid chromatography (HPLC). In the event of high concen-
trations, samples were diluted with water prior to analysis.

The solubility of quinoline was also determined in water,
hydrochloric acid (HCl), and sodium hydroxide (NaOH) at
different pH values. The samples were equilibrated and pH
was adjusted to the desired value with HCl or NaOH as
necessary.

Chromatographic Procedure

Quinoline was assayed by HPLC. The HPLC system
(Hewlett Packard) consisted of a fully end-capped RSIL C18

HL column, mobile phase of acetonitrile/water (85:15) at a
flow rate of 1.0 mL/min at a wavelength of 225 nm using a
Kratos Analytical Spectroflow with variable wavelength
absorbance detector. The retention time (tR) of quinoline
was 4.30 min. Several replicates of the solutions at different
pH, buffer concentrations, and ionic strengths were analyzed.

Determination of pKa

The ionization constant of quinoline was determined by
titration at 20°C. Titrations were conducted in a 100-mL
beaker. The pH values were measured with a pH meter.
Solutions of quinolone at a concentration of 0.01 M in water
and saline solutions at constant ionic strengths of 0.16 and 1.1
were prepared. The titrant used was HCl at 0.1 M and ionic
strengths of 0.16 and 1.1 and added with a syringe.

RESULTS AND DISCUSSION

Intrinsic, Equilibrium, and pH Solubility of Quinoline

The total solubility (S) of the ionizable compound QH+

can be expressed as a function of the ion concentration, the

Table I. Summary of the Physical-Chemical Properties of Quinoline (35)
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solubility of the unionized form (Q) is the intrinsic solubility
(So) and the ionization constant Ka. Then, in terms of pH and
pKa, the solubility equation is:

S ¼ So 1þ 10 pKa−pHð Þ
� �

ð11Þ

The data suggest that quinoline is ionized in acid
solutions suggesting higher solubility at lower pH values. It
was found that the solubility of Q decreases with increasing
ionic strength (μ); this also affects the ionization constant.

Using Eq. (9), a plot of pH versus the logarithm term has
a slope of ≈− 1, the intercept on the pH axis is the pKa of the
quinoline. The value of the pKa determined by this method
corresponds to the apparent ionization constant. The pKa

value was obtained at each ionic strength (μ). Table II
provides the total and intrinsic solubility data and equilibrium
pH and pKa values obtained from Eq. (10).

The solubility of a compound can be influenced by the
presence of other electrolytes (ions of the buffer and ions of
the salt used to change the ionic strength of the solution). The
solubility of quinoline in citrate-phosphate buffer was deter-
mined to be > 70 mg/mL at an ionic strength (μ) of 1.1 and
pH 4.6 (Table II). Quinoline solubility was increased by the
presence of citrate-phosphate buffer compared to the solubil-
ity in water, HCl, and NaOH. The solubility data for
quinoline in water, NaOH, and HCl are given in Table III.

It was noticed that there was a somewhat linear
relationship between the citric acid molar concentration and
quinoline solubility at pH value ~ 5. The data from Table II

may suggest the formation of a soluble quinolone-citrate-
phosphate complex. The increased solubility in acidic solu-
tions may be due to two factors: the compound is ionized, and
a considerable amount is in the form of complex quinoline.
On the other hand, the presence of citrate-phosphate had an
impact on the quinoline’s intrinsic solubility at higher pH
value (~ 8) and ionic strengths. The intrinsic solubility
decreased likely due to the suppression of ionization. At the
pH around 8 or ≥ 8, the pKa for the phosphate-citrate buffer
is 7.20/6.40, the efficiency decreases.

Table III shows the solubility of quinoline in acidic, basic,
and water (pH of distilled water slightly acidic, ~ 5.81 not 7,
due to absorption of carbon dioxide from the environment).
There was no buffer or ionic strength control. It is observed
that on the various acidic solution concentrations, the initial
pH changed substantially upon the addition of quinoline,
having as a result a decrease in the solubility. On the other
hand, on the basic solutions, the pH had a slight change after
the addition of quinoline; this led to a slight change on the
solubility of quinoline. It was noticed that at higher pH and a
strong basic solution concentration the solubility of the solute
is lower than that of the low buffer concentrations with
similar pH; this can be due to as salting-out phenomenon.

