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Due to mild reaction conditions and temporal and spatial control over material formation, photo-
polymerization has become a valuable technique for the encapsulation of living cells in three dimen-
sional, hydrated, biomimetic materials. For such applications, 2-hydroxy-1-[4-(2-hydroxyethoxy)
phenyl]-2-methyl-1-propanone (I2959) is the most commonly used photoinitiator (by virtue of its
moderate water solubility), yet this initiator has an absorption spectrum that is poorly matched with
wavelengths of light generally regarded as benign to living cells, limiting the rate at which it may initiate
polymerization in their presence. In contrast, acylphosphine oxide photoinitiators, generally exhibit
absorption spectra at wavelengths suitable for cell encapsulation, yet commercially available initiators of
this class have low water solubility. Here, a water soluble lithium acylphosphinate salt is evaluated for its
ability to polymerize diacrylated poly(ethylene glycol) (PEGDA) monomers rapidly into hydrogels, while
maintaining high viability during direct encapsulation of cells. Through rheometric measurements, the
time to reach gelation of a PEGDA solution with the phosphinate initiator is one tenth the time for that
using I2959 at similar concentrations, when exposed to 365 nm light. Further, polymerization with the
phosphinate initiator at 405 nm visible light exposure is achieved with low initiator concentrations and
light intensities, precluded in polymerizations initiated with I2959 by its absorbance profile. When
examined 24 h after encapsulation, survival rates of human neonatal fibroblasts encapsulated in
hydrogels polymerized with the phosphinate initiator exceed 95%, demonstrating the cytocompatibility
of this initiating system.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Photoinitiated polymerization is an attractive technique for the in
situ formation of hydrogels as it provides unparalleled spatial and
temporal control over the formation of the material. Photo-
polymerizations are also generally advantageous as a means for
cellular encapsulation, based on their rapid reaction rates which
enable facile encapsulation without significant cell settling, and the
ability to initiate the polymerization without a need for high
temperatures or extreme pH conditions in a non-purged environ-
ment [1]. Additionally, in contrast to spontaneously polymerizing
hydrogels (e.g., Michael addition, enzymatically crosslinked, self-
assembled), premature gelation is not an obstacle to the user’s
application of the material as the polymerization is controlled
temporally and initiated on demand. In general, photopolymerization
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for the encapsulation of living cells has proven a useful tool for the
study of cellular behavior in three dimensions, as well as for various
biomedical applications [2–6].

Radical photopolymerizations are initiated by the combination
of irradiation with appropriate wavelengths of light and the
presence of a distinct species that absorbs that light. The
absorbing species then decomposes, or facilitates the decompo-
sition of a coinitiator species, into radicals that initiate polymer-
ization. Radical photoinitiating systems are broadly divided into
two classes associated with their radical generation mechanism
following photon absorption. Type I (cleavage type) photo-
initiators dissociate into two radicals following photon absorp-
tion, while type II initiating systems, in an excited state after
photon absorption, abstract a hydrogen atom from a second,
coinitiator species [7]. Of the type II photoinitiating systems,
camphorquinone–amine combinations have been applied with
some success in cellular photoencapsulations [8], and Hubbell
et al. have succeeded in employing eosin Y (a fluorescent cellular
cytoplasm stain) as a cytocompatible photoinitiator [9,10]. Eosin is
highly water soluble and initiates polymerization when exposed
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to green light. However, eosin Y suffers from several practical
drawbacks. Being a type II photoinitiator, it requires a coinitiator
and often accelerant species to generate efficiently a sufficient
number of radicals for photopolymerization [9,10]. Furthermore,
the excitation and emission spectra of eosin Y overlap with many
fluorophores commonly used in cellular imaging which compli-
cates subsequent use of such dyes.

