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Abstract

Isotonicity is an important requisite mainly for parenteral
aqueous-based pharmaceutical preparations. In addition,
ophthalmic, nasal, auricular dosage forms together with
irrigations meet such a requirement. The main purpose of
this report is to present an advanced informative support to
a challenging subject in relation to pharmaceutical
formulation. The understanding of the theoretical
fundamentals professionally distinguishes the work of the
pharmaceutical formulator, which in this way has la
possibility to put into practice such information with more
knowledge. Such a feature is of certain concern from an
informative perspective when specific software or online
facilities are used to solve tonicity problems.

Firstly, this paper will give a precise definition of the
concepts used. Then, it will introduce the osmometry from
a pathophysiological outlook, in order to set such an issue in
the context of its practical implications. The necessity to
achieve isotonicity will then be dealt with by illustrating the
rational processes, including arithmetic calculations,
involved in the production of accurate formulations. A
critical presentation of the various methods of adjusting the
tonicity of a solution (AT; osmotic factor, Equivalent
method, V-value) with the use of some simple applied
examples will be reported.
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Introduction

The tonicity of a solution may be defined as the characteristic
represented by the effects that the solution has on the
morphology of the cells that it comes into contact with. In fact,
the subject of tonicity deals with modifications of the “tone” of
the cells. i.e. of the normal morphological state of a cell
following contact with a solution containing a given
concentration of dissolved particles, regardless of the nature
(e.g. species, charge state, dimension) of the particles. In short,
all pharmaceutical preparations in which the absence of

“insults” referable to phenomena of osmosis is important for
physiological purposes must meet the requisite of not provoking
morphological variations in the cells they meet. As we know, the
term “osmosis” theoretically identifies the diffusive passage of a
solvent (usually water) through a membrane that is only
permeable to the solvent (ideal semipermeable membrane)
situated between two solutions with different concentrations of
particles of solutes. From a clinical point of view, the
phenomenon belongs entirely to the concept of homeostasis,
and has been dealt with in various works [1,2]. However, there
do not seem to be any works in the literature, that deal with the
problem in an exhaustive and/or, at the same time, practical
manner from a formulation perspective [3-5]. The
pharmaceutical preparations affected by the phenomenon of
osmotic tolerance are aqueous preparations [6-8]:

e For ophthalmic use, where a lack of isotonicity leads to
irritation or, as in the case of contact lenses, sticking to the
eye, burning, dryness, photophobia;

e For parenteral use, where the effects largely depend on the
degree of deviation from isotonicity, the site of
administration, the quantity administered and the method of
administration;

e For auricular use;

e For nasal use;

e For irrigation, especially in the treatment of very deep and
extensive wounds.

It is important to bear in mind that, although it is important to
adjust the tonicity as precisely as possible (in the blood, for
example, extreme hypertonicity leads to shrinkage and
plasmolysis, while marked hypotonicity presents the
phenomenon of swelling, with possible loss of intracellular
material and haemolysis in extreme cases), this requisite still
leaves the formulator a margin for manoeuvre. The fact that the
cells tolerate slightly hypertonic preparations better than slightly
hypotonic preparations may also be taken into consideration
(Figure 1).
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Figure 1: Schematic representation of erythrocyte behaviour
in hypertonic (left); isotonic (middle); hypotonic (right)
solutions

. /

Furthermore, the cell membrane does not in reality behave as
an ideal semipermeable membrane towards solvents or towards
some of the particles dissolved in them. For this reason, a
differentiation exists in the terminology between iso-osmoticity,
which identifies a solution characterised by the same number of
dispersed particles, and isotonicity, which implies the
maintenance of morphological characteristics of cells with
respect to a reference solution. A solution can thus be iso-
osmotic without necessarily having to be isotonic [9,10]. In this
sense it is useful to bear in mind that as well as water, other
solvents and co-solvents, such as ethanol, glycerine and
propylen glycol, are used as drug delivery vehicles. These
compounds also contribute to altering some of the properties of
the resulting solutions, although it is not possible to know in
advance what their contribution will be in terms of tonicity
[11,12]. For this reason, all the aspects that are dealt with below
are to be considered applicable to solutions with pharmaceutical
grade water as their only solvent.

As previously indicated, the physiological evaluation of the
condition of isotonicity (also identified in terms of osmotic
tolerance) by the observation of morphological changes in the
erythrocytes differs from quantitative evaluation by means of
analytical methods based on osmotic pressure, i.e. the pressure
which would need to be exerted to halt the diffusion of water
through a semipermeable membrane [13].