The solubility-pH curves for quinolone are depicted in
Figs. 1, 2, 3, 4, 5 using Eq. (11) after determining the pKa and
free base solubility and in acidic-basic solutions as well as in
water. The overall experimental and calculated values were
very similar for the various ranges of pH and μ except for
pH = 5.5 in Fig. 1. This discrepancy is attributed to the low
regression coefficient at the μ = 0.01 and the very dilute buffer
concentration [0.001 M] making it inefficient.

In Figs. 3, 4, and 5, the buffer concentration and high
ionic strength result in reduction of the solubilization of the
unionized pH (> 8); this is attributed to salting-out effect.

pKa and Ionic Strength

The influence of ionic strength on the observed ioniza-
tion constant was noticeable in that the pKa calculated from
the solubility data was not constant as it changed with ionic
strength. Thus, the pKC

a and pKT
a were measured by

titrimetry as a function of ionic strength to confirm if the
above observation was real. The pKC

a measured was found
also to be a function of ionic strength. Hence, it was
confirmed that the pKa changes with ionic strength (μ) as
indicated by the solubility data.

Table II. Intrinsic and Equilibrium Solubility of Quinoline in Citric-
Phosphate Buffer at Different Ionic Strengths (n = 4)

Ionic strength (μ) 0.010 0.05 0.16 0.55 1.10
Buffer [H3C], M 0.001 0.01 0.01 0.10 0.20
Equilibrium pH 8.05 8.18 8.03 8.01 8.22
Intr. solub.
So (mg/mL)

5.790 5.83 5.26 4.47 3.20

Equilibrium pH 5.93 5.57 5.48 4.84 4.62
Equil. solubility
S (mg/mL)

8.19 10.97 9.12 32.05 74.44

pKa from solubility data 6.07 5.65 5.42 5.54 5.80
r2 ≈ 0.87 0.92 0.95 0.99 0.99

Table III. Quinoline Solubility in Water, Hydrochloric Acid (HCl), and Sodium Hydroxide (NaOH)

Quinoline in solutions Soln. concentration [M] Initial pH pHequil Quinoline solubility (mg/mL) Quinoline solubility [M]

HCl 1.0 0.55 4.50 61.31 0.47
0.1 1.47 5.13 16.62 0.13
0.01 2.28 5.70 8.42 0.07
0.001 3.07 6.82 6.46 0.05

NaOH 1.0 13.21 12.71 4.62 0.05
0.1 12.56 12.20 6.08 0.05
0.01 10.65 10.32 6.28 0.05
0.001 10.08 9.63 6.70 0.05

Water 5.81 8.32 6.31 0.05
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Figure 6 shows the solubility of quinoline in water and in
acid and base solutions from the data in Table III. Clearly, the
solubility is high (~ 60 mg/mL) for the strongest 1.0 M acid
solution indicating a potential creation of a soluble complex,
whereas with a very strong base (1.0 M), the solubility seems
to be the lowest. The nitrogen in quinoline has a lone pair of
electrons reacting as a Brønsted-Lowry acid (35). When those
electrons of nitrogen react with a hydrogen in water, they
form a hydrogen bond between the nitrogen and H leaving a
hydroxide anion in the solution, producing a charged R-
(NH+)-R group. This is essentially the same reaction as for
the base, NH3, reacts with water to form HN4+ and OH− (22).

The pKa of quinoline was determined by titration
according to the method described by Albert and Serjeant
(36). Three different ionic strengths were tested.

The ionization process for a base such as quinoline is:

QHþ↔Q þ Hþ ð12Þ

The ionization constant, Ka, is given by the activity of
ionic species {H+}, {Q}, and {QH+} in mole/liter. KaT is the

thermodynamic ionization constant at a given temperature. In
addition, the ionization constant, KaC, is defined by the
concentration of each ionic species [H+], [Q], and [QH+].
KaT and KaC are identical in an ideal system or as the solution
becomes more dilute near to infinite dilution, i.e., activity
coefficient, γ = 1.

pKC
a ¼ pHþ log QHþ½ �= Q½ � ð13Þ

The ionization constant can be converted to the thermo-
dynamic ionization constant by the equation:

pKT
a ¼ pKc

a−
0:507 I

1=2

1þ 1:5 I
1=2

ð14Þ

Table IV shows the pKa values obtained by using Eqs. 13
and 14. The pKa value of 4.90 for quinoline in water obtained
by this method was in agreement with the measured via
absorption spectra 4.92 by El-Ezaby et al. (37).

