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Abstract

This report reviews evidence on the physi-
cal properties and size, in g water per g 
dry mass (g/g) of multiple non-bulk water 
of hydration fractions on proteins and in 
cells. A molecular stoichiometric hydration 
model (SHM) is presented that explains the 
four observed and measured monolayer 
water of hydration fractions on tendon col-
lagen (Fullerton et al. 2006a, Fullerton and 
Cameron 2007). This SHM has been shown 
applicable to globular proteins and to cells 
(Cameron et al. 2011). The extent of non-
bulk water has been found to increase dur-
ing protein unfolding and decrease during 
protein aggregation (Fullerton et al. 2006). 
This review also presents evidence that 
multilayers of water, with non-bulk water 
properties, extend out from the surface of 
proteins and biomacromolecules in cells. 
These facts have been largely overlooked or 
ignored by most protein chemists and cell 

biologists. In the conclusion it is recalled 
that a major fraction of cell water has physi-
cal and physiological properties that differ 
from those of bulk water. Thus studies that 
do not take the physical properties and size 
of non-bulk water fractions into account 
must be judged incomplete.

Introduction

The presence and extent of multiple wa-
ter of hydration fractions on proteins and 
in cells has been a subject of debate (Ball 
2008, Pollack and Clegg 2008, Fullerton 
and Cameron 2007, Cameron and Fuller-
ton 2008, Cameron, Lanctot and Fullerton 
2011). The physical characteristics and size 
of multiple water of hydration fractions has 
been measured on tendon/collagen by wa-
ter proton NMR spin-lattice relaxation at 
different levels of collagen hydration (Ful-
lerton et al. 2006). Three distinct hydration 
compartments were identified and their 
size quantified. The sizes were defined by 
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integral multiples of N = 1, 4 and 24 times 
the value of one water molecule bridge per 
three collagen amino acid residues (as pro-
posed by Ramachandran in 1968). This sin-
gle water bridge + 0.0658 g water / g dry. 
The results have led to a method for calcu-
lating the size in g water/g dry mass of each 
of four monolayer water of hydration frac-
tions based on the known amino acid com-
position of tendon/collagen and of globular 
proteins. The findings  led to development 
of the molecular stoichiometric hydration 
model (SHM) that explains the agreement 
between the four measured sizes of the wa-
ter of hydration fractions in the monolayer 
of water covering the surfaces of native ten-
don/collagen and globular proteins (Ful-
lerton and Cameron 2007, Cameron et al. 
2011). 

The names, sizes and location of four non-
bulk water fractions are: 1) a single water 
bridge or Ramachardran bridge per every 
three amino acids. This single water bridge 
is located between covalent bound pairs of 
opposite partial charge on the protein back-
bone (0.066 g/g), 2) a double water bridge 
occurs between fixed opposite charge 
groups that are located a little further apart 
(0.20 g/g). Together these two fractions 
equal 0.26 g/g and is termed backbone 
hydration 3) a dielectric water clusters oc-
curs over the remaining polar-hydrophilic 
surface 0.54 g/g and 4) water clusters oc-
cur over the remaining hydrophobic surface 
(0.8 g/g). These four water fractions consti-
tute monolayer water coverage of the native 
collagen molecule for a total of 1.6 g/g on 
collagen. The same four fractions are calcu-
lated to occur in monolayer water coverage 
of a number of globular proteins (Fullerton 
and Cameron 2007, Cameron et al. 2011). 

Protein chemist and cell physiologist gen-
erally acknowledge the presence and size 
of the first two water of hydration fractions 
listed above and commonly refer to this as 
“bound water” amounting to 0.2 to 0.4 g/g. 

In a review of this subject Ball (2008) points 
out that this “bound water” is indicated by 
x-ray scattering crystallography and is hy-
drogen bonded to specific sites on the pro-
tein surface and remains at these sites even 
when exposed to a vacuum at ambient tem-
peratures. The motional correlation time of 
this bound water is reported to be between 
100 to 1000 times slower than bulk water 
(Cameron and Fullerton 2008). The gen-
eral assumption or claim by chemists and 
physiologists is that all water greater than 
this “bound water” amount has the physical 
properties of water in bulk or has bulk-like 
water dynamics. However there is grow-
ing experimental evidence to prove that 
the extent of water with non-bulk physical 
properties on proteins and in cells is much 
greater than the size of this well document-
ed “bound water” fraction. 