Most commercial type I initiators, particularly those with visible
light absorbance, have limited water solubility and high cell toxicity
[8]. Currently, the UV initiator (Fig. 1) 1-[4-(2-hydroxyethoxy)-
phenyl]-2-hydroxy-2-methyl-1-propanone (Irgacure 2959 or I2959
from Ciba Specialty Chemicals, Tarrytown, NY) is the most
commonly used photoinitiator for cellular encapsulation within
hydrogels [8,11,12], despite significant limitations. Although it is
among the most water-soluble of the commercially available type I
photoinitiators, its solubility limit in water at ambient conditions is
reportedly less than 2 wt% [13]; however, even 0.5 wt% solutions
require substantial agitation and/or heating to dissolve the initiator
completely. While limited water solubility is a drawback to the use
of I2959, the initiator possesses a greater intrinsic shortcoming. For
efficient polymerization an initiator should have an absorbance
spectrum that exhibits good overlap with the emission spectrum of
the desired light source; however, for cellular encapsulation lower
wavelength light is precluded because of its phototoxic and
mutagenic characteristics [14–16]. Often, emission from the light
source is filtered to allow light centered at 365 nm. The molar
extinction coefficient of I2959 at 365 nm, however, is very low
(4 M�1 cm�1) and trails off almost entirely before 370 nm [8],
limiting the photoinitiated polymerization kinetics at or near these
wavelengths. Polymerization at longer wavelengths, such as visible
or violet light initiated polymerization, is precluded by effectively
zero absorption of the light by I2959.

Majima et al. [17] demonstrated the synthesis of a lithium
acylphosphinate salt (Fig. 1) as a water-soluble (up to 8.5 wt%)
photoinitiator for polymerization of several unsaturated monomers
in water-containing solutions for micelle and graft copolymeriza-
tion applications. Here, this photoinitiator is demonstrated to be
a cytocompatible, type I photoinitiator that permits the encapsu-
lation of human neonatal fibroblasts in poly(ethylene glycol)
diacrylate (PEGDA) hydrogels. The application of this acylphos-
phinate salt results in improved polymerization kinetics, enabling
cell encapsulations at lower initiator concentrations and longer
wavelength light relative to I2959. The synthesis, purification and
subsequent chemical characterization are presented in detail.
Further, photobleaching and attenuation of light in thick hydrogel
samples are specifically addressed.
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Fig. 1. Chemical structures of the photoinitiator 1-[4-(2-hydroxyethoxy)-phenyl]-2-
hydroxy-2-methyl-1-propanone (I2959) (1) and lithium phenyl-2,4,6-trimethyl-
benzoylphosphinate(LAP) (2).
2. Methods

2.1. Initiator synthesis

The initiator was synthesized in a two step process as originally described by
Majima et al. [17]. Dimethyl phenylphosphonite (Acros Organics) was reacted with
2,4,6-trimethylbenzoyl chloride (Sigma–Aldrich) via a Michaelis–Arbuzov reaction.
At room temperature and under argon, 3.2 g (0.018 mol) of 2,4,6-trimethylbenzoyl
chloride was added dropwise to an equimolar amount of continuously stirred
dimethyl phenylphosphonite (3.0 g). The reaction mixture was stirred for 18 h
whereupon a four fold excess of lithium bromide (6.1 g) in 100 mL of 2-butanone
(both from Sigma–Aldrich) was added to the reaction mixture from the previous
step which was then heated to 50 �C. After 10 min, a solid precipitate formed. The
mixture was cooled to ambient temperature, allowed to rest for four hours and then
filtered. The filtrate was washed and filtered 3 times with 2-butanone to remove
unreacted lithium bromide, and excess solvent was removed by vacuum. The
product, lithium phenyl-2,4,6-trimethylbenzoylphosphinate, hereafter designated
LAP for lithium acylphosphinate after the convention of similarly structured pho-
toinitiators, BAPO and MAPO [18], was recovered in near quantitative yields.