The pKa in Table II do not agree very well with the ones
determined by potentiometry as shown in Table IV, especially

[H3CP] = 0.001  = 0.01 

Fig. 1. pH-solubility profile of quinoline in citrate-phosphate buffer
at ionic strength μ = 0.01

[H3CP] = 0.01   = 0.05  

 

Fig. 2. pH-solubility profile of quinoline in citrate-phosphate buffer
at ionic strength μ = 0.05

[H3C] = 0.01  = 0.16 

Fig. 3. pH-solubility profile of quinoline in citrate-phosphate buffer
at ionic strength μ = 0.16

[H3C] = 0.1  = 0.55 
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Fig. 4. pH-solubility profile of quinoline in citrate-phosphate buffer
at ionic strength μ = 0.55
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at the low ionic strength (μ) region. This may suggest the
formation of aggregates of uncharged quinoline at low ionic
strength (38) or another possibility is the salting-out effect.

The effect of pH on UV absorption has shown that the
protonation of N-heterocyclic six-membered ring bases of
free base species to form the conjugate acid results in a shift
of the long wavelength absorption and fluorescence spectra to
longer wavelengths (39). Thus, quinolines in acidic solutions
have large red shifts in the absorption spectra. This may be
the result of a shift in the ground state energy level due to
protonation.

There are a number of important implications that result
from our experimental observations and subsequent solubility
analysis. Clearly, the effect of buffer concentration and ionic
strength resulted in influencing quinoline’s solubility com-
pared to that of single pH acidic or basic solutions. Given the
increasing trend to use quinoline scaffold as an important
construction motif for the development of new drugs (28–32),
more attention needs to be paid to the phenomenon of
protonation (ionized) drug QH+ and neutral Q species that
can be influenced by the concentration and presence of other
ions or excipients in the formulation. The presence of ionized
species, but non-ionized, makes possible the formation of
complexes or salts which can have an impact on solubility
measurements. This will probably cause false positives when

dissolution is being evaluated. This active migration of species
and subsequent transformations to unionized and ionized
species are sensitive or due to environmental conditions such
as pH, buffer concentration, ionic strength, or other ions and
anions present in the system. It has been well-established that
there is an extent of solubility of water in non-polar solvents
(5–8,40) (hydrocarbons) studying HOC partitioning in soil
and water (3,4). The solubility of water in hexane is 90 ppm,
whereas hexane in water is 12.4 ppm (40), indicating that the
intermolecular attractions occur by London dispersion forces;
this attraction releases energy resulting in poor solubility (41),
and the dissolved water follows Henry’s law (42). Likewise
considering similar behavior of the HOCs in the environment,
it is reasonable to believe that water can migrate to the
lipophilic or hydrophobic phase of the emulsion (43) or LBF
systems. In addition, it is well-established that the unionized
small molecules interact with these systems. However, the
phenomenon of water migration into the Bfat or oily^ phase
seems possible that the ionized molecules as well such as in
the quinoline-based drugs are present in the hydrophobic
phase. Thus, where water is present, knowing the same facts
as HOC in the environment, it is reasonable to suggest the
same scenario, i.e., the ionized and unionized small molecules
will be present in the lipid phase and solubilized to a certain
extent. For formulation development of emulsions (43, 44)
and LBF, changes on solubility in water and Bfat or oily^
phase should be considered, both are of particular relevance
with potential implications for bioavailability and precipita-
tion behavior of quinoline functionalized derivatives with
biological and pharmacological activity such as antimalarials
(Quinine and Quinidine), antiviral (Saquinavir), and antican-
cer (Camptothecin, Irinotecan and Topotecan) where the
therapeutic agents have achieved maximum solubility and are
frequently formulated or dosed with other compounds in
LBFs or emulsions.