This aspect is very important at a theoretical level, in order to
understand the typical properties of the solutions in terms of
analogies with the concepts of ideal gas behaviour, as previously
described by J. H. van’t Hoff at the end of the nineteenth
century and thus develop the reasoning processes necessary to
identify adequate formulation criteria [14]. In summary, the
passage in a solution of one or more solutes in a given solvent
(in this case, water) leads to:

e i) At equilibrium, a homogeneous solution of the solute
molecules in the total available liquid;

¢ ii) In a solution containing a number n of solutes, each solute
behaves as if it were the only solute in that solution (cf
Dalton’s law). Furthermore, although the analogy with ideal
gases is only formal, osmotic pressure depends on the
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available volume, the number of moles of solute, universal
gas constant, and absolute temperature.

The essential difference with ideal gases lies in the fact that
for them the system pressure is directly generated by the gas
molecules, while in the case of solutions it is generated by the
variation of free energy in the system, i.e. in relation to the
number of particles formed during the process of solubilization.
Before we deal with the technological aspects of the formulation
of pharmaceutical preparations that meet the requisite of
tonicity, we should bear in mind that for some preparations
osmotic characterization represents a topic of
physiopathological interest that regards total parenteral
nutrition (TPN), enteral hyperalimentation, infant formula
preparation, diagnosis of pathological conditions at the level of
urinary tract and other secretion sites. Furthermore, some
medicinal products are based upon osmotic action for
therapeutic effects. In fact, there are numerous oral and
parenteral commercial preparations based upon hypertonicity
[15].

These include intravenous mannitol 20% to promote osmotic
diuresis; urea 30% to reduce intracranial and intraocular
pressure; the same urea but at a concentration of 40-50% for
the termination of pregnancy; sodium chloride 1.8-5% in the
treatment of severe acute dilutional hyponatraemia (and sodium
chloride 20% for the termination of pregnancy, like urea).
Furthermore, glucose 25-50% is used in peritoneal dialysis,
although nowadays other hypertonic dialysates such as lactate
and bicarbonate are preferred. Finally, glycerol 50%, isosorbide
up to 70-80% and up to 10 g magnesium sulphate or magnesium
hydroxide are also used per os.

Another aspect regarding the potential of osmotic pressure
that involves both the pharmaceutical industry and academic
structures is its technological application in the field of
therapeutic systems in modified-release drugs. In fact, osmotic
pressure can be employed as the driving force in a device in
order to obtain osmotic pumps as a useful device in drug
delivery [16-19].

It is also necessary to deal with conditions of hypertonicity in
the case of parenteral preparations for intramuscular
administration that contain a greater quantity of active principle
than necessary to achieve isotonicity (e.g. some PB-lactam
antibiotics).

However, professionals whose work is dedicated to the
formulation of pharmaceutical preparations characterised by
isotonicity will be specifically interested in methods for
rendering isotonic solutions that would otherwise be hypotonic
because of the quantity of particles dissolved in them. The
preparation by the hospital pharmacist of specific
pharmaceuticals such as radiopharmaceuticals is an example
that illustrates the current importance of this topic. In such
cases, it is important to possess a knowledge of the physical
properties of a solution, which depend on the number of
particles present and not on their chemical properties. These
properties are classified as colligative properties (i.e. a group of
properties collected together), a third category that is a subset
of a system’s intensive properties and that can only be applied
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to solutions. By definition, one of the properties of a solution is
a colligative property if it depends only on the ratio of the
number of particles of solute and solvent in the solution, not on
the identity of the solute. They take their name from the fact
that they represent different manifestations of a single
thermodynamic phenomenon: the decrease of vapour pressure
of a solvent due to the presence of a non-volatile solute. It can
also be affirmed that if the measurement of one of the
colligative properties (i.e. osmotic pressure, boiling point
elevation, freezing point depression) in solutions with different
solutes provides the same values, this equality between the two
solutions will also be encountered in the measurement of other
colligative properties. Leaving aside a detailed explanation of
the thermodynamic and chemical aspects such as the derivation
of the dissociation factor i (or the van’t Hoff factor in its explicit
form)?, the derivation of the freezing-point depression constant
(Kg)®, and the definition of molality (m)S, it is useful at this stage
to start with the following consideration: iso-osmotic solutions
(and, generally, isotonic solutions) must also have the same
freezing and boiling temperatures. Furthermore, solutions
containing the dissolved solute have a lower freezing
temperature (T¢) and a higher boiling temperature (T) than pure
solvent (Tq,s and Top,,, respectively). The difference in these
values is always positive and is generally known as freezing-point
depression (AT¢=Tq,+T;) and boiling-point elevation (AT,=T, —
To.b), respectively. The answers to the two following questions:
i) “Two aqueous solutions have different freezing-point
depression values. If the first freezes at a higher temperature
than the second, how can we define it in relation to the latter?”
and ii) “Two aqueous solutions have different boiling-point
elevation values. If the first boils at a higher temperature than
the second, how can we define it in relation to the latter?” are
therefore “hypotonic, i.e. with a lower concentration of
dissolved particles” and “hypertonic, i.e. with a higher
concentration of dissolved particles”, respectively. Furthermore,
amongst the following solutions at the given molality: Zinc
chloride 0.20; Sodium chloride 0.25; glucose 0.30, the greatest
osmotic pressure will be provided by the first compound
because it presents the highest number of dissolved particles in
solution.

