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Abstract. Lipids and their fatty acid constituents, in particular, have been the subject
of academic and industrial research initiatives since their isolation by Michel-Eugeéne
Chevreul in 1813. Fatty acids can be saturated or unsaturated, their physical properties
depending on the aliphatic chain length and degree of saturation. They constitute the
building blocks of many lipid groups like triglycerides and phospholipids; are key addi-
tives in commercial foods, pharmaceuticals, and cosmetics; and can cross cell mem-
branes. Chloroform was synthesized in 1831 by Samuel Guthrie and has had a tortuous
history of interactions with mankind: from an anesthetic in obstetrics, dentistry, and
surgery, to being labeled as a potential carcinogen in the 1970s. It has also had impor-
tant nonmedical applications such as in chemical engineering mass transfer systems
designed to estimate binary gas diffusion coefficients. Although chemically dissimi-
lar, lipids and chloroform intertwined their scientific paths through the work of Jordi
Folch and associates in the 1940s-1950s, in which many lipid-based brain molecules
were isolated and characterized. This article outlines the separate histories of lipids and
chloroform, and those research initiatives in which they have acted synergistically. The
narrative covers the interplay of chemical compounds with different historical back-
grounds, but with physical properties which continue to foster their interaction.

Keywords: lipids, fatty acids, cell membrane structure and function, chloroform syn-
thesis and uses, lipid-based brain tissue components.

I. INTRODUCTION

Modern-day students and young researchers sometimes fail to identify
events in one discipline that can help explain similar phenomena in another.
They also have difficulty envisioning how materials with different physico-
chemical properties can lead to common applications. It is precisely this lat-
ter problem that serves as the goal of the present article. Lipids and chloro-
form have long, separate histories. They have also shared scientific pathways
for many decades, a fact likely unknown to most readers.

As the initial step of an experimental research project involving a specif-
ic class of lipids and chloroform, their individual histories were scrutinized.
Their isolation, characterization, and synthesis were thoroughly studied, in
many cases going back to the original published sources in the 19" Century.
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It is our goal to summarize the historical scientific high-
lights of lipids (fatty acids in particular) and chloroform,
leading to their combined usage to this day. Their indi-
vidual histories will be addressed separately, while their
intertwined pathways will be covered in the last section.
The best example of the synergistic use of lipids and
chloroform is that their physical and chemical properties
served to determine the structure and function of new
families of mammalian brain tissue components.

II. LIPIDS AND THEIR FATTY ACID CONSTITUENTS

Biochemistry is the science dealing with the chem-
istry of life, as well as the title of a timeless textbook
written by Professor Albert L. Lehninger of The Johns
Hopkins University School of Medicine, Baltimore, MD,
USA.! A chapter of this venerable reference is entitled
“Lipids, Lipoproteins, and Membranes”, a subject matter
relevant to this work. Lipids are natural substances pre-
sent in animal and plant tissues. They are mostly insolu-
ble in water, but soluble in many organic solvents. Lipids
are actually families of compounds, with similar physi-
cal and chemical characteristics, and can be convenient-
ly grouped according to their backbone structure (Table
1 and Figure 1). For example, acylglycerols (triglycer-
ides) are the most abundant lipids in nature. The reader
must have heard of them when, during a routine medical
checkup, the doctor pulled his/her ear for having a high
blood triglyceride level. Solid triglycerides are known
as “fats” and their liquid counterparts as “oils”. They
all have a glycerol (triol) backbone joined through ester
linkages to fatty acids. The latter consist of a hydrocar-
bon (aliphatic) chain of varying length and degree of
saturation, indicating the presence or absence of double
bonds, with a carboxylic acid terminus. The following
discussion will focus on fatty acids, since they are the
building blocks of many lipid groups, as well as being
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part of our current research interests. In a later section,
we will return to the broader lipid family as we explore
its historical relationship with chloroform.