CONCLUSIONS

Fundamental insights on the solution behavior of solids
like quinoline in aqueous systems at various ranges of pH,
buffer concentration, and ionic strength can help in the
control, manipulation, and stabilization of this type of species
whether is one or more than one solute. With the increasing
trend toward the use of fixed dose combination products for
cancer or other diseases where therapeutic agents are
administered simultaneously not necessary co-formulated
with quinoline based analogs, it is necessary to understand
potential physicochemical interactions or ionizable/non-
ionizable species that may influence solubility and therefore
bioavailability. This is equally important to determine the

[H3C] = 0.2  = 1.1

Fig. 5. pH-solubility profile of quinoline in citrate-phosphate buffer
at ionic strength μ = 1.1

Fig. 6. Solubility of quinoline in acid and base aqueous solutions as
well as in water

Table IV. Comparison of the Experimentally Determined Ionization
Constant, pKaC, and the Thermodynamic Ionization Constant, pKaT,

of 0.01 M Quinoline at 20°C

Ionic strength pKaC pKaT Difference

Water 4.90 4.89 0.01
0.16 5.29 5.16 0.13
1.10 5.52 5.23 0.29
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mechanisms of which the precipitation or salting-out of the
species in vivo occur. These results suggested that the
environmental conditions can influence the pharmaceutical
development of weakly basic drugs derived from quinoline.
The pH-solubility profiles under different experimental
conditions should be routinely performed in formulation
screening to better understand the biopharmaceutical behav-
ior of emulsions or LBFs. The in vitro assessment of
solubilization approaches of LBFs such as dispersion and
digestion as well as the precipitation behavior will offer a
level of certainty and control on the type of species involved
in the formulation. The current study is relevant to drugs that
undergo ionization in the gastrointestinal tract or in the soil-
water systems. The latter remediation approaches should be
necessary to avoid contamination.

ACKNOWLEDGMENTS

The worked presented herein is the result of a M.S.
thesis in the Pharmaceutical Sciences at the College of
Pharmacy, University of Arizona. It has never been published
but the entire thesis is available on the online repository of
the university.

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

REFERENCES

1. Pinal R. Effect of molecular symmetry on melting temperature
and solubility. Org Biomol Chem. 2004;2:2692–9.

2. Di L, Fish PV, Mano T. Bridging solubility between drug
discovery and development. Drug Discov Today. 2012;17(9–
10):486–95.

3. Rao PSC, Lee LS, Nkedi Kizza P, Yalkowsky SH. In: Gerstl Z,
Chen Y, Mingelgrin U, Yaron B, editors. Sorption and transport
of organic pollutants at a waste disposal site. In: Toxic organic
chemicals in porous media. Berlin: Springer-Verlag; 1989. p.
176–90.

4. Carmosini N, Lee LS. Sorption and degradation of selected
pharmaceuticals in soil and manure. In Fate of pharmaceuticals
in the environment and in water treatment systems edited by
Diana S Aga. Boca Raton: Taylor and Francis Group LLC,
CRC; 2008. p. 139–66.

5. Yalkowsky SH. Techniques of solubilization of drugs. New
York: M. Dekker; 1981.

6. Pinal R, Yalkowsky S. Solubility and partitioning IX: solubility
of hydantoins in water. J Pharm Sci. 1988;77(6):518–22.

7. Pinal R, Lee LS, Rao PSC. Prediction of the solubility of
hydrophobic compounds in non-ideal solvent mixtures.
Chemosphere. 1991;22(9–10):939–51.

8. Lee LS, Strock TJ, Sarmah AJK, Rao PSC. Sorption and
dissipation of testosterone, estrogens, and their primary trans-
formation products in soils and sediment. Environ Sci Technol.
2003;37(18):4098–105.

9. Shah NH, Carvajal MT, Patel CI, Infeld MH, Malick AW. Self-
emulsifying drug delivery systems with polyglycolyzed glycer-
ides for improving in vitro dissolution and oral absorption of
lipophilic drugs. Int J Pharm. 1994;106:15–23.