Physical Measured Properties of Bulk 
and Non-bulk Water Fractions on 
Proteins and in Cells

What are the measurable physical proper-
ties that distinguish between bulk and non-
bulk water fractions? Table 1 list a number of 
physical properties. The list includes twelve 
properties but this list is not all-inclusive. 
The method of measurement of each listed 
physical property in Table 1 is referenced to 
published measurement reports on each of 
the properties. 

Table 2 summarizes results on the mea-
sured sizes of bulk and non-bulk water frac-
tions on proteins and in eukaryotic cells and 
tissue of vertebrates. The presence and size 
of multiple non-bulk water fractions is indi-
cated. The size and name of four monolayer 
fractions are listed for the mean value of 
eight proteins and for five vertebrate tissue 
cell types. The individual size values mea-
sured for the four monolayer water subcom-
partments closely match the size predicted 
by the SHM. A variable sized multilayer wa-
ter fraction is also listed in Table 2.
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The extent of non-bulk water over the total 
tissue water content (less extracellular 
water assumed to be bulk) was used to 
calculate the total extent of non-bulk water 
in the listed tissues. The mean of the eight 
values for percent non-bulk water in Table 
2, is 85%.

Table 3 summarizes data from four recent 
reports on the extent of non-bulk water 
in g water/g dry mass (g/g) in growing 
and dormant (spore core) bacteria. Two 
bacterial species, Escherichia coli and the 
extreme halophile Haloarcula marismortui, 
were reported to have 85% of their water 
molecules with bulk-like water dynamics 
while the remaining 15% was motionally 
retarded by a factor of 15 on average with 
an overall correlation time of 27 ps vs. bulk 
water of 1.74 ps. This slower correlation 

time is attributed to slower motion of 
water molecules in direct contact with the 
macromolecular surface (monolayer) and 
to surface hydration sites secluded (buried) 
in supermolecular assemblies (Persson and 
Halle 2008, Qvist et al. 2009).

Given a total water content of 2.58 g/g for E. 
coli the 15% non-bulk water would amount 
to 0.39 g/2.58 g for E. coli (Table 3). This 
non-bulk water value was calculated based 
on the solvent (water molecule) accessible 
surface area (SASA) in the first monolayer 
coverage of proteins and nucleic acids. 
Given a total water content of 1.09 g/g for 
H. marismortui, also with 15% non-bulk 
water, would amount to 0.16 g/g in direct 
contact with the macromolecular surface 
(Table 3).

Table 1: Methods used to measure the physical properties of bulk and non-bulk water fractions on 
proteins and in cells.
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Table 2: Measured size of protein and vertebrate tissue water of hydration fractions (g water/g dry 
mass), d=days of age.

aKimura et al. 2005
bBelton et al. 1972
cBerenyi et al. 1996
dCameron et al. 2008
eKalona and Vaslescu 1985
fCameron et al. 2011
gCameron et al. 1988, Fullerton and Cameron 2006
fFullerton and Cameron 2007
iCameron et al. 1996 
jAssuming extracellular fraction is bulk water this 
fraction was subtracted from the total tissue water 
value.
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There are two concerns with the studies and 
reports of Persson and Halle (2008) and 
Qvist et al. (2009) and Jasnin et al. (2008). 

The first concern is with their estimates of 
the extent of monolayer water coverage on 
intracellular proteins. Persson and Halle, 
(2008) and Qvist et al. 2009) calculate, 
based on the SASA, that about 15% of 
cell water interacts directly as monolayer 
coverage on the macromolecular surfaces 
(about 0.39 g/g for E. coli). However, reports 
of Fullerton and Rahal 2007, Fullerton and 
Cameron 2007, Cameron and Fullerton 
2011 indicate a much greater calculated and 

measured monolayer coverage of about 1.6 
g/g on native proteins (Table 2). Thus given 
the total water content of E. coli at 2.58 
g/g, then a water coverage over the surface 
monolayer in E. coli of 1.6 g/g (Table 3) 
would decrease to about one water layer 
above this first monolayer.