2.2. Chemical characterization of initiator

Following synthesis of the initiator, several techniques were used to verify the
structure and purity of the initiator. The initiator product was initially analyzed in
D2O via 1H, 13C and 31P NMR. For the 1H NMR spectrum, all peaks showed appropriate
shifts and integrated quantitatively. For 13C and 31P NMR spectra, all peaks showed
appropriate shifts. Carbon and phosphorus NMR characterization was performed on
a Varian Inova-400 MHz NMR Spectrometer, while proton NMR was performed on
a Varian Inova-500 MHz NMR Spectrometer (spectra available in Supporting infor-
mation, Figs. S1–S6). Peaks consistent with the proposed structure were observed as
follows: 1H NMR (500 MHz, D2O, d): 7.57 (m, 2H), 7.42 (m, 1H), 7.33 (m, 2H), 6.74 (s,
2H), 2.09 (s, 3H), 1.88 (s, 6H); 13C NMR (400 MHz, D2O, d): 228.77 (d, J¼ 111 Hz),
140.11, 137.88 (d, J¼ 39 Hz), 133.88, 132.82 (d, J¼ 128 Hz), 132.38 (d, J¼ 9.5 Hz),
132.23 (d, J¼ 2.7 Hz), 128.56 (d, J¼ 12.3 Hz), 128.26, 20.27, 18.65; 31P NMR (400 MHz,
D2O, d) 13.58. Electrospray ionization mass spec showed the expected m/z value of
M�¼ 287.0 amu (mass of salt compound minus the mass of lithium), corresponding
to the mass of the proposed compound. In total, these techniques verified that the
synthetic approach yielded the desired LAP initiator structure.

UV/Vis extinction coefficients for I2959 and LAP were determined from the
absorbances of 4 mM initiator solutions in water as measured with a Perkin Elmer
Lambda 40 UV–vis spectrometer. Photobleached products of the initiators were
generated by the exposure of 4 mM solutions to 10 mW/cm2 365 nm light. Absorp-
tion spectra were taken periodically until absorbances stabilized, indicative of
complete photolysis.

2.3. PEG diacrylate synthesis

The synthesis of the photopolymerizable poly(ethylene glycol)diacrylate
(PEGDA) was performed under anhydrous conditions as described previously [19].
Briefly, acryloyl chloride (Sigma–Aldrich) in dry toluene was added dropwise to
a constantly agitated solution of 1 molar equivalent triethylamine and 0.8 M

equivalents of hydroxyls on 4600 Da PEG (Sigma–Aldrich) in dry toluene. PEGDA
was retrieved from solution by precipitation in 4 �C diethyl ether.

2.4. Gelation

In situ dynamic photorheology [20] was used to measure the elastic and viscous
moduli during photopolymerization. An Ares 4400 rheometer from TA Instruments
was modified to enable simultaneous moduli measurements and irradiation of the
sample. A mirror, 45� to the upper plate, directed light down through a hollow shaft
and through the quartz plate to the sample, allowing dynamic, real-time monitoring
of evolving moduli during light exposure (see Supplementary Fig. S7 for equipment
setup). For determining the storage (G0) and loss (G00) moduli crossover point, rep-
resenting a time near the critical gel point conversion [21], dynamic time sweep
measurements were taken during sample exposure with a frequency of 10 Hz and
a strain of 10% gap width for each sample. Plate separation was 120 mm and the plate
diameter was 20 mm. Linearity at 10% strain was verified prior to and following
polymerization with a strain sweep from 1% to 100% gap width.

2.5. Cell encapsulation and viability

For cell encapsulation studies, human neonatal foreskin fibroblasts were
encapsulated in phosphate buffered saline solution with 10 wt% 4600 Da molec-
ular weight PEGDA and indicated initiator concentration at a seeding density of
1�106 cells/mL. The gels were polymerized between glass microscope slides
separated by rubber gaskets with circular holes punched out, forming disc-sha-
ped molds for the hydrogel/cell constructs. The total volume of each gel was
approximately 40 mL with a diameter of 7 mm and a thickness of 1 mm.
Following polymerization, hydrogel discs were removed and placed in DMEM
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Fig. 2. (a) Cleavage of I2959 and LAP into substituent radicals following photon absorption. (b) Molar absorptivities of the I2959 (solid line) and cleavage products (dashed line). (c)
Molar absorptivities of LAP (solid line) and cleavage products (dashed line).
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medium (Invitrogen) supplemented with 10% fetal bovine serum (Invitrogen). The
cell-laden gel materials were incubated under standard conditions, 37 �C and 5%
CO2, for 24 h, whereupon cell viability was determined using the Live/Dead�

cytotoxicity kit (Invitrogen), a membrane integrity assay. Gels were incubated for
30 min in PBS with 2 mM calcein, which stains live cells green and 4 mM ethidium
homodimer, which stains the nuclei of dead cells red. Encapsulated cells were
imaged on a Zeiss 510 confocal microscope, three gels per condition, three images
taken at random coordinates within each gel for a total of nine images per
condition. Live cells were counted using MetaMorph software while dead cells
were counted manually.