10. Pouton CW. Formulation of poorly water-soluble drugs for oral
administration: physicochemical and physiological issues and
the lipid formulation classification system. Eur J Pharm Sci.
2006;29(3–4):278–87.

11. Williams HD, Anby MU, Sassene P, Kleberg K, Bakala-
N'Goma JC, Calderone M, et al. Toward the establishment of
standardized in vitro tests for lipid-based formulations. 2. The
effect of bile salt concentration and drug loading on the

performance of type I, II, IIIA, IIIB, and IV formulations
during in vitro digestion. Mol Pharm. 2012;9(11):3286–300.

12. Sotthivirat S, McKelvey C, Moser J, Rege B, Xu W, Zhang D.
Development of amorphous solid dispersion formulations of a
poorly water-soluble drug, MK-0364. Int J Pharm. 2013;452(1–
2):73–81.

13. Newman A, Nagapudi K, Wenslow R. Amorphous solid
dispersions: a robust platform to address bioavailability chal-
lenges. Ther Deliv. 2015;6(2):247–61.

14. Shah N, Iyer RM, Mair HJ, Choi DS, Tian H, Diodone R, et al.
Improved human bioavailability of vemurafenib, a practically
insoluble drug, using an amorphous polymer-stabilized solid
dispersion prepared by a solvent-controlled coprecipitation
process. J Pharm Sci. 2013;102(3):967–81.

15. Gwak HS, Choi JS, Choi HK. Enhanced bioavailability of
piroxicam via salt formation with ethanolamines. Int J Pharm.
2005;297:156–61.

16. Bighley LD, et al. Salt forms of drugs and absorption. In:
Swarbrick J, Boylan JC, editors. Encyclopedia of pharmaceuti-
cal technology, vol. 13. New York: Marcel Dekker, Inc.; 1995. p.
453–99.

17. Wais U, Jackson AW, He T, Zhang H. Nanoformulation and
encapsulation approaches for poorly water-soluble drug nano-
particles. Nanoscale. 2016;8:1746–69.

18. Niven RW, Carvajal MT, Schreier H. Nebulization of liposomes.
III. Effect of operating conditions. Pharm Res. 1992;9:5I5–20.

19. Good DJ, Rodríguez-Hornedo N. Solubility advantage of
pharmaceutical cocrystals. Cryst Growth Des. 2009;9(5):2252–
64.

20. Boksa K, Otte A, Pinal R. Matrix-assisted cocrystallization
(MAC) simultaneous production and formulation of pharma-
ceutical cocrystals by hot-melt extrusion. J Pharm Sci.
2014;103(9):2904–10.

21. Brittain HG. Pharmaceutical cocrystals: the coming wave of new
drug substances. J Pharm Sci. 2013;102(2):311–7.

22. Arenas-Garcia JI, Herrera-Ruiz D, Mondragon-Vasquez K,
Morales-Rojas H, Hopfl H. Modification of the supramolecular
hydrogen-bonding patterns of acetazolamide in the presence of
different cocrystal formers: 3:1,2:1, 1:1, and 1:2 cocrystals from
screening with the structural isomers of hydroxybenzoic acids,
aminobenzoic acids, hydroxybenzamides, aminobenzamides,
nicotinic acids, nicotinamides, and 2,3-dihydroxybenzoic acids.
Cryst Growth Des. 2012;12:811–24.

23. Laitinen R, Löbmann K, Grohganz H, Strachan C, Rades T.
Amino acids as co- amorphous excipients for simvastatin and
glibenclamide: physical properties and stability. Mol Pharm.
2014;11(7):2381–9.

24. Gu CH, Li H, Levons J, Lentz K, Gandhi RB, Raghavan K, et al.
Predicting effect of food on extent of drug absorption based on
physicochemical properties. Pharm Res. 2007;24:1118–30.

25. Gherini SA, Summers KV, Munson RK, Mills WB. Chemical
data for predicting the fate of organic compounds in water, vol.
2. Palo Alto: EPRI; 1988. Report.

26. Symons BD, Sims RC, Grenney WJ. Fate and Transport of
Organics in Soil: Model Predictions and Experimental Results. J
Water Pollut Control Fed. 1988;60(9):1648-93.