Fatty acids were first isolated in 1813 from ani-
mal fats (“corps gras”) by the French scientist Michel-
Eugene Chevreul (1786-1889), Professor of Chemistry
at the Lycée Charlemagne, Paris.? They have been the
subject of extensive academic and industrial research
ever since. Within the body, fatty acids are found in
their esterified form since they are practically insolu-
ble in water. To illustrate with a numerical example, the
saturated 6-carbon hexanoic acid has an approximate
solubility of 1 g fatty acid per 100 g water at room tem-
perature. This translates to a very small fatty acid mole
fraction of order 1073, with this quantity being relevant
in mass transfer processes such as those found typically
in the field of chemical engineering. The water solubility
decreases considerably as the number of aliphatic car-
bons in the chain increases. Fatty acids are transported
in blood bound to serum albumin, a globular protein
with an approximate molecular mass of 68000.! They
can also cross cell membranes, of which they are key
constituents, by diffusion (proportional to a concentra-
tion gradient) and protein-facilitated mechanisms.>-!2

Fatty acids are metabolic precursors of many physio-
logically-relevant molecules as well as a source of energy
for the organism. Free (unbound) fatty acids are either
unsaturated (single or multiple double bonds along the
aliphatic chain) or saturated (no double bonds). They
are named according to the number of carbon atoms in
the chain and the location of the double bonds, if any.
For example, the 16:0 saturated fatty acid corresponds
to the 16-carbon palmitic acid [CH;(CH,);,COOH]
which melts at +63.1°C. On the other hand, the 16:1(D9)
monounsaturated fatty acid represents a 16-carbon
chain with a double bond between the 9 and 10 car-
bons (by convention the carboxylic acid is the first
carbon). This compound is known as palmitoleic acid

Table 1. Lipid classification according to their backbone structure.! The saponifiable lipids can be hydrolyzed to their building blocks which
include fatty acids, while the nonsaponifiable lipids cannot be hydrolyzed. Triglycerides are the most numerous in nature. Phospholipids are

the main constituents of cell membranes.

Lipid Type

Molecular Backbone

acylglycerols or triglycerides glycerol

complex phosphoglycerides or phospholipids glycerol 3-phosphate
(saponifiable) sphingolipids sphingosine
waxes high-molecular-weight nonpolar alcohols
terpenes multiples of the 5-carbon hydrocarbon isoprene
simple steroids erhydrocyclopentanophenanthrene
(nonsaponifiable) perhy yelop P
prostaglandins obtained by cyclization of 20-carbon unsaturated fatty acids such as arachidonic acid
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Figure 1. Two-dimensional chemical structures of some of the lipid groups in Table 1. The fatty acids are the building blocks of triglycerides
and phospholipids, which are saponifiable through alkali hydrolysis. The simple lipids like steroids are nonsaponifiable. Source: https://cnx.

org/resources/00a0b827644d73bfb8695b81a7c7801a.

[CH;(CH,);CH=CH(CH,),COOH] which melts at
-0.5°C. Industrial applications of fatty acids include the
preparation of soaps, detergents, and lubricants. They
are also used as additives in foods, cosmetics, and phar-
maceuticals. The book Fatty Acids and Their Derivatives
by Anderson W. Ralston, Assistant Director of Research
at Armour and Company, Chicago, IL, USA, is still the
classic starting point for both researchers and enthusi-
asts of fatty acid biochemistry.!?

Due to their importance in physiology and food
science, fatty acids have been extensively characterized
from the standpoint of their physicochemical and dis-
sociation properties. The chronological development of
some of these research lines is as follows: a) their very
low aqueous dissociation constants were determined as