What this indicates is that the measured 
water motional retardation by a factor of 
15 (as reported by Persson and Halle 2006 
and Qvist et al. 2009), that was attributed 
to just a 15% of the intracellular water in 
their calculated monolayer is questionable. 
The calculation of a much larger monolayer 

Table 3: Extent of monolayer and bulk water (g water/g dry mass) in growing and dormant 
(spore core) bacteria. SASA=solvent accessible surface area.

1.	 After subtraction of extracellular water.
2.	 Persson and Halle 2008 and, Qvist et al. 2008, concluded that water outside the first hydration 
monolayer was practically indistinguishable from bulk water using proton NMR spin relaxation rate 
data. Bacteria were pelleted using a 10,000 g force prior to measurements. Water solvent accessibly 
surface area (SASA) calculation was used to determine g non-bulk water on proteins and nucleic acids.
3.	 Fullerton and Cameron 2007 used the SASA method of Miller et al. 1987a,b on numerous native pro-
tein types and report a consistent value in the 1.5 to 1.7 g/g range.  The SASA value of 1.6 g/g was used to 
re-evaluate the extent of monolayer water in these bacterial cells.
4.	 Jasnin et al. 2008 using QENS report that the viscosity of cell water was essentially the same as bulk 
water. Bacteria were pelleted using a 5,000 g force prior to measurements. The total water residence 
time was two times longer than that of bulk water. This slowing was attributed to a monolayer water 
fraction on the cells macromolecular surface. The 0.5 g/g monolayer value used by Jasnin et al. was 
obtained from Record et al. 1998.
5.	 Sunde et al. 2009 using dynamic perturbation proton spin relaxation reported that the average spore 
core water rotational correlation time was 34 times slower than bulk water but not to that expected 
where it is in a glass-like state. Spore cores were pelleted using a 6,800 x g force prior to measurement.
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value of 1.6 g/g suggests that water in the 
outer layers of interfacial water may be 
more slowed in motion than water in the 
bulk water state. The average correlation 
time of cell water would be expected to 
decrease from 27 ps to several times slower 
than the correlation time of bulk water (1.74 
ps). This degree of slowing is in the reported 
measured range for monolayer water 
coverage of tendon/collagen (Fullerton and 
Rahal 2007 and Cameron and Fullerton 
2008).

The second concern with the studies and 
reports of Persson and Halle 2008, Qvist et 
al. 2009 and Jasnin et al. 2008, is with their 
use of high g force centrifugation to pellet 
their bacterial cells prior to measurement 
of cell water dynamics (Table 3). Persson 
and Halle (2008) tested the effect of 
their measurement procedure, including 
centrifugation at 10,000 x g for 25 minutes, 
on viability of E. coli and report that 70% of 
the cells survived the entire measurement 
procedure. It is not clear from this if 
centrifugation was or was not responsible 
for the lower than optimal cell survival value. 
Jasnin et al. (2008) pelleted E. coli using a 
g force of 5000 as part of their preparative 
procedure. It is therefore reasonable to ask 
if the centrifugation procedures used in 
the preparative cell dynamic measurement 

protocol may have changed the cell dynamic 
measurement results.

Experiments have been designed to directly 
address the possible effect of centrifugation 
on viscosity and proton NMR spin-lattice 
(T1) relaxation time using thick egg white 
hydrogel and skeletal muscle. The viscous 
thick albumen hen egg white is a hydrogel 
fraction and can be separated from the thin 
egg white sol fraction by sieve filtration 
(Cameron and Fullerton 2010). The 
shaking of thick albumen gel caused the 
transition from a gel state to a sol state as 
demonstrated by flow through the sieve 
filter. Centrifugation of the thick gel, with 
a g force of 1500 for 30 minutes, caused a 
significant longer proton NMR longitudinal, 
spin-lattice (T1) relaxation time (Table 4). 
Notice however that allowing the sample 
in the centrifuge tube to rest for 4 hours 
following the centrifugation allowed the T1 
time of the non-centrifuged thick albumen 
to recover. Centrifugation of the thick gel 
at 1500 x g for two hours allowed a fluid 
sol state to be poured off the top of the 
centrifuge tube. Proton NMR T1 times were 
measured in both the fluid sol fraction and 
the non-fluid gel fraction and the results 
demonstrated a significantly longer T1 
relaxation time in the sol vs. the gel fraction 
(Table 4).