2.6. Polymerization light source

Ultraviolet initiating light for both in situ dynamic rheometry and cell encapsu-
lations was provided by a 100 W Hg short-arc lamp (Omnicure 1000, EXFO,
Mississaugua, Ont., Canada) with the manufacturer-supplied filter for 365 nm expo-
sure (365� 5 nm at half max with a shoulder of 10% max transmission extending to
335 nm). Exposure at 405 nm was provided by an EXFO Acticure with the manufac-
turer-supplied 400–500 nm filter. The spectral output was further restricted by
a 405 nm interference filter (405� 5 nm at half max) from Melles Griot (Irvine, CA).
Spectral output data was provided by Exfo and Melles Griot for their respective filters.

3. Results and discussion

3.1. Absorption spectra for LAP and I2959

For chain polymerizations that exhibit classical non-chain
length dependent bimolecular termination, the polymerization
rate is generally proportional to the square root of the initiation
rate, Ri [22]. For photoinitiated polymerizations Ri is given by [7]

Ri ¼
2f3fICi

NAhn
(1)

Here, I is the incident light intensity (units of power/area, e.g.
mW/cm2) and Ci is the initiator concentration. Intrinsic properties
of the photoinitiator that influence its utility are 3, the molar
extinction coefficient (absorbtivity); f, the quantum yield or
cleavage events that occur per photon absorbed; and f, the photo-
initiator efficiency or the ratio of initiation events to radicals
generated by photolysis. Avagodro’s number, NA; Plank’s constant, h
and the frequency of the initiating light, n are included for unit
conversion. This equation, presented here to demonstrate how the
various parameters affect the utility and performance of an initi-
ator, assumes a uniform light intensity (i.e., optically thin film) and
monochromatic (i.e., single wavelength) exposure. Often, to
improve the polymerization rate, I and Ci are increased, but higher
light intensity and higher initiator concentrations can have cyto-
toxic effects [8,14]. Further, the low solubility of I2959 in water
limits the maximum value of Ci in this system, and many light
sources do not permit uniform, high intensity exposure over a large
area. As seen in Fig. 2, LAP has a local absorbance maximum at
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approximately 375 nm and significant absorbance at 365 nm
(molar extinction coefficient at 365, 3¼ 218 M�1 cm�1). Addition-
ally, the initiator measurably absorbs, albeit weakly, in the visible
region from 400 nm to 420 nm. The absorbance of I2959 at 365 nm
is very weak (3¼ 4 M�1 cm�1) and does not rise above noise at
wavelengths longer than 370 nm. As the initiation rate is directly
proportional to the light absorbed by the photoinitiator as
described by equation (1), the weak absorbance profile of I2959
severely limits its utility for photopolymerizations performed at
365 nm or longer wavelengths.

Also notable is the change in absorption by LAP following
photocleavage. As the acylphosphinate is cleaved, the chromophore
is lost. This loss is significant for the polymerizations of films that
are not optically thin. For example, as the initiator towards the
exposed surface is consumed, the light penetrates more deeply into
the film and enhances the maximum cure depths that are achieved.
This behavior is explored in more detail in a subsequent section
(Section 3.3). In contrast, I2959 does not exhibit these advanta-
geous bleaching characteristics as can be seen in Fig. 2b.

3.2. Time to gelation

As demonstrated in Fig. 3a, the time required to reach the gel point
during the solution polymerization of PEGDA is approximately one
order of magnitude lower for LAP than for I2959 with 365 nm illu-
mination at comparable intensities and initiator concentrations. An
example of the rheometric data used to determine gel point is pre-
sented in Supplementary Figs. S8 and S9. Presumably, a large part of
this increased polymerization rate is due to the fact that LAP absorbs
more light at this wavelength than does I2959 leading to a higher
initiation rate. To normalize for the light absorbed by the photo-
initiator, the gel point is plotted as a function of photons or light
absorbed by the photoinitiator as described in equation (2) [23].