As regards the technological application of these remarks, the
freezing point of lacrimal fluid or that of normal, healthy human
blood is -0.52°C. Thus, an isotonic solution has a freezing-point
depression value of 0.52°C.

This paper deals with the various methods that can be used to
adjust the tonicity of a solution. We stress the fact that all the
aspects dealt with below refer to water as the solvent and that
reference to the colligative property represented by AT; is the
starting point for the following reasoning processes.

© Under License of Creative Commons Attribution 3.0 License
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Practical Examples

Case of a substance from which to obtain an iso-
osmotic solution

The relationship between freezing-point depression, the
concentration of the solution and the number of particles
formed by solubilisation is shown in Equation. 1:

or, more explicitly

Wsolute

AT :Kf'M 1+ a- - —1)](Eq.2)

w solute

From Equation 2, and using our knowledge of the freezing-
point depression, we can find the quantity of a generic
substance necessary to obtain an isotonic solution. In fact, if we
suppose that 1 kg of water is used as the solvent and solve
Equation 2 for the amount of solute we obtain:

ATf ) Mw solute

Wsolute = K- M+a - -1 (Eq. 3)

Thus, in 1 kg of water as a solvent for NaCl (knowing that
0a=0.93), anhydrous dextrose and dextrose monohydrate (v=1, so
i=0), considering the molecular weight of the substances
specified (M,,) and remembering that AT=0.52°C, K;=1.86, the
values of 8.5, 50 and 55 grams were obtained, respectivelyd.

Case of an active principle in a solution with a
therapeutic concentration generally insufficient to
achieve isotonicity

Let us move on to the most common situation encountered,
namely when the quantity of active principle necessary to carry
out the therapeutic task involves the realization of a hypotonic
solution. In this case, we need to add auxiliary substances as
isotonising agents. There are various methods of adjusting
tonicity that make it possible to solve this formulation problem.
These methods deal with aspects that can be classified as
follows to make them more easily identifiable: reference
molality; cryoscopic method (or freezing-point depression
method); sodium chloride equivalent method; isotonic solution
V values.

Concept of reference osmolality

Considering the example of an isotonic solution for NaCl, we
know that the reference molality in terms of osmotic effects
(also known as osmolality) in the case of 1 kg of water is
represented by

99

0SMypp = 58.44 g /mol

0SMpG4c10.9% =
[14093-2-1)] = 03

Furthermore, because the colligative properties depend on
the number of the particles in solution and not on the nature of
the particles, isotonicity is achieved when osmgg+0SMgnicity
agent=0.3 or, more explicitly:
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w w, ..
drug [M+a-(v—1)] tonicity agent

+
Mdrug

drug Mtonicity agent

1+a-(v- = 03 (Eq.4)

1)]tonicity agent

As we have said, Equation 4 is valid for 1 kg of solvent.
However, it may be interesting to extend the reasoning process
to a generic quantity of solvent. Moreover, considering that for
pharmaceutical formulation purposes the concentrations of the
solutions in question are diluted (<<1M), the approximation
between the values of osmolality and osmolarity (volume of the
solution expressed in L, V|) is admissible. Thus, solving the
equation in terms of the quantity of tonicity agent to be added,
we obtain:

w

d

03- V-2 [1+a-(v— Dl g
drug

(Eq. 5)