Table 4: Centrifugal force 1500 x g on water proton NMR spin-lattice (T1) relaxation time (m sec) of 
hen egg white hydrogela.

aAnalysis of variance followed 
by SNK multiple range test in-
dicates that all means are sig-
nificantly different except the 
mean of the 4 hr rest which is 
not significantly different than 
no centrifugation.
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What these finding demonstrate is that, use 
of a centrifugal g force 3 to 6 times less than 
used in the studies of Jasnin et al. 2008, 
and of Persson and Halle 2008 is enough 
to change the water dynamic measurement 
values. The results reported in figure 1 show 
that centrifugation of fresh fish skeletal 
muscle with a g force of 14,000 (a some-
what higher g force than used to pellet bac-
terial cells) caused a significant time depen-
dent lengthening of the T1 relaxation time. 
Clearly the use of g force in the preparative 
procedure used prior to measurement of 
water physical properties is a concern that 
should not be ignored and must be taken 
into account. 

been attributed to an escape of some of the 
bulk water molecules onto and into the pro-
teins. This is the simplest explanation but 
leads to questions of: 1) where have the es-
caped water molecules gone and 2) does the 
protein change its ability to interact with 
more or fewer water molecules by alteration 
of structural conformation and state of ag-
gregation?

These two questions have been addressed 
by study of the globular protein, bovine 
serum albumin (BSA), by varying the salt 
concentration or the pH. The resulting ex-
perimental data were analyzed using the 
molecular model of Fullerton et al. (1992), 
to give both the extent of OUR water and 
the effective molecular weight of the mem-
brane – impermeable BSA. The findings 
(Fullerton et al. 2006) show that change in 
salt concentration and of the pH, acting as 
membrane-penetrating cosolutes, marked-
ly changes the BSA’s structural conforma-
tion and aggregation and in this way the ex-
tent of OUR water. The extent of change in 
amount of OUR water in BSA ranged from 
a minimum of 1.4 to a maximum of 11.7 g 
water per unit of dry mass of BSA. Changes 
in molecular weight values were measured 
and models of BSA conformation (i.e. pro-
tein folding and unfolding and aggregation 
and segmental motion) were offered to ex-
plain these results.

The extent of OUR water in cells has been 
reported in five vertebrate cell types (Cam-
eron et al. 1997, Fullerton et al. 2006b, 
Cameron and Fullerton 2014) and ranges 
from 1.1 to 2.2 g water per g dry mass. Data 
in a report by Maric et al. (2001) has been 
re-evaluated to give the OUR value of yet 
another cell type, that can now be added to 
the cell list of OUR water values. The cell 
type reported by Maric et al. is the primary 
cultured rat kidney inner medullary col-
lecting duct (IMCD) cells. The method for 
measuring the cell volume change of the tis-
sue cultured adherent IMCD cells was laser 

Figure 1: The extent of osmotically unresponsive 
water (OUR) on proteins and in cells.
Proton NMR-T1 relaxation time in milliseconds of 
fresh fish skeletal muscle vs duration of centrifuga-
tion in minutes at a g force of 14,000 x g. The linear 
slope of increase in T1 relaxation time with minutes 
of centrifugation is significant (p<0.05).

When a known globular protein is dissolved 
in bulk water the colligative properties of 
the resulting bulk water solution changes 
its osmotic pressure, freezing point, boiling 
point and vapor pressure. The colligative 
properties of such a solution are predicted 
by the well-known ideal equation PV = nRT. 
But there is deviation from this ideality 
when adding a known number of globular 
protein particles to the solvent bulk water 
and this difference from ideal behavior has 
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that the highest osmotic pressure area % 
values in this new figure fall below the best 
linear fit slope. This deviation from linear-
ity indicates that at the higher osmotic pres-
sures the cell is reducing the size of its OUR 
water fraction.

Just how much of the IMCD cell water is 
OUR and at what extracellular osmotic 
pressure does the cell begin to deviate from 
the linear osmotic pressure slope? If one as-
sumes that the water content of the IMCD 
cells at isosmotic pressure is 3.0 g water per 
g dry mass, then the data in Figure 2 can 
be replotted. The deviation of the highest 
osmotic pressure values from a linear fit oc-
curred at about 600 m osm/kg dry mass.