27. McCarthy JF, Zachara JM. Subsurface transport of contami-
nants. Environ. Sci. Technol. 1989;23(5):496–502.

28. Marella A, Tanwar OP, Saha R, Ali MR, Srivastava S, Akhter
M, et al. Quinoline: a versatile heterocyclic. Saudi Pharm J.
2013;21(1):1–12.

29. Kumar S, Bawa S, Gupta H. Biological activities of quinoline
derivatives. Mini Rev Med Chem. 2009;9:1648–54.

30. Du D, Fang JX. Recent advances in quinoline derivatives of
biological activities. Chin J Org Chem. 2007;11:1318–36.

31. Jain S, Chandra V, Jain PK, Pathak K, Pathak D, Vaidya A.
Comprehensive review on current developments of quinoline-
based anticancer agents. Arabian J Chemistry. 2016.

32. Sun M, Ou JH, Li W, Lu C. Quinoline and naphthalene
derivatives from Saccharopolyspora sp. YIM M13568. J Antibi-
otics. 2017;70:320–2.

33. Malik AU, Adeel M, Ullah I, Baloch MK, Mustaqeem M,
A k r a m M . S o l u b i l i t y o f 3 - { 3 , 5 -
bis(trifluoromethyl)phenyl}quinoline using micellar solutions of
surfactants. J Solut Chem. 2015;44:1191–204.

Page 7 of 8 124AAPS PharmSciTech (2019) 20: 124



34. Schoemaker DP, Garland CW, Steinfield JI, Nibler JW. Exper-
iments in physical chemistry. 4th ed. New York: McGraw Hill
Book Co; 1982. p. 185.

35. Jones G. Quinolines Part I. Hoboken: Wiley; 1977. p. 6–12.
36. Albert A, Serjeant EP. The determination of the ionization

constants. A laboratory manual. Cambridge: GB; 1984.
37. El-Ezaby MS, Salem TM, Osman MM, Makhyoun MA. Spectral

studies of some quinoline derivatives of tryptophane metabo-
lites. Indian J Chem. 1973;11:1142–5.

38. Zangi R, Hagen M, Berne BJ. Effect of ions on the hydrophobic
interaction between two plates. JACS. 2007;129:4678–86.

39. Rosenberg LS, Simons J, Schulman SG. Determination of pK,
values of N-heterocyclic bases by fluorescence spectrophotom-
etry. Talanta. 1979;26:867–71.

40. Kroonblawd MP, Sewell TD, Maillet J-B. Characteristics of
energy exchange between inter- and intramolecular degrees of

freedom in crystalline 1,3,5-triamino-2,4,6-trinitrobenzene
(TATB) with implications for coarse-grained simulations of
shock waves in polyatomic molecular crystals. J Chem Phys.
2016;144:064501.

41. Polak J, Lu BCJ. Mutual solubilities of hydrocarbons and water
at 0 and 25 °C. Can J Chem. 1973;51:4018–23.

42. Reger DL, Goode SR, Ball DW. Chemistry: Principles and
practice. 3rd ed. Mason: Publisher Cengage Learning; 2009. p.
479.

43. Roddy JW, Coleman CF. Solubility of water in hydrocarbons as
a function of water activity. Talanta. 1968;15(11):1281–6.

44. Lococo D, Mora-Huertas CE, Fessi H, Zaanoun I, Elaissari A.
Argan oil nanoemulsions as new hydrophobic drug-loaded
delivery system for transdermal application. J Biomed
Nanotechnol. 2012;8(5):843–8.

124 Page 8 of 8 AAPS PharmSciTech (2019) 20: 124


	Effect of pH and Ionic Strength on the Solubility of Quinoline: Back-to-Basics
	Abstract
	INTRODUCTION
	THEORY
	MATERIALS AND METHODS
	Materials
	Methods
	Determination of pH-Solubility Profile
	Chromatographic Procedure
	Determination of pKa


	RESULTS AND DISCUSSION
	Intrinsic, Equilibrium, and pH Solubility of Quinoline
	pKa and Ionic Strength

	CONCLUSIONS
	References