far back as the 1930s, indicating that the vast majority
of the fatty acid molecules in solution are nonionic;!*"’
b) the mutual solubility of fatty acids and water has
been known since the 1940s, demonstrating the effect
of aliphatic chain length and temperature on this prop-
erty;'82° ¢) solute partitioning studies of fatty acids in
organic solvent/aqueous systems, relevant to industrial
separation and purification processes, have been under-
taken since the 1950s to determine their relative solu-
bility in immiscible media;?®?” d) chemical reactions at
oil/water interfaces involving fatty acid-containing mol-
ecules were identified in the 1960s, with applications
to the hydrolysis of triglycerides in the intestinal tract
and to atmospheric photochemistry;?®?° and e) Lyman
C. Craig and coworkers at the Rockefeller Institute for
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Medical Research, New York City, NY, USA, designed
in the 1940s-1950s a rotary, multi-stage, liquid-liquid
extractor using chemical engineering mass transfer prin-
ciples to isolate and purify fatty acids from their mix-
tures, with one benchtop model allowing several thou-
sand quantitative extractions in a few hours of opera-
tion!*9-** These landmark historical efforts highlight
the importance fatty acids have attained in modern sci-
ence, particularly their relevance in molecular transport
across biological membranes which are discussed below.
Solute exchange across cell membranes is vital to
animals and plants. Elegant reviews have addressed the
subject of transcellular transport of fatty acids, notwith-
standing their limited solubility in aqueous media and
the existence of lipid-based membrane resistances.* 512
Debate in the literature lingers on the actual mass trans-
fer mechanisms involved, but it is known that fatty acids
are transported with relative ease through triglycer-
ide- and phospholipid-rich cell membranes. To support
these findings, the fluid-mosaic model for membrane
structure was proposed by Singer and Nicolson in 1972%
and, even though it has been upgraded conceptually
in the last fifty years due to refinements in experimen-
tal techniques and instrumentation, remains relevant to
this day.’¢4% The original model is sketched in Figure
2 (top) and shows a phospholipid bilayer interspersed
with globular (integral) proteins. Membrane phospho-
lipids contain fatty acids attached through ester linkag-
es. Their hydrophilic heads point outward to the aque-
ous media, while the hydrophobic ends (fatty acids)
point inward. The upgraded model depicted in Figure
2 (bottom) indicates that membrane architecture is
more complex than originally proposed. Current sci-
entific knowledge describes the membrane as consist-
ing of protein and lipid domains. These are constituted
by multiple chemical species that interact dynamically
with the cytoskeleton and the extracellular matrix. The
most important lines of research related to membrane
structure and function since the appearance of the fluid-
mosaic model® are: a) the isolation and characterization
of membrane proteins;*®#” b) elucidation of membrane
molecular signaling and trafficking pathways;*4245-47
c) proof of the existence of membrane protein and lipid
domains;*-374347 d) a description of membrane lateral
motion, confinement, and turnover;38-40:42:43.45-47 ¢) the
roles played by membrane-associated cytoskeletal fenc-
es and the extracellular matrix in restricting the lateral
diffusion of membrane components;***” and f) charac-
terization of the asymmetry of lipid distribution between
the leaflets of the plasma-membrane bilayer.3346-48 Tt ig
clear from these research thrusts that lipid biochemistry
is a continuously evolving discipline, and that it plays
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Figure 2. Top: Colorized version published by Nicolson (2014)*” of
the Singer and Nicolson (1972)* fluid-mosaic membrane model.
Originally, it consisted of a phospholipid bilayer with interspersed
proteins that could traverse the membrane. The hydrophilic phos-
pholipid heads point to the external and cytoplasmic aqueous
media, while the hydrophobic fatty acid tails point inward. Bot-
tom: Nicolson (2014)* also provided an upgraded membrane
model containing what modern-day scientists believe to be more
realistic structural and functional features. The basic lipid bilayer
architecture is preserved, but in this drawing the membrane has
been peeled up (at the right) so that the viewer can appreciate sev-
eral membrane-associated cytoskeletal (bottom left) and extracel-
lular (top left) interactions. Integral proteins, glycoproteins, lipids,
and oligosaccharides are represented by different colors. Protein
and lipid domains are evident throughout the membrane. Science
moves at a rapid pace in its attempt to unravel the functional attrib-
utes of these and many other membrane structures.

a pivotal role in advancing our understanding of cell
membrane structure and function.

We postpone further discussion of lipids to the sec-
tion following the historical development and uses of
chloroform.
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III. CHLOROFORM SYNTHESIS AND ITS USES IN
MEDICINE AND CHEMICAL ENGINEERING

Chloroform (trichloromethane; CHCl;; CAS Reg-
istry Number 67-66-3) was synthesized and purified in
1831 by Samuel Guthrie (1782-1848), who studied medi-
cine under his father’s tutelage, and may be considered
to be a self-made farmer, chemist, and industrial manu-
facturer from Sackets Harbor, NY, USA.*’ An interesting
historical note is that chloroform’s right of discovery was
contested for many years, with the French pharmacist
Eugeéne Soubeiran and the German chemist Justus von
Liebig claiming priority supported by their independ-
ent chemical syntheses. In 1888, a committee appointed
by the Chicago Medical Society examined the available
scientific evidence and concluded that Guthrie was the
rightful discoverer of chloroform, almost sixty years
after the events in Sackets Harbor had taken place and
forty years after his death.

