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ABSTRACT: Micrometer-sized hydrogel particles that contain living
cells can be fabricated with exquisite control through the use of droplet-
based microfluidics and bioinert polymers such as polyethyleneglycol
(PEG) and hyperbranched polyglycerol (hPG). However, in existing
techniques, the microgel gelation is often achieved through harmful
reactions with free radicals. This is detrimental for the viability of the
encapsulated cells. To overcome this limitation, we present a technique
that combines droplet microfluidic templating with bio-orthogonal
thiol—ene click reactions to fabricate monodisperse, cell-laden microgel
particles. The gelation of these microgels is achieved via the nucleophilic
Michael addition of dithiolated PEG macro-cross-linkers to acrylated hPG building blocks and does not require any initiator. We
systematically vary the microgel properties through the use of PEG linkers with different molecular weights along with different
concentrations of macromonomers to investigate the influence of these parameters on the viability and proliferation of
encapsulated yeast cells. We also demonstrate the encapsulation of mammalian cells including fibroblasts and lymphoblasts.

Bl INTRODUCTION In addition, they are used as in vitro 3D-cell culturing systems,
Hydrogels are highly hydrated, cross-linked polymer networks which are essential for drug testing due to differences in the
which are valuable for many biological applications"* such as behavior of cells on rigid 2D substrates and in 3D culture.'*"”
those in drug delivery,3_5 biosensing,6 and tissue engineer- For the fabrication of micrometer-sized hydrogel particles,
ing””"" In particular, hydrogels with micrometer-scale droplet-based microfluidics is a powerful and versatile
dimensions are useful as scaffolds for cell encapsulation, since technique."®™' The concept of this approach is to use
they are injectable, can be manipulated with micropipets or emulsion droplets as templates for the particle synthesis and
microsyringes, and can be used as building blocks to create to control the size, shape, and monodispersity of the

larger, uniformly built tissue.'>'*> Microgel matrixes also allow
for a continuous supply of the embedded cells with smaller
molecules such as nutrients, oxygen, metabolites, hormones,
peptides, and small proteins.'* Nevertheless, they can be
transplanted without treatment with immune suppressing
medicals, because bigger substances such as leucocytes,
antibodies, and enzymes, which cause immune defense, are

microparticles by controlling the size, shape, and monodisper-
sity of the premicrogel droplets. To achieve this, a stream of a
premicrogel monomer solution (dispersed phase) is created in
a microchannel, and its periodic break-up is induced by flow
focusing with a second, immiscible fluid (continuous phase);
this creates monodisperse, micrometer-sized droplets. After

unable to penetrate the polymer matrix.'> Moreover, microgels solidification, these droplets retain their uniform size and shape,
mimic the natural extracellular matrix and can be tailored to the

cellular microenvironment. All these benefits make these Received: January 15, 2012

particles attractive for applications in regenerative medicine. Published: February 22, 2012
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yielding polymer particles with precisely controlled morphol-
ogy.

Using this technique, several groups have developed
microparticles for cell encapsulation. In many cases, these
particles consist of natural polymers such as alginate.*”*’
However, natural polymers have several disadvantages: they
differ in their composition from batch to batch since they are
harvested from living organisms, the production of large
volumes of natural polymers is limited, and they cannot be
tailored to the specific cells to be encapsulated since their
properties are determined by the species which produce them.
By contrast, synthetic polymer matrixes can be prepared in large
volumes, and their composition can be controlled as required
for different cell lines.”* This is achieved through the use of
macromolecular precursors (macromonomers) which can be
cross-linked through a polymer-analogous reaction. By this
means, the properties of the polymer matrix can be determined
by the polymer concentration, the precursor molecular weight
and functionalization, and the chemistry of cross-linking.

Two popular types of synthetic, hydrophilic macromonomers
that are highly biocompatible are hyperbranched polyglycerol
(hPG) and polyethyleneglycol (PEG), both functionalized with
methacrylate or acrylate groups. These macromonomers
undergo rapid cross-linking upon exposure to UV light in the
presence of photoinitiators,2 =28 which is a feature that has
been employed extensively for the synthesis of macro-, micro-,
and nanoscopic hydrogels: Hennink and colleagues used hPG
macromonomers to prepare microgels by micromolding as well
as photolithography and soft lithography in combination with
free-radical photopolymerization.”” Cell-laden microgel par-
ticles from photopolymerized PEG-macromonomers were also
prepared by Doyle and co-workers using stop-flow lithog-
raphy®® and by Pishko and co-workers using photolithog-
raphy.>" Moreover, cell-laden microgels consisting of both hPG
and PEG have been fabricated using droplet-based micro-
fluidics.>* With this approach, the microgel elasticity can be
increased in comparison to pure hPG gels,”®** making these
particles favorable for cell encapsulation.” Since 7photoinitiators
and UV irradiation are potentially cytotoxic,””** this recent
work focused on the use of thermally generated radicals.
However, despite the biocompatibility and favorable elasticity
of the hPG—PEG polymer matrixes, the presence of free
radicals during their formation is detrimental for cell viability.

