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Effect of Redundant Chain Packing on the Uptake of Calcium
Phosphate in Poly(2-Hydroxyethyl Methacrylate) Hydrogels
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A method is described that allows reduction of the amount of calcium phosphate phases deposited spontaneously inside
poly(2-hydroxyethyl methacrylate) (PHEMA), a hydrogel of biomedical importance. PHEMA homo-interpenetrating
polymer networks (homo-IPNs) were synthesized and then treated in a calcifying solution. A reduction of calcium uptake
of 58 to 75% was measured by ICP emission spectroscopy in the IPNs as compared to the PHEMA homopolymer (the
parent network). The effect was rationalized in terms of reduction of the free volume available for the penetration and
transport of Ca2+ and phosphate ions as a result of redundant chain packing through formation of IPNs.
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Any synthetic polymer may undergo dystrophic calcification
when in contact with living tissues. This ‘biomaterial-associated
calcification’ consists of the deposition of calcium phosphate
phases (henceforth, CaP), usually apatitic, on the polymer itself
and/or on the host tissue. The rigid or elastic polymers that do
not have affinity for water are exclusively calcified at the inter-
face unless cracks or other crevice-type defects are present in the
material. The situation is different in the case of water-swelling
crosslinked polymers (hydrogels), since they usually undergo
calcification both at the interface and inside the material. Exter-
nal and/or internal spoliation of hydrogels with deposits is a
major cause for their failure as ocular devices (contact lenses,
intraocular lenses, and artificial corneas) leading to loss of trans-
parency and possible pathological complications. Substantial
clinical evidence has accumulated[1] on the spoliation of these
devices with deposits comprised of CaP, lipids, and proteins. By
using simulated body fluid formulations or other solutions that
contain Ca2+ and phosphate ions, spoliation of hydrogels can
be easily duplicated in abiogenic conditions, when calcification
displays the features of a spontaneous process based on a mech-
anism yet to be understood. Enhanced supersaturation within the
polymer network attributable to local salting-out solute effects[2]

and the presence of diffusion gradients[3] have both been sug-
gested as contributive factors. It has also been implied[4] that the
abiogenic calcification of synthetic hydrogels and calcification
of biogenic substrates (e.g., collagen) may have similar levels of
complexity.

In spite of a large variety of hydrogels used in ocular appli-
cations, there has been no systematic approach to reduce their

propensity for CaP intake. In this study we propose and evalu-
ate a method to reduce the calcification of poly(2-hydroxyethyl
methacrylate) (henceforth, PHEMA), a widely used biomedical
hydrogel.

Penetration and subsequent transport of a molecule (or ion)
through a polymer network must depend on the width and
length of the available and accessible subnanometer-sized space
between the macromolecular chains. These unoccupied inter-
chain voids (variously designated as holes, cavities, nanopores,
or nanovoids) can be qualitatively described by the term ‘free
volume’, a dynamic concept that has been defined in miscella-
neous ways.[5] The meaning of free volume is of much greater
complexity than that suggested by any static model of the voids,
as its size varies in both time and space because of segmental
motions of the chains. It should be interpreted as an entropic
quantity that measures the probability of the existence of cavi-
ties to accommodate penetrant entities, and for the creation of
transient gaps or channels to allow their transport, rather than as
a distribution of cavities that possess a defined surface energy
and light-scattering capacity.[6] Theories based on the free vol-
ume concept have been developed to explain the structure of
liquids in general, and to rationalize some macroscopic prop-
erties of amorphous or semi-crystalline polymers in the liquid
or glassy state, such as viscoelastic behaviour, glass transition
temperature, and diffusive molecular transport.[5b,5e,6,7]

It is intuitively acceptable that by reducing the size of free vol-
ume in a polymer the transport of a penetrant entity (molecule,
ion) will be obstructed. Ultimately, if the size of the largest avail-
able free-volume holes is smaller than the size of the penetrant
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(diffusant), the latter will be prevented from entering the net-
work. The global consequence of reducing the free volume in a
polymer would be the decrease of both permeability and uptake
of the penetrant. As a strategy to reduce the size of free-volume
holes we propose here to generate interpenetrating polymer net-
works (IPNs) by the diffusion and subsequent polymerization
of monomer #2 into polymer network #1. As the only available
space for the creation of network #2 is constituted by the free-
volume holes in the parent network #1, the interchain free space
that remains after the formation of the IPN, which is available for
the diffusion of penetrants, will be considerably smaller than it
was in the parent network.This approach is likely to be of general
applicability regardless of the nature of penetrants or polymers.

We report the preparation of homo-IPNs, where HEMA is
both monomer #1 and #2, and consequently both network #1
and network #2 are PHEMA. The calcification of these IPNs in
a metastable calcifying solution is compared to the calcification
of the parent network.