Wtonicity agent =

. Mtonicity agent
[T+a - (v-1)]

tonicity agent

As well as establishing the quantity of tonicity agent to be
added, Equation 5 is interesting in that it allows us to affirm
that: i) if we vary the final volume of the solution by a factor Kk,
maintaining the percentage of a drug constant, the quantity of
tonicity agent to be added to make the solution isotonic will vary
by the same factor k; ii) if we wish to vary the percentage of the
drug and keep the final volume of the solution constant, the
guantity of tonicity agent will be characterised by a coefficient
that is variable and inversely proportional to the quantity of the
drug; iii) the result of the difference within the braces represents
an estimation of the deviation from the isotonicity. In fact, the
higher this value is, the more tonicity agent needs to be added.
If we increase the amount of the drug, the value of this
difference will obviously decrease. The limit to this effect is
constituted by reaching a value of zero, meaning that isotonicity
has been achieved by the drug alone present in the formulation.
If we continue to increase the amount of the drug we will obtain
negative values of the tonicity agent, meaning that the
conditions of isotonicity have been exceeded and a hypertonic
solution has been obtained due to the presence of the drug
alone. Such a situation arises in some parenteral preparations
for intramuscular use that contain a high dose of drug (B-lactam
antibiotics are a typical example). Paradoxically, from a
formulation point of view this situation is dealt with by adding
an adequate quantity of local anaesthetic. Although this
procedure worsens the situation in terms of hypertonicity, it
decreases the suffering caused by the osmotic insult provoked in
the injection site and makes the preparation easier for the
patient to be tolerated.

Cryoscopic method or freezing-point depression
method

The freezing-point depression method identifies the lowering
of the freezing temperature corresponding to a certain % w/v of
a substance. The concentration used (given in relative tables) is
generally 1% and is indicated as D (or AT; 1%). This value is
dimensionally represented by a temperature [°C]. Considering
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that the lowering of the freezing temperature is directly
proportional to the concentration of the particles present, we
can see how the tabulated D value for sodium chloride is higher
than 0.52€. The following example illustrates how to use this
method. Supposing we need to prepare 100 mL of atropine
sulphate 1% eye drops. The corresponding D value in the table is
0.074. This value represents the contribution that the presence
of atropine sulphate compound makes to AT;. Therefore, as we
know that a physiological solution has a AT; of 0.52°C, we need
to add enough isotonising agent to achieve AT;=(0.52-0.074)°Cf.

Sodium chloride equivalent method

This approach is very interesting from a formulation point of
view, partly because of its theoretical implications. Briefly,
sodium chloride equivalent-generally indicated as E-, can be
defined as “the weight of sodium chloride that produces the
same osmotic effect as 1 g of a given substance in 100 mL of
solution”. Below, we describe a method of obtaining these
values. Based on the affirmation of “equivalent”, from an
osmotic point of view, we can say the following for sodium
chloride:

YWNacl

1 +a-(v -1 (Eq.
wNacl Y [ ( )]NaCl q

AT ¢ nac1 = Kf - 37
6)

and for a generic substance:

w

iT - K. . substance (Eq. 7)
f substance f M w substance 4

‘T +a-(v - 1)]substan(.‘8

By dividing the two equations, considering that in isotonic
conditions AT; is a constant value, K; is a constant, fixing V=100
mL, weight of the substance=1 g, introducing the symbol E as
the quantity of sodium chloride which is “equivalent to 1 g of
substance from an osmotic point of view”, and simplifying the
equation we obtain:

M Ml+a-(v-1)]

l+a (v—

w NaCl substance
(Eq. 8)

E =
1)]NaCl

M w substance

Thus defined, the value E is a univocal value. However, if we
extend the concept to variable %, concentrations of the
different substances, these E values tabulated in the relative
tables may show small variations due to the inter-ionic
interactions that may occur in aqueous solutions [2]. This aspect
is of particular interest with relation to the degree of
dissociation,a slight variability at the different experimental
conditions. We can demonstrate how to make silver nitrate 1%
eye drops isotonic as an example. The E value of this substance
is 0.33, that is, 1 g AgNO3, osmotically corresponds to 0.33 g
NaCl in a volume of 100 mL. Based upon these results, the
amount of NaCl to be added (in g) is equal to the difference
0.9-0.33, i.e. 0.57 g. As previously indicated, if the difference is
less than zero the solution is already hypertonic and cannot be
adjusted without altering the concentration of the components.

However, at a formulation level, the chemical incompatibility
between the two products should be highlighted because of the

4 This article is available from: http://www.imedpub.com/journal-pharmacy-practice-education/
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consequent precipitate formation of silver chloride. In these
cases a different tonicity agent may be used. Supposing we have
sodium nitrate at our disposal, whose E value=0.68, we can say
that

1 g NaNO3: 0.68 g NaCl=X g NaNO3: 0.57 g NaCl. Solving the
equation we obtain 0.84 g NaNOs.