If one eliminates the non-linear high os-
motic pressure values and re-calculates 
the Y-intercept, one gets an OUR value of 
2.41±0.216 g/g DM. Given an isosmotic 
IMCD total water content of 3.00 g/g the 
OUR water values of 2.41 g/g indicates 
that 80% of cells water is OUR at isosmotic 
and hypoosmotic environment conditions 
studied but that some of this OUR water 
becomes osmotically responsive under the 
hyperosmotic conditions in this study. This 
finding, taken together with the five previ-
ous  OUW values reported for the other five 
vertebrate cell types (Fullerton et al. 2006), 
now ranges from 1.1 to 2.4 g/g. 

A question posed above was: where has 
such a large amount of OUR water escaped 
or gone? Possibilities are: it has become 
slowed in its mobility by association with 
large slower moving molecules /proteins 
or it is encapsulated inside the proteins, or 
the cell hydrogel (Fels et al. 2009) or within 
other cellular compartments (Fullerton and 
Cameron 2007). The OUW is therefore ex-
cluded from thermodynamic solution ex-
pressions (like osmotic pressure). Encapsu-
lated or motionally slowed water molecules 
are therefore restricted in their ability to 
interact with osmotic membranes. 

scanning reflection microscopy. Their cell 
swelling data fit a single exponential equa-
tion (r2 value 0.96) but a reanalysis of their 
data using a two phase exponential fit gives 
an even better data fit (r2 value 0.9874). 
Looking at the plot of the data in their figure 
5 indicates that the data points of the higher 
osmotic pressure values fall below that of 
the single exponentional fit plot. A second 
indicator of a cells responses to the osmotic 
challenge is to plot the cell volume or wa-
ter content versus the reciprocal of the os-
motic pressure (one over the osmotic pres-
sure of the bathing media). This procedure 
was done by using the data from Figure 5 of 
Maric et al. and the results are illustrated 
in Figure 2. This new figure reveals a linear 
slope with an Y- intercept of 64.75 area % 
(volume) at infinite osmotic pressure. This 
finding demonstrates that the IMCD cells 
are not responding as expected if the cells 
are acting as an ideal osmometer, because 
the linear slope of an ideal osmometer fit is 
expected to have a Y- intercept of zero. The 
difference between zero and the 64.75 area 
% value indicates that a volume of the water 
in the IMCD cell is OUR water. Also notice 

Figure 2: The correlation of the IMCD cell x-z-scan 
section area expressed in percent of control (cell 
volume measure) with change in bathing solution 
osmolarity (expressed as one over milliosmols). The 
data points were taken from Figure 5 of Maric et 
al. 2001. Notice the deviation from linearity of the 
highest osmolarity values and that the Y-intercept 
is not zero as expected were the cells acting as an 
ideal osmometer (see text for discussion).
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Terahertz Spectroscopy’s Contribu-
tions to Understanding the Extent of 
the Non-bulk Water of the Hydration 
Shell Around Proteins
Terahertz spectroscopy techniques have 
become available for study of the collec-
tive motion of water molecules around 
biological molecules on a picosecond time 
scale (Heugen et al. 2006, Ebbinghaus et 
al. 2007, Born and Havenith 2009, Ding 
et al. 2010, Kim et al. 2008). By studying 
the change in absorbance with concentra-
tion of biological molecules the size of the 
hydration layer can be deduced. The stud-
ies reveal dynamic reorientation of water 
molecule outward from proteins surface for 
distances of up to 2 or more nanometers (7 
or more water layers). The size of this shell 
of motionally perturbed water is larger than 
that found by NMR, neutron or x-ray crys-
tallography measures.

Havenith (2011) and her group have de-
veloped a new method, called kinetic tera-
hertz absorption (KITA), that enables study 
of changes in terahertz absorbance during 
the protein folding process on a m sec. time 
scale of resolution (Kim et al. 2008, Born 
and Havenith, 2009).  The data indicates a 
rapid rearrangement of the protein hydra-
tion shell about 100 times faster than pro-
tein folding, as measured by CD and fluo-
rescence spectroscopy. Thus water-protein 
rearrangement is a process in the protein 
folding process.