Guthrie worked in his home/farm laboratory to
improve gunpowder preparations (leading to several
near-fatal explosions!) as well as carrying out liquor
distillations. One of his batch reaction-distillations pro-
duced what came to be known as “Guthrie’s sweet whis-
key”, a solution of chloroform in ethanol quite popular
among the local alcohol-consuming clientele. The con-
secutive liquid-phase reactions thought to have taken
place in Guthrie’s boiler-distiller in his historical synthe-
sis are as follows:>
a) Ethanol reacts with calcium hypochlorite to give

acetaldehyde, calcium chloride, and water.

2C,H;0H + Ca(OCl), > 2CH;CHO + CaCl, + 2H,0

b) Acetaldehyde reacts with calcium hypochlorite to
give chloral and calcium hydroxide.
2CH,;CHO + 3Ca(OCl), » 2CCl;CHO + 3Ca(OH),

¢) Chloral reacts with calcium hydroxide to give chlo-
roform and calcium formate.
2CCL;,CHO + Ca(OH), » 2CHCI; + (H-COO0),Ca

Chloroform has a molecular mass of 119.38 g/mol
and is a colorless liquid at room temperature with a
sweet, ether-like smell. It has a normal boiling point
of 61.2°C, a mass density of 1479 kg/m?, and a viscos-
ity (a quantity proportional to its resistance to flow)
of 5.37 x 10* Paxs [kg/(mxs)] at 25°C. These are very
important physical properties for describing its behav-
ior in momentum, energy, and mass transport systems
such as those typically encountered in chemistry and
chemical engineering. For comparison, liquid water has
a molecular mass of 18.02 g/mol, a normal boiling point
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of 100°C, a mass density of ~1000 kg/m?, and a viscos-
ity of ~1.0 x 10® Paxs [kg/(mxs)] at room temperature.
Thus, chloroform is denser but less viscous than water
at room temperature. Its solubility in water is very low
since 1 mL dissolves in about 200 mL water at 25°C.
However, as we shall see later, chloroform is an excel-
lent solvent for lipids!

Chloroform was first used as an obstetric anes-
thetic in 1847 by Sir James Young Simpson (1811-1870)
of Edinburgh, Scotland. A very famous patient who
received the wonderful chemical on April 7, 1853, was
Her Majesty Queen Victoria (1819-1901). After inhaling
chloroform for 53 minutes through a folded handker-
chief during labor, she delivered her eighth child, Prince
Leopold.*® Illustrations of chloroform’s early use as an
anesthetic are shown in Figure 3 (top and middle). Fol-
lowing this headline performance, chloroform quickly
gained worldwide popularity in related medical special-
ties such as dentistry and surgery. It has seen action in
the treatment of battlefield wounds since the Ameri-
can Civil War [1861-1865; Figure 3 (bottom)]. Readers
may also recall its sinister role in well-known fictional
crime novels such as Agatha Christie’s The Plymouth
Express® and Why Didn’t They Ask Evans? in which
the assassins subdue their victims temporarily with a
chloroform-soaked textile fabric applied to the nose and
mouth pending further plans. Due to its potential car-
cinogenicity, chloroform was banned from human use
as an additive in pharmaceuticals and cosmetics by the
United States Food and Drug Administration in 1976.%
However, it is still used in carefully-monitored industrial
operations as an intermediate in the production of bac-
tericides, fumigants, insecticides, and fluorinated refrig-
erants. The synthesis/discovery and medical applications
of chloroform have been discussed in excellent books**>
and archival references.’*%