Experimental

High-purity HEMA and ethylene glycol dimethacrylate
(EDMA) monomers were supplied by Bimax (USA) and used
as such. All other chemical reagents were obtained from Sigma–
Aldrich (USA) unless otherwise specified. The IPN network #1
was prepared by the free radical polymerization of a solution of
70% HEMA in water.The monomer also contained 0.5% EDMA
as a crosslinking agent and 0.1% of an aqueous solution (10%)
of ammonium persulfate (APS) as a component of the initiat-
ing system. To this homogeneous mixture, 0.1% (to monomer)
of N,N,N′,N′-tetramethylethylenediamine (TEMED) was added
as the second initiating component and the mixture was rapidly
stirred in a vortex. The solution was then poured between two
glass plates lined with transparency sheets (3M Co., USA) and
spaced at 1.1 ± 0.1 mm by a silicone gasket. The clamp-held
plate assembly was kept in an oven for 24 h at 50◦C, and then
for 24 h at 80◦C. Disks of 7 mm in diameter were cut from the
PHEMA sheets and subjected to water extraction in a Soxhlet
apparatus for 2 days. The disks were then placed on a clean
Teflon plate and dried in an oven at 100◦C to constant weight.
As additional control samples, PHEMA disks were also prepared
in the absence of water, by the bulk copolymerization of HEMA
and EDMA (0.5%) in the presence of 2,2′-azobis(2,4-dimethyl
valeronitrile) (V-65, Wako Industries, Japan) as an initiator, at
50◦C for 24 h and 100◦C for 3 h, followed by swelling, cutting
of disks, extraction, and drying.

As PHEMA does not swell in HEMA, two procedures
were designed to generate homo-IPNs, both based on solvent-
facilitated diffusion. According to Method A, dried PHEMA
disks (produced in 30% water as shown above) were swollen
in a solution of HEMA, either in water or in methanol, together
with suitable diazo initiators.To obtain the IPN samples ‘A1’, the
PHEMA disks were immersed in an aqueous solution of HEMA
(95%) that also contained 0.35% (to monomer) of EDMA
and 0.1% (to monomer) of 2,2′-azobis(2-methylpropionamide)
dihydrochloride (V-50, Wako Industries, Japan) as a water-
soluble initiator. To obtain the IPN samples ‘A2’, the disks were
immersed in a solution of 99% HEMA in methanol, which
also contained 0.35% (to monomer) of EDMA and 0.1% (to
monomer) of V-65. After storing both formulations in a refrig-
erator for 3 days for complete swelling, the disks were gently
blotted with lint-free tissues and kept in an oven for 24 h at 70◦C,
and then for 3 h at 100◦C. According to Method B, the PHEMA

disks were first immersed in aqueous solutions of either 0.08%
V-50 (samples ‘B1’) or 0.16% APS mixed with 0.16% sodium
metabisulfite (samples ‘B2’), and kept in a refrigerator for 3
days. The swollen disks were then placed in HEMA that con-
tained 0.35% EDMA and kept for one week in a refrigerator.
Afterwards the samples were treated as described for Method A.

For the calcification experiments, aqueous solutions of CaCl2
(2.57 × 10−3 mol L−1) and Na3PO4 (1.54 × 10−3 mol L−1) were
individually prepared. After adjusting the latter to pH 8 with
HCl, equal volumes of each solution were mixed to provide a
metastable calcifying medium with a pH of around 7.3 and a
[Ca2+]/[PO3−

4 ] ratio of 1.67 (as in hydroxyapatite). Three disks
each of A1, A2, B1, and B2 samples, as well as five disks each
of the parent PHEMA (network #1) and PHEMA produced by
bulk polymerization in the absence of water were stored for 6
weeks at 37◦C in vials that each contained 3 mL of calcifying
medium.The medium was replaced twice a week with fresh solu-
tions. To determine the amount of Ca uptake, the calcified disks
were very gently rinsed in a stream of water, ashed at 600◦C in
platinum crucibles, and digested with HCl. The resulting solu-
tions were analyzed by inductively coupled plasma emission
spectroscopy (ICP-OES) in a Vista PRO CCD Simultaneous
ICP-OES (Varian) instrument using Ca emission lines at five
different wavelengths and averaging the results.

Results and Discussion

The results summarized in Table 1 indicate that in the homo-
IPNs created by packing redundant chains of a second PHEMA
network in the available space of PHEMA network #1 there is
58 to 75% less Ca than in the parent network. The results con-
firm the success of this method for the reduction of spoliation
of PHEMA hydrogels; however, elucidation of the underlying
mechanism of this reduction is of interest. There are several
factors that could result in a diminished calcification. External
spoliation of PHEMA depends upon temperature, pH, and sur-
face characteristics (roughness, hydrophilicity, etc.). None of
these variables differ between the parent networks and the IPNs,
therefore, the reduction of Ca content must occur internally. A
physical difference in the chain packing that results in reduced
penetrant-accessible free volume is the most likely cause of the
differences in Ca uptake shown in Table 1.