Such terahertz information has implica-
tions for cell biology because the proteins 
in cells are so closely packed that there is 
only about 2 to 3 nm between proteins. 
Thus there is just enough space for about 
7 to 10 layers of water molecules between 
proteins. Terahertz measures reveal that 
the dynamic hydration layer around an in-
dividual protein extends out for 9-10 water 
molecules from the proteins surface (Born 
and Havenith 2009). The number of water 

molecules in the dynamic hydration shell of 
the protein ubiquitin extends up to 1.8 to 3 
nm the protein surface amounting to a total 
hydration shell of 1000 water molecules. In 
cells a protein dynamic water shell of this 
size would extend so far as to overlap with 
the water shell of other proteins.

Two implications of these findings are: in-
tracellular communication between dy-
namic water-protein networks seems pos-
sible, if not likely, and given the crowded 
cytoplasm of cells and the large hydration 
shell of proteins and other cellular mole-
cules there would appear to be little space 
left for a bulk water fraction in cells. LeB-
ard and Matyushov (2010) have recently 
reported results on the extent of the ferro-
electric hydration shell around the protein 
(plastocyanin). This hydration shell extends 
3-5 layers or 08.4 to 1.4 nm out from the 
proteins surface. This finding on the extent 
of the ferroelectric hydration shell around 
proteins and the results of the extend of the 
hydration shell of proteins, as measured by 
terahertz spectroscopy, reveal a multilayer 
water of hydration shell around proteins. 
Such large observed hydration shells on 
proteins describe the extent of the fast mo-
tional networks of water molecules that are 
affected by the protein surface. This level of 
hydration far exceeds that of the more stat-
ic hydration layers of attached water mol-
ecules as measured by x-ray and neutron 
crystallography and NMR.

Exclusion Zone, Vicinal or Multilay-
ers of Water Over Substrate Surfaces 
Has Physical Properties that Differ 
from Those of Bulk Water
The concept that multilayers of water ad-
jacent to many hydrophilic surfaces differ 
from that of water in bulk has a long history 
(Pollack and Clegg 2008). Terms that have 
been used to describe non-bulk water mul-
tilayers are: unstirred layers (USLs), vicinal 
water (VW) and exclusion zone water (EZ). 
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Exclusion zone water differs in its physical 
properties from that of bulk water (Drost-
Hansen 2006, Zheng et al. 2006, Ling 
2006) including: osmotic unresponsive-
ness, UV-Vis absorption spectrum, diffu-
sion, infra-red spectrum, exclusion of latex 
microspheres and a host of other particles 
and dyes, viscosity, density, shorter proton 
NMR-T2 relaxation times, freezing proper-
ties, selective exclusion of hydrated ions of 
different diameter (Table 1).

That exclusion zone water has physical 
properties that differ significantly from 
those of bulk water has had little notice by 
most physiologists and cell biologists. As 
discussed above (Cameron and Fullerton, 
2008) the prevailing dogma among physi-
ologists and cell biologists is that all but a 
small fraction of cell water (estimated to 
be in the range of 0.2 to 0.4 g water/g dry 
mass) is bulk or bulk-like in its physical 
properties. Opposition to this dogma has 
come from a number of scientists includ-
ing Pollack and Clegg 2008, Cameron and 
Fullerton 2011, Ling 2006, Mentré 2001, 
2012).

Ultrastructural evidence for cell zones lack-
ing observable structural elements adjacent 
to membranes and cytoskeletal structures 
is summarized next. Transmission elec-
tron microscopic (TEM) observations give 
evidence of a clear structureless zone of cy-
toplasm or hyaloplasm adjacent to: some 
plasma membranes, Golgi apparatus mem-
branes, actin filaments and microtubules. 
Mollenhauer and Morre (1978) described 
such zones as lacking ribosomes and cyto-
plasmic organelles. A review of literature 
indicates that microtubules (Stebbings and 
Willison 1973, Stebbings and Hunt 1982), 
actin filaments (Kamitsubo 1972), region 
just inside cilia membrane and mitochon-
dria (Trombitas et al. 1993) are surrounded 
by a zone where electron dense material is 
scarce or absent. One has only to look at 
transmission electron microscopic images 

to see such zones (Fawcett 1966). The fol-
lowing is a list of such ultrastructure zone 
examples found in Don Fawcett’s atlas, The 
Cell (1966, Saunders Philadelphia) by loca-
tion and figure numbers: 

1) nuclear envelope 1, 5-8, 223; 2) lamel-
lar cisternae Golgi 74; 3) rough ER cister-
nae 85; 4) dense zymogen granule core and 
membrane 89; 5) protein crystal and sur-
rounding membrane 90; 6) around micro-
tubules 134; 7) under plasma membrane 
135, 136, 199, 205, 230, 239; 8) halo around 
mucous droplets 142; 9) cilia membrane 
and microtubule doublets 230; 10) sperm 
mid piece: under cell membrane 235, mito-
chondria and outer fiber sheath 238.