L ¼ Ci

Zl2

l1

3ðlÞ$EðlÞdl (2)

The light absorbed per volume is represented by L; E is the
spectral output of the curing lamp as a function of wavelength (l);
and l1 and l2 are wavelengths outside of which the product
3(l)$E(l)¼ 0.
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Fig. 3. Comparison of the solution polymerization of PEG-diacrylate initiated by either I295
gelation, is plotted against the initiator concentration (a) and light absorbed by initiator (b). S
with LAP polymerized at 5 mW/cm2 365 nm filtered light at ambient temperature. Triangle
lines provided for clarity only.
Even when normalized for the light absorption differences that
exist between LAP and I2959, the LAP-initiated polymerization gels
at earlier times (Fig. 3b). This outcome indicates that the initiation
rate increase is due not only to the higher molar absorptivity of LAP,
but also due to a higher quantum yield or a higher initiation effi-
ciency, parameters 4 and f respectively in equation (1). This
conclusion is further supported when comparing the gel point data
(crossover time) for photopolymerization of gels with LAP and
either 365 nm or 405 nm light. In this case, the time to gelation
collapses to a single curve when plotted as a function of light
absorbed as would be expected for a given initiator molecule. Of
further note, after an 1800 s exposure to 405 nm light, no gelation is
observed in those samples prepared with I2959.

3.3. Attenuation

Because I2959 has only minimal absorption at 365 nm, light
attenuation in thicker samples can generally be disregarded
(optical densities of these films at 365 nm are all less than
0.001 cm�1), but the higher absorbance of LAP that contributes to
the more rapid polymerization necessitates that light attenuation
be considered. The light intensity (I) at a particular depth in an
optically thick sample is well described by equation (3) [24].

Iðz; tÞ ¼ I0e�2:303½3iCiðz;tÞþ3bCbðz;tÞ�z (3)

Here, z and t are the sample depth and exposure time, respec-
tively; Io is the sample’s incident light intensity; Ci and Cb are the
concentration of the unreacted photoinitiator and the reacted,
photobleached initiator fragments, respectively; and 3i and 3b

represent the molar absorbtivities of the photoinitiator and pho-
tobleached fragments. Ignoring diffusion of initiator and bleached
initiator degradation products on the polymerization time scale,
their respective concentration profiles are described by the
following [24]:

vCiðz; tÞ
vt

¼ �3if

�
Iðz; tÞ
NAhn

�
Ciðz; tÞ (4)

vCbðz; tÞ
vt

¼ �vCiðz; tÞ
vt

(5)
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Fig. 4. Normalized light intensity, I/Io (a) and Initiator concentration (b) as a function of sample depth for 10 s (solid black line) 60 s (dashed line) 150 s (dotted line) and 300 s (dash-
dot) of exposure to 365 nm light. Plots are generated with a presumption of an initial initiator concentration of 2.2 mM, a light intensity of 10 mW/cm2 and assuming a quantum
yield of 1.

Table 1
Cell survival at 24 h when photoencapulated in PEG-diacrylate gels at various
initiation conditions.

Initiator and
concentration

Wavelength
(nm)

Exposure
time
(min)

Energy absorbed by
initiator (J/cm3)

Gel
time
(s)

Survival
(%)

2.2 mM I2959 365 nm 6 0.245 212 95� 3
2.2 mM LAP 365 nm 1 0.224 20 96� 2
0.22 mM LAP 365 nm 10 0.224 141 95� 2
2.2 mM LAP 405 nm 5 0.244 120 96� 2
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According to equation (3) for an initial initiator concentration
(Ci) of 2.2 mM (equivalent to 0.05 wt% I2959 or 0.067 wt% LAP), only
10% of the light is absorbed as it passes through a 1 mm thick
sample (a common dimension for cell encapsulation experiments).
In other words, the light intensity at the bottom of the gel is within
approximately 10% of that at the top. Thus, it is expected that there
are only minimal, relatively insignificant spatial gradients induced
by the light attenuation in samples used here. Moreover, the
bleaching characteristics of LAP, typical of acylphosphine oxide
initiators [25] would further mitigate attenuation effects as the
polymerization proceeds and initiator is consumed. Upon cleavage,
as shown in Fig. 2a, the acylphosphinate chromophore is lost [26],
and the absorbance below 400 nm drops substantially.