Therefore, by extending the concept to any tonicity agent
other than sodium chloride, the amount to be added can be
derived from the following equation:

YWNacCl

_ = — Y9 (gq.9)
tonicity agent Etonicity agent

V-value method

The problem is dealt with in a different manner with the
following method. While so far we have considered the amount
of tonicity agent to be added in relation to the final volume of
the preparation, with this method we obtain the volume of
water to be added to a certain quantity of drug in order to
obtain an isotonic solution®.

To gain a better understanding of this aspect we can try to
derive the V-value as defined above from the sodium chloride
equivalent taken into consideration previously. In fact, for a
generic amount a of a certain substance we know that

1 g substance: E=a g substance:X g NaCl
from which we obtain X g NaCl=a g substance - E.
Moreover, we can also say that:

100 mL isotonic solution : 0.9 g NaCl=V-value : (a g substance -
E), i.e.

V-value=a g substance - E- 111.1 (Eq. 10)

Once we have calculated the volume of water to be added
using Equation 10, we can obtain any volume we require by
adding the isotonic vehicle (generically indicated as diluting
solution).

Recapitulation and Conclusion

The aim of this paper is to provide general rather than
exhaustive information regarding the formulation issues that a
pharmacist formulator may encounter.  Furthermore,
pharmacists can be encouraged to learn the instructional value
of this argument in order to underlie the basic principles of the
calculations. To recapitulate with a practical example, consider
an ophthalmic preparation with a final volume of 10 mL which
contains two drugs, A and B, the former at a concentration of 1%
w/v, the latter in the amount of 75 mg. Regarding A, we know
that for 0.3 g of drug we need 9.7 mL of water to achieve
isotonicity, while for the same amount of B we require 5.3 mL.
Based on this data, and hypothesising adjusting tonicity by
adding sodium chloride instead of normal saline solution to
obtain the required volume, we can formulate the following:
firstly, we can set the proportions 0.3 g: 9.7 mL=0.1 g: X mL and
0.3 g: 5.3 mL=0.075 g: Y mL, for A and B, respectively. By solving
this equation we obtain 4.5 mL (3.2 mL plus 1.3 mL) of water to

© Under License of Creative Commons Attribution 3.0 License
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be added in order to obtain isotonicity. Thus, approximately 50
mg of NaCl and 5.5 mL of water are required to render the
remaining volume isotonic.

Footnotes

2In this context, it is sufficient to consider that i=[1+a (v-1)]
where a represents the degree of dissociation of the solute
(whose value will therefore be between 0 in the case of non
dissociable substances and 1 for completely dissociable
substances) and v represents the number of particles that are
formed by dissociation.

2
R-T
blt is possible to show that Kf = AH—f = 1.86 for water [K
o
kg mol-1], where R is the molar gas constant, T is the absolute
temperature, AHf is the enthalpy of fusion and n the mol of the

solvent.

‘The term molality refers to the number of moles of solute
dissolved in one kilogram of solvent.

dit is interesting to note how, theoretically, a physiological
solution contains less NaCl than those generally used (0.85% vs.
0.9%). The value 0.9% derives from early measurements of the
freezing temperature of blood carried out with instruments
available at the time (the first researchers actually found the
freezing temperature of blood to be -0.56°C)[11]. The fact that,
despite this, the slightly more concentrated solution is
universally recognised as physiological may be justified by the
osmotic tolerability of slightly hypertonic solutions and by the
non-ideal behaviour of the cell membranes towards the various
solutes mentioned above.

€This affirmation derives from the following proportion: 0.9%
NaCl: 0.52°C=1% NaCl: Dy}, With Dy,=0.576.

fThe quantity of isotonising substance to be added derives
from the following proportion: 1% substance : Dgypstance=X
%substance - 0.45°C. Hypothesising the use of NaCl, substituting
the relative values and solving the proportion, 0.78 g will need
to be added to obtain an isotonic solution.

ETheoretically the volume of isotonic solution to be obtained
should be calculated by solubilizing a given quantity of
substance in an exact volume of water. However, in practice,
considering that in the case of pharmaceutical preparations the
solutions are diluted (<<1M), the volume of water to be added
closely corresponds to the amount of solution obtained.

hThe reason why the quantity of 300 mg has been indicated
for many substances is because the various tables refer to a final
volume of 30 mL (1 fluid-ounce) in order to obtain a final
percentage of the drug of 1% w/v.
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