Mayer et al. (2006) also report the presence 
of apparent structureless spaces adjacent to 
cellular membranes. Even the removal of 
most of the cells water, by osmosis, was not 
enough to totally deplete zones lacking EM 
observable structures (Albrecht-Buchler 
and Bushnell, 1982).

Some approximate sizes of ultrastructural 
zones are: clear space between the micro-
villus plasma membrane and the actin fila-
ments 20-25 nm, space between the cilia 
plasma membrane and the outer microtu-
bule doublet 21 nm and the space around 
microtubules > 20 nm. It may be that these 
structureless zone contain non-aqueous 
material not observable by EM. There is a 
note of warning to add to these EM obser-
vations, which is that tissue preparation for 
TEM sectioning normally involves dehydra-
tion that could have caused shrinking and 
the artifactual creation of the observed ex-
clusion zones. It also seems that regions de-
void of organelles can contain considerable 
macromolecules (Zierold 1986). Electron 
transparent zones in electron micrographs 
may contain macromolecules perhaps in a 
gel like network as described next.

Gallyas and Pal (2008) report that head in-
jury causes some normal neuron axons to 
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surface of proteins. He suggested formation 
of pentagonal rings of water molecules that 
have now been reported over hydrophobic 
surface of protein crystals that extend into 
the solvent.

Ling’s theory is that protein surfaces with 
properly spaced negatively (i.e. carbonyl) 
and positively (i.e. imino) groups, as occurs 
on extended protein chains, serve as sites 
for polarized-oriented water molecules to 
form into polarized multilayers (PML). His 
theory is that a cardinal absorbent, like ATP, 
binds to a globular protein site and causes 
the unfolding of the protein to a more linear 
chain thus exposes a backbone of carbonyl 
and imino groups for PML formation. PML 
has size dependent solute exclusion proper-
ties and ion selective K+ over Na+ binding 
properties on the protein’s negative charge 
sites.

Chaplin’s idea is that carboxylate sites on 
two relatively immobile adjacent proteins 
(i.e. F-actin) bind K+ and form a clathate ar-
ranged water structure of 7 to 8 water layers 
(shell) around each surface. This interfacial 
water is said to have non-bulk freezing and 
osmotic properties (Garlid 2000). Chaplin’s 
theory is that more mobile proteins, (i.e. G-
actin) loose K+ binding that may then help 
disrupt the clathate water structure. It is 
worth noting that K+ is a Hoffmeister series 
water structure breaker.

Drost-Hansen (2006) also has provided 
evidence for the presence of vicinal water 
layers over the surfaces of solids and of bio-
polymers of >2000 Daltons (MW). Vicinal 
hydration is said to be independent of the 
detailed chemistry of the macromolecular 
surface or solutes in the solution. Drost-
Hansen agrees that surfaces with  ionic 
sites electrostatically bind water molecules 
in their immediate vicinity causing a higher 
density than bulk water but he posits that 
there is structured (less dense 0.96-097 g/
cm3) interfacial water layers that can extend 
out from 10 to more than 100 water layers, 

shrink and stain “dark”. They propose that 
the observed ultrastructural space between 
microtubules in normal nerve axons con-
sist of a contractible intracellular gel that is 
continuous in all or most spaces among the 
visible ultrastructural elements. Shrinkage 
of this hypothesized gel was thought to be 
responsible for the ultrastructural compac-
tion observed in dark neurons and dark ax-
ons. They also propose that the uncompact-
ed undamaged axon gel is surrounded with 
multilayers of oriented water molecules that 
can lose its multilayer orientation resulting 
in gel compaction and cell water lose. 