In order to test this hypothesis, the Ca uptake in the two
PHEMA parent networks can be compared.The results inTable 1
show that bulk polymerization in the absence of water leads to a
Ca uptake that is 40% lower than in the network made in the pres-
ence of water. This result suggests that the existence of a diluent
during polymerization allows the formation of larger interchain
spaces, which promotes enhanced penetration of ions and, there-
fore, higher Ca uptake. The diluent-induced enhancement of the
free volume in PHEMA has previously been confirmed by using
positron annihilation lifetime spectroscopy (PALS).[8]

The results in Table 1 also suggest that a higher weight gain
following the formation of IPNs (like in samples A1 and A2)
may be associated with lower calcium uptakes, which indicates
that increased redundant packing leads to less space available
for the penetration of Ca2+ and phosphate ions. However, such
a correlation is not convincingly supported in the present study
because of the experimental scatter of the values of calcium
content in the homo-IPN samples. The redundant chain packing
has presumably altered the interchain space by a decrease in size,
number, and/or connectivity of the unoccupied cavities available
for the penetration of ions. If the number of free volume cavities
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Table 1. Calcium content in homopolymers and homo-IPN samples
determined by ICP emission spectroscopy

SampleA Weight gainB,C Calcium contentB

[mg calcium (g polymer)−1]

PHEMAD – 7.0 ± 1.1 (N = 5)
PHEMA (network #1)E – 11.8 ± 0.7 (N = 5)
A1 2.31 ± 0.04 (N = 3) 3.9 ± 1.7 (N = 3)
A2 2.01 ± 0.05 (N = 3) 3.0 ± 1.1 (N = 3)
B1 1.30 ± 0.02 (N = 3) 4.5 ± 1.2 (N = 3)
B2 1.31 ± 0.03 (N = 3) 4.9 ± 0.3 (N = 3)

ASee text for the meaning of A1, A2, B1, and B2.
BGiven as mean values ± standard deviation, rounded to two decimal places
(in the case of weight gain) or one decimal place (in the case of calcium
content).
CExpressed as the ratio of the dry weight acquired by a sample after formation
of IPN (i.e., sum of network #1 and #2) to the initial dry weight of the same
sample as a homopolymer (before the formation of IPN, i.e., network #1
only).
DSynthesized by bulk polymerization (in the absence of water).
ESynthesized in the presence of 30% water.

were reduced, then the amount of deposited Ca would be reduced.
If the mean size of the cavities were reduced then it is likely
that a cavity of a minimum size able to accommodate the ions
would be available. If the connectivity of the free volume cavities
were reduced then the penetrant diffusion would be reduced.
Explicitly, these results suggest that the homo-IPN approach can
be used to alter the free volume and hence the transport properties
of these polymers.

The manipulation of free volume is not a new strategy to tai-
lor the transport properties of polymers, albeit not many studies
are available to date. The dual nature of the free volume con-
cept, i.e., static (pertaining to chain packing and its topology)
and dynamic (pertaining to chain interactions and coopera-
tive segmental motion) has been recognized in early landmark
studies.[6,9] However, there were few attempts to use this knowl-
edge in order to alter the free volume in polymers,[10] and it was
only recently that specific approaches to the manipulation of free
volume have been tentatively defined and successfully applied.
Disruption of normal chain packing through changes in the back-
bone structure, or caused by thermal treatment, or induced by the
addition of nanoparticles led to enhanced permeability in certain
polymers because of an inefficient chain packing.[11] Similarly,
the incorporation in polymers of large organic molecules that
have their own internal free volume significantly affected the
free-volume related properties in specific classes of polymers
and liquid crystals.[12]

The transport of penetrants through a polymer network is
believed to occur in the accessible unoccupied free-volume cav-
ities by way of subnanometer- and nanosecond-scale diffusive
events.The cavities, which according to widely accepted theoret-
ical models[5h,13] are distributed in clusters, fluctuate in size and
shape because of the segmental motion of the polymer chains,
and channels may form for a very short time between two neigh-
boring clusters. A penetrant cannot participate in a diffusive
event until such a temporary channel opens, when, if present in
the vicinity, the penetrant can jump into the next cluster before
the channel closes. In a purely static approach, a percolation path-
way must exist to enable the penetrant to find clusters of a size
greater than its own size, without having to wait for a transient
channel to open. However, the penetrant is unable to trespass
if the size of available clusters is smaller than its own size,

regardless of transient channel formation. Although the method
reported here may be described in principle as static, purely static
approaches are ultimately implausible because of the dynamic
nature of the polymer chain segments and the fact that any
alteration of chain packing should also affect the chain mobility.