For those cases in which thicker samples must be cured, equa-
tions (3)–(5) may be solved simultaneously (assuming a quantum
yield of unity) allowing the observation of trends of both light
attenuation and initiator concentration with respect to time and
depth (Fig. 4). Since a quantum yield of unity is assumed, these plots
represent the minimum time over which such concentration
gradients would be generated. The initiator concentration (Ci) and
light exposure intensity (IB) represented in Fig. 4 (2.2 mM and
10 mW/cm2, respectively) were chosen as typical, reasonable
conditions for cell encapsulation. Initially, 30% of the light penetrates
a 1 cm sample, but as the initiator is consumed, more light (55% by
five minutes) is permitted through. While attenuation is substantial
under these conditions, even following initiator bleaching,
decreasing initiator concentration and/or lengthening exposure
time would certainly enable 1 cm and thicker gels to be cured.

3.4. Cytocompatibility

A variety of compounds have been explored previously as
potentially cytocompatible photoinitiators [8,11]. Most of these
initiators, particularly the cleavage type, such as 1-hydroxycyclohexyl
phenyl ketone (Irgacure 184), 2,2-dimethoxy-2-phenylacetophenone
(Irgacure 651), and 2-methyl-1-[4-(methylthio)phenyl]-2-(4-mor-
pholinyl)-1-propanone(Irgacure 907) ultimately can be highly cyto-
toxic [8,11]. However, despite the toxicity of many related
compounds, I2959 has been reported to exhibit relatively low cyto-
toxicity and has become a commonly used cleavage type photo-
initiator for cell encapsulations and biomaterials applications
[8,11,12]. Here, the relative cytotoxicity of LAP is evaluated by
determining the survival of cells encapsulated in PEGDA gels poly-
merized with LAP and compared to that of cells encapsulated in
identical gels polymerized with I2959.

Because radicals themselves are highly reactive and often
cytotoxic [8,27], a relevant experiment is the comparison of
survival rates in polymerizations initiated with comparable
number of radicals generated. Since the quantum yield under these
reaction conditions is unknown, the polymerizations were carried
out with initiator concentrations and illumination times to yield
similar photon absorption. As seen in Table 1, cell survival in gels
polymerized with 1 min exposure to 10 mW/cm2 of 365 nm light
exposure and 2.2 mM LAP was statistically similar to a 6 min poly-
merization with the same molar initiator concentration of I2959
(corresponding to 0.05 wt%) at the same light intensity. Likewise,
a concentration of 0.22 mM LAP combined with 10 min of light
exposure results in comparably high cell survival. Thus, signifi-
cantly lower concentrations of photoinitiators are cytocompatible
while still maintaining reasonable polymerization rates. This
reduction is highly desirable to minimize leachables from the
material after polymerization.

As previously discussed, I2959 is incapable of initiating poly-
merization under mild visible light illumination on a timescale of
interest to those wishing to encapsulate cells, but photo-
encapsulation of cells with 10 mW/cm2 exposure at 405 nm with
2.2 mM LAP is achieved in 5 min and results in w96% cell viability.
The ability to polymerize at longer wavelengths has significant
benefits. Many dental lamps, endoscopic probes, microscope
imaging lamps and lasers emit light in the short wavelength visible
spectrum, but not at 365 nm or lower. Light emitting diodes (LEDs)
are an increasingly popular light source for photopolymerizations
due to their low energy requirements and uniform emission
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spectra. Battery operated LED flashlights with 385 nm and 405 nm
wavelength emissions are commonly available from a variety of
vendors. These sources facilitate a more cost-effective, versatile and
portable initiating light source than is currently customary.

4. Conclusion

The initiator, lithium phenyl-2,4,6-trimethylbenzoylphosphi-
nate or LAP, was synthesized and characterized for its effectiveness
in initiating polymerizations. Specifically, its potential for applica-
tion to photoencapsulation of living cells was explored. The
initiator demonstrated remarkable advantages over I2959,
including greater water solubility, increased polymerization rates
with 365 nm wavelength light, and absorbance above 400 nm that
enables efficient visible light polymerization. Cell survival for
fibroblasts encapsulated in LAP-initiated PEG diacrylate hydrogels
was 95% or greater for every condition evaluated.
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