An important nonmedical use of chloroform, per-
haps unknown to the scientific community at large, is its
role in mass transfer experiments leading to the estima-
tion of diffusion coefficients (diftusivities) of binary gas
pairs, with atmospheric air being the traditional second
component. Diffusion coefficients are key parameters in
the design and analysis of mass transfer systems typical-
ly found in chemical engineering. Examples of the latter
include gas absorption, membrane separations, evapora-
tion phenomena, multicomponent distillation, and con-
trolled drug release from diffusion-based systems. The
diffusive mass transport rate of a substance in a given
medium is directly proportional to its diffusivity; there-
fore, knowledge of its magnitude is critical to the chemi-
cal engineer involved in research or designing an indus-
trial-scale process.>5->
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Figure 3. Top: Inducing chloroform anesthesia by inhalation
through a cloth. Source: https://survivalstronghold.com/wp-con-
tent/uploads/2016/11/Administering_Chloroform_RAG.png. Mid-
dle: Chloroform flasks and masks for holding a textile material over
the patient’s nose and mouth. Source: https://www.riverjunction.
com/assets/images/4299/EtherSet.jpg. Bottom: Chloroform use for
the treatment of a wounded soldier during the American Civil War.
Source: https://www.ourgreatamericanheritage.com/wp-content/
uploads/2015/08/2363273317_f9cc2dalea_o.jpg.
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The classical method to estimate binary gas diffu-
sivities is the Stefan column developed by Josef Stefan
(1835-1893), Professor of Mathematics and Physics at
the University of Vienna, during the second half of
the 19" Century.®*°! The original vertical column con-
sisted of a pure liquid phase of volatile species A up to
an initial height z,y, overlaid by a gas phase containing
the evaporated A and a stagnant species B (usually air).
All symbols are defined in the Nomenclature. Through
the years, the most common operational version of the
column, depicted in Figure 4, has been the descending
interface modality, which does not require liquid replen-
ishment. In this case, the liquid-gas interface descends
to z,(t) after an elapsed time t following the start of the
evaporation-diffusion process, while gas A ascends by
diffusion and convection (bulk gas motion) to the top of
the column at z,. A sweeping stream of pure gas B flows
steadily and slowly at the top to remove gas A, maintain-
ing its concentration at essentially zero at that location.
This boundary condition is critical when developing
mathematical models for the transport of gas A within
the column. For the experimental situation depicted
in Figure 4, the solution of the mass conservation dif-
ferential equations in the gas and liquid phases is well
established in the literature,® yielding a simple algebraic
expression from which the diffusivity of A in B may be
calculated:

At 12
z,() = 290 — (2, — Z10){[1 + m] - 1}(1)

C
cL 1 — Yag (2

In Equation (1), the z-coordinates represent specific
vertical locations in the column (m), with z = 0 corre-
sponding to the bottom (refer to Figure 4), and t is time
(s). In Equation (2), ¢ is the molar density of an ideal
gas at constant temperature and pressure (mol/m?), ¢ is
the molar density of pure liquid A (mol/m?), D,y is the
Fickian binary gas diffusivity of A in B (m?/s), and y, is
the mole fraction of gas A at a specific location within
the column. At z,(t), y, is calculated by stipulating that
vapor-liquid equilibrium conditions prevail at the inter-
face. At z,, y, is commonly assumed to be zero due to
infinite dilution of gas A in the sweeping stream. For a
standard evaporation-diffusion experiment using the
Stefan column, D,y can be calculated by regression
analysis from Equations (1)-(2) and experimental data of
interfacial position versus time, z,(t).

At this point the alert reader may rightfully ask:
How is chloroform related to the Stefan column? Inter-
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gases

A&B

z=0

Figure 4. Classic sketch of the Stefan diffusion column showing the
liquid and gas compartments.®*® The operating modality depicted
is that of the descending liquid-gas interface without liquid replace-
ment. Pure volatile liquid A is charged initially to a height z,. Its
level falls to z,(t) after an elapsed time t following the start of the
evaporation-diffusion process. Liquid A evaporates at the interface
and its vapor ascends through stagnant gas B (air) until it reaches
the top of the column at z,. A steady and slow gas B sweep at the
top maintains the concentration of A very close to zero at that loca-
tion. The binary gas diffusivity of A in B can be calculated from
fundamental mass transport principles applied to gas A and experi-
mental interfacial descent versus time data (refer to the text for
details). Symbol definitions can be found in the Nomenclature.
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estingly, chloroform was one of the first substances
tested in the column, when Georg Baumgartner in
1877 determined its diffusion coefficient in air to be
about 7.3 x 10°® m?/s within a temperature range of
17.5-20.3°C.%? Although this value may seem small at
first sight, leading one to the erroneous conclusion that
chloroform is a poor diffusant in air, diffusivities of the
order 1 x 10> m?/s are quite common in binary gase-
ous systems, as well as being several orders of magni-
tude higher than those in liquids! Therefore, for a given
chemical species such as chloroform, its diffusion in
gases is very fast relative to its diffusion in liquids. This
information is crucial to a chemical engineer when
attempting to design a diffusion-based mass transfer
system. For the interested reader, well-known compen-
dia are available containing diffusivities obtained by
the Stefan column method for many gas pairs, includ-
ing references to the original publications.®*-%> In addi-
tion, a detailed compilation of binary diffusion coef-
ficients for inorganic and organic compounds in air
relevant to atmospheric chemistry has been presented
recently.5%67