Support for their proposal is found by a 
morphometric analysis of cross sections 
of normal and dark axons from figure 5 of 
their report. In the “dark” compacted axon 
there is a 41% increase in number of micro-
tubules per unit area and a 44.5% decrease 
in average distance between microtubules. 
This suggests a large percent water loss 
value which appears to agree with the cross 
sectional area decrease observed between 
the uncompacted normal axon and the 
compacted “dark” axon in figure 5 of Gal-
lyas and Pal (2008). These authors suggest 
that membrane derived and gel derived cell 
function can coexist. Don’t confuse the ex-
clusion zones demonstrated by Pollack at 
the surface of various objects and the clear-
est zones observed by EM in cells. The first 
ones are made of pure water. The second 
ones may indeed by gels that exploit the 
properties of interfacial water.

Scientists have proposed ideas to explain 
existence of multilayers of water with non-
bulk properties over biological and non-
biological surfaces (Klotz 1962, Ling 2006, 
Chaplin 2006 and Drost-Hansen 2006). 
Next is a brief summary of their ideas. Klotz 
in 1962 described the organization of water 
in contact with any surface. He proposed 
the ordering of water in a lattice around 
non-polar groups. Accordingly leading to 
extended regions of ice-like water on the 
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or from 5 to >50 nm.

Drost-Hansen described an interesting 
property of VW: the presence of well-docu-
mented thermal anomalies in several of its 
physical properties (viscosity, specific heat, 
solute distribution, diffusion coefficient, in-
dex of refraction, Bragg scattering) that oc-
cur at about 15, 30, 45 and 60˚C. Also VW is 
shear force sensitive and the high pressure 
generated in a spinning centrifuge tube can 
diminish or completely eliminate VW. The 
time to recover the vicinal water state can 
vary from minutes to hours or even days. 
Clearly centrifugal pressure and VW recov-
ery time must be taken into account in ex-
periment design.

Drost-Hansen concludes, “Since vicinal 
hydration can occur at all solid interfaces 
(including membranes) and with all large 
macromolecules in solution, it is little won-
der that all cellular systems (i.e. all living 
systems) also show the effects of VW. Any 
biophysical or molecular biology theory 
that does not allow for – and specifically in-
cludes – VW must be judged to be incom-
plete.”

Conclusions
1) There is strong experimental evidence in 
literature for multiple subfactions of non-
bulk water on tendon /collagen, globular 
proteins and in cells 

2) The commonly held concept that water 
beyond a measured bound water fraction of 
0.2 to 0.4 g/g on macromolecules has phys-
ical properties indistinguishable from bulk 
water is unwarranted. 

3) A molecular stoichiometric hydration 
model (SHM), stemming from tendon/col-
lagen measures appears to explain the four 
non-bulk water fractions that constitute the 
monolayer water coverage of collagen and 
of globular proteins (Table 2). The extent 
of monolayer water coverage for globular 
proteins averages 1.6 g/g but can increase 

due to globular protein unfolding or can de-
crease due to tighter protein folding, aggre-
gation and crystallization.

4) Evidence that water beyond the first 
monolayer of water coverage over a pro-
teins surface can have physical properties 
that distinguish it from that of bulk water 
is convincing. This type of water has been 
referred to as: multilayer, vicinal, unstirred 
and exclusion zone water and has been 
demonstrated to differ in a number of its 
physical properties from those of bulk wa-
ter.

5) The physical properties of non-bulk wa-
ter can be altered significantly by specimen 
preparative procedures such as centrifuga-
tion, shear force, agitation and heating and 
cooling (freezing). The delay time needed 
for recovery from such physical perturba-
tion to return to the original unperturbed 
non-bulk water state is variable and ranges 
from minutes, to hours and even days. This 
fact must be taken into account in the de-
sign of experiments to measure the physical 
properties and the size of non-bulk water 
fractions.
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elements and zone of solute exclusion con-
taining only structural water as reported by 
Pollack? Do you agree? 

Cameron and Fullerton: We do agree. As 
you have pointed out to us, specialists of 
electron microscopy know that the opac-
ity of a zone is a relative notion of contrast. 
Keith Porter explained that the clearest EM 
zones contain networks of macromolecules 
that he names hyaloplasm (J Cell Biol 99: 
1-248, 1984). Thus hyaloplasm is better 
thought of as a sponge or gel saturated with 
interfacial water as the gel described by 
Gallyas and Pal 2008 and loses water upon 
cell damage (also see text of this report). 