In the case of the diffusion of small solutes in water-swollen
polymer networks (hydrogels) there is an additional complica-
tion to the model, as these systems involve two penetrants. Water
is the first penetrant, and already occupies all accessible free-
volume cavities (but not those delineated by the hydrophobic
regions in the network), while the second penetrant is the solute,
in our case Ca2+ and phosphate ions. As most of the practi-
cal applications of hydrogels rely upon their capacity to restrict
the penetration of solutes, the topic has been extensively inves-
tigated and several theoretical models have been developed to
explain how the hydrogel networks can restrict the diffusion of
solutes.[14] The hydrogel system can be imagined as a perme-
able continuum (water) in which large impenetrable obstacles
(polymer), variable in shape and size within ranges specific to
each polymer, are embedded and stand in the diffusion path-
way of the second penetrant (solute), which can be imagined as
small spheres. This model is particularly useful for the treatment
of retardation of solute movement in hydrogels by obstruction
effects or by hydrodynamic drag. Retardation can be caused con-
currently by the reduction of the average free volume available
to the solute. When a significant number of accessible cavities
between obstacles are too small to allow the passage of a solute,
its diffusion is restricted. Inside a hydrogel, the second penetrant
must not only find sufficient free volume within the first pen-
etrant (water), which arises from the random redistribution of
water molecules and segmental motion of polymer chains, but
must also find cavities within the polymer network large enough
to allow its passage.

The size of the penetrants is crucial for their transport through
networks. As hydration is required for ions to be stable, the
primary hydration shell should be considered when assessing
their size as penetrants. The primary hydration shells contain
water molecules that interact directly with the ions and, con-
sequently, this water is more tightly bound to the ions than
that in the secondary hydration shells and beyond.[15] The latter
are presumably too mobile to contribute to the ion size. Theo-
retical approaches[16] and experimental investigations[17] have
indicated that the hydrated radius of the Ca2+ ion is around
3 Å and the average number of water molecules in the primary
shell is between 6 and 10, depending on the concentration. The
orthophosphate ion is assumed to have a rigid tetrahedral struc-
ture. There are only a few theoretical and experimental studies
on the hydration of this ion,[18] which all indicate a hydrated
radius between 3.4 and 3.9 Å and 12 to 18 water molecules in
the primary hydration shell. At a neutral pH, the phosphate ions
are likely hydrogen- and dihydrogenphosphates, but essentially
this does not affect the estimated ion size in the context of our
approach, and it should be understood that by ‘phosphate’ we
designate HnPO(3−n)−

4 , where n is 1 or 2, rather than 0. The
hydration shells on both ions have a highly dynamic nature.[19]

Water molecules are held together in clusters through hydrogen
bonds that are permanently broken and reformed in very fast
processes. A molecule can be in one instance in a cluster and
in another moment in a different cluster or free. The residence
time of a water molecule hydrating the Ca2+ ion will be of the
order of 100 ns while on the phosphate ions it is estimated to
be around 100 ps. In spite of this extreme mobility of primary
hydration shells, they should be included in the estimation of ion
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size, at least for the reason that ions are not stable in their naked
state. In addition, it was demonstrated by neutron diffraction[20]

that Ca2+ confined in very small spaces (8.5 Å pores in ver-
miculite clay) maintained a primary hydration shell of six water
molecules.Also, it was determined by elution on Sephadex G-10
size exclusion columns[21] that at least a fraction of the water in
the primary hydration shell is bound to the ions tightly enough to
move with them when they diffuse. It is assumed that as hydrated
ions enter the free-space cavities in the polymer network, the
water molecules of their primary hydration shell are replaced in
a concerted process by other water molecules that are present in
the network.

The above considerations suggest that the free-volume cav-
ities in the polymer that are smaller than 6 Å will not allow
the penetration and transport of hydrated Ca2+ and phosphate
ions, provided that the ions do not pair up before entering the
network. If they pair up (as was found in a study that mea-
sured the apparent molecular weights of a series of ions by
size exclusion chromatography[21]), then any cavity smaller than
13 Å will prevent the transport of nascent CaP phases. This
is significantly smaller than the ‘critical space’ for the initial
hydroxyapatite crystallites generated in biogenic conditions (on
collagen, elastin, etc.), which was postulated[22] at 50–60 Å
(including a 15 Å thick hydration shell). However, it is likely that
amorphous CaP phases are formed in abiogenic conditions,[4]

rather than hydroxyapatite.
In conclusion, the redundant chain packing in hydrogels

through the formation of IPNs can lead to a size reduction of the
free-volume cavities available for the transport of Ca2+ and phos-
phate ions, which is able to significantly diminish the amount of
CaP phases precipitated inside the hydrogel materials.
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