In the 1950s researchers first became aware that
the Stefan column binary diffusivities may be inac-
curate due to “end effects” at the top of the column,
where the sweeping stream interacts with the gas
phase, and at the liquid-gas interface, where curvature
due to surface tension can affect the mass transport
area and the diffusion path length for gas A from z,(t)
to z,. Unfortunately, the early studies could not cor-
relate such end effects to the systems’ operational and
geometrical settings, limiting their subsequent use.
In recent years, we have addressed this gap in scien-
tific knowledge by reporting our efforts to quantify the
various Stefan column end effects and their impact on
the gas diffusivity estimates. These studies clearly show
that factors such as column nonisothermality,%® sweep-
ing gas stream Reynolds number (dimensionless ratio
of fluid inertial to viscous forces) and column aspect
ratio (gas phase height to column inside diameter),®
liquid phase composition,”®’! and interfacial shape and
curvature’? must be rigorously accounted for in the
diftfusivity calculations to minimize estimation errors.
Our findings to date have hopefully made Stefan col-
umn researchers aware of some of the common pitfalls
the analyst may find when estimating binary gas dif-
fusivities from experimental interfacial descent versus
time data. By continuing this line of research, chloro-
form and other common volatile solvents may help us
attain an even better understanding of the Stefan col-
umn mass transport dynamics, leading to more accu-
rate binary diffusivity estimates.
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IV. MERGING OF THE LIPID AND CHLOROFORM
HISTORIES

Lipids and chloroform intertwined their scientific
paths in the 1940s and 1950s through the work of Span-
ish biochemist/Professor Jordi Folch (1911-1979) and
collaborators at the Rockefeller Institute for Medical
Research, the McLean Hospital Research Laboratories,
and at Harvard Medical School. In 1957, researchers
Jordi Folch, M. Lees, and G. H. Sloane Stanley modi-
fied their own published procedure for the isolation and
purification of total lipids from animal tissues.”?> They
developed painstaking analytical methods to extract
and purify lipids from animal tissue quantitatively, con-
centrating on white (axon bundles) and gray (neural cell
bodies) brain matter. The team relied on chloroform’s
dissolving power for organic lipid-based compounds
as the key reagent. The tissue was first homogenized
with a 2:1 (volume:volume) chloroform-methanol solu-
tion followed by filtration. The filtrate, which contained
lipid and nonlipid matter, was washed with a five-fold
volume of water with minimal lipid losses in the wash.
The resulting liquid mixture separated into two phases,
the lower chloroform phase containing the total lipid
extract. The article qualified the chloroform-based, lipid
extraction-purification procedure as: a) operationally
simple; b) applicable to any scale of starting biological
material; ¢) capable of decreasing lipid losses incidental
to the water washing process; and d) yielding an extract
which could be taken to dryness without foaming or
splitting of the proteolipids.”® Besides developing this
landmark analytical methodology for extracting total
lipids, over the same time period other Folch groups iso-
lated and identified many lipid components of brain tis-
sue, using chloroform both as a solvent and extraction
medium.”# Some of the compounds isolated, purified,
and characterized from animal brain tissue, with chloro-
form playing a central role in the extraction-by-dissolu-
tion procedures, included: a) a- and B-phosphatidyl ser-
ine, phosphatidyl ethanolamine, and diphosphoinositide
derived from cephalin (Figure 5); b) strandin consisting
of fatty acids and sphingosine; ¢) proteolipids (lipopro-
teins) in normal and tumor tissue; and d) extracts of
pure lipids. The isolation and characterization of these
molecules led the way to elucidating significant aspects
of brain tissue biochemistry.

In the last few decades, the lipid-chloroform interac-
tion has continued in applications such as the extraction
of lipids from a wide spectrum of animal and plant tis-
sues, as well as in environmental protection and work-
place risk minimization by seeking “friendly” alterna-
tives to the solvent’s use. Examples of these modern
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H;C—0—CO—CyHss
HC—0—CO—CyHa
H;C—0—P0—0—CH;—CH—CO0O0H
o v,
a-Phosphatidyl serine
H,?—O—CO—CuHu

HO—(———— — PO—0—CH;—CH—COOH

OH NH,
H,C—0—C0—CyHy

B-Phosphatidyl serine

Figure 5. Many lipid derivatives were isolated, purified, and char-
acterized by Professor Jordi Folch and associates from animal brain
tissue in the 1940s-1950s using chloroform’s dissolving and extrac-
tion properties for organic compounds.”*#° The work of the various
Folch teams marked the beginning of the lipid-chloroform scientific
interaction, leading to a better understanding of brain tissue bio-
chemistry. It also opened the door to many subsequent research ini-
tiatives featuring the synergistic use of both compounds.

research trends involving the synergistic efforts of lipids
and chloroform include: a) extraction and purification
of unsaturated fish lipids, which require mild treatment
to minimize oxidative decomposition and the produc-
tion of artifacts;®"%2 b) determination of serum triglycer-
ides by extracting the lipids with chloroform, methanol,
and diethyl ether, followed by removal of the phospho-
lipids, hydrolysis of the triglycerides, and quantification
of their glycerol moieties;**# ¢) determination of pure
lipid solubilities in common laboratory solvents such as
chloroform to optimize extraction procedures of diverse
biological samples;®* d) extraction of environmental
contaminants such as chlorobiphenyls and other chlo-
rinated pesticides bound and nonbound to fish lipids;®
and e) reducing the toxicity of chloroform-based tissue
lipid extraction methods by substitution with alternate
solvents.#”! Given their long, intertwined histories in
chemistry and biology, it is very likely that lipids and
chloroform will continue to find simultaneous use in as
yet unforeseen scientific applications.

V. CONCLUSIONS

This article brings together the separate histories
of lipids and chloroform. Within the lipid family, fatty
acids are highlighted since they are the most abundant
in nature and are key constituents of cell membranes.
Fatty acids were isolated by Chevreul in 18132, and new
lipids and lipid-based biomolecules are constantly being
identified and characterized due to improved experi-
mental techniques and instrumentation. Not only are
lipids of interest to academic researchers, but they find
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important industrial use as ingredients in foods, phar-
maceuticals, and cosmetics.

Chloroform has gone through its highs and lows
along its history. First synthesized by Guthrie in 1831,
it quickly found worldwide use as an anesthetic in
obstetrics, dentistry, and surgery. Military doctors have
applied it to injured combatants for wound treatment
since the American Civil War. Unfortunately, it is pres-
ently banned from inclusion in pharmaceuticals and
cosmetic products due to its potential carcinogenicity.*
Notwithstanding this negative label, chloroform is still
used in research laboratories as well as in several care-
fully-monitored industrial processes.

Lipids and chloroform are chemical species with dif-
ferent physicochemical properties and unique histori-
cal backgrounds. The work of Professor Jordi Folch and
associates in the 1940s and 1950s intertwined their his-
tories forever.”?-%° The Folch teams spawned many lines
of research with definite lipid-chloroform synergism,
and these activities continue at an accelerated pace to
this day.81°! Perhaps the biggest lesson from this story
should be addressed to today’s young scientists: even
though they have dissimilar physical and chemical prop-
erties, lipids and chloroform have shared important
common ground in the past, and can be used collabo-
ratively and prudently to tackle challenging scientific
problems in the future.
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NOMENCLATURE

Latin letters

A
B
c

species A

species B

unsubscripted: molar density of an ideal gaseous
mixture; subscripted: molar density of a pure liquid,
mol/m?

Fickian diffusivity of a species in a binary gaseous
mixture (subscripted), m?/s

time elapsed after starting a standard Stefan column
evaporation-diffusion experiment, s

mole fraction of a given species at a specific gas-
phase location in the column (subscripted), -

vertical coordinate with origin at the bottom of the
column (see Figure 4; subscripted), m

Greek letters

A

constant defined by Equation (2), m?/s

Subscripts

10

initial location of the liquid-gas interface

1, 2 specific column locations: 1, liquid-gas interface; 2,

top

AB A-B gas pair
Az, species A at z;
Az, species A at z,

L

liquid
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