The use of harmful radicals can be circumvented through the
use of radical- and catalyst-free, bio-orthogonal click reactions.
For example, the thiol—ene reaction of the Michael type can be
used to cross-link hPG and PEG.*~* The bio-orthogonality of
this reaction is comparable to that of the strain-promoted
azide—alkyne cycloaddition, since it was shown to be selective
versus biological amines.* It can only interfere with the rarely
occurring amino acid cystein,40 which, however, is also a
problem of the strain-promoted azide—alkyne cycloaddition.*'
In addition, the thiol-Michael addition only requires substrate
syntheses with a low number of steps that each have high yield,
and the applicability of the thiol-Michael addition for in situ cell
encapsulation has been demonstrated by Hubbell and co-
workers** and Feijen and co-workers,*> who proved it to be
harmless to cells. Nevertheless, this chemistry has not to date
been combined with droplet-microfluidic particle templating to
produce monodisperse, cell-laden microgels.

In this paper, we use thiol—ene click chemistry in droplet
microfluidics to fabricate monodisperse, cell-laden hPG—PEG
microgels, as illustrated in Figure 1. The gelation of these
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Figure 1. Microfluidic emulsification of aqueous solutions containing
dithiolated PEG macro-cross-linkers, acrylated hPG building blocks,
and cells. Subsequent mixing of the three liquids inside the
monodisperse droplets leads to droplet gelation by thiol-Michael
addition of the macromonomers, thereby forming micrometer-sized,
cell-laden hydrogel particles.

microgels is achieved via the nucleophilic Michael addition of
dithiolated PEG macro-cross-linkers to acrylated hPG building
blocks and does not require any initiator. We systematically
vary the gel properties through the use of PEG linkers with
different molecular weights along with different concentrations
of macromonomers to investigate the influence of these
parameters on the viability and proliferation of yeast cells.
We also demonstrate the encapsulation of mammalian cells.

B RESULTS AND DISCUSSION

Fabrication of Cell-Laden Microgels. For the fabrication
of cell-laden microgels, we proceed in a stepwise manner: first,
we prepare two sets of aqueous precursor solutions, one
containing hPGs with a weight-average molecular weight (M,,)
of 16.5 kDa functionalized with 10 acrylate groups
(bPGy4sDea), and the other containing PEG-diamines with
different molecular weights. The PEG-diamines are then
converted with 2-iminothiolane hydrochloride to yield thiol-
terminated PEG (PEG-dithiol) in situ, as illustrated in Scheme
1. Then, both precursor solutions are injected into a
microfluidic device, along with a solution that contains cells.
By this means, premicrogel droplets are formed; these are
subsequently gelled to yield cell-laden micogel particles.

During the conversion of PEG-diamine to PEG-dithiol, 2-
iminothiolane hydrochloride is used in hypostoichiometric
amounts (0.75 equiv per amine group) to reduce its potential
cytotoxicity. The kinetics of this thiol formation was studied
with PEG; 5 1p, by Ellman’s test:** The Ellman’s reagent $,5-
dithiobis(2-nitrobenzoic acid) reacts with thiols to form yellow-
colored 2-nitro-5-thiobenzoate; the absorbance of this product
at 412 nm can be tracked by UV—vis spectroscopy and serves
as a measure of the relative concentration of thiols. This test
shows that the simultaneous formation of free thiols and their
elimination due to formation of disulfides results in a maximal
thiol concentration after about 20 min, while a moderately high
concentration of free thiols is present for a period of about 90
min, as shown in Figure 2. Performing the microfluidic
experiment on this time scale therefore ensures that hydrogels
form with reproducible properties.*

dx.doi.org/10.1021/ja300460p | J. Am. Chem. Soc. 2012, 134, 4983—4989


http://pubs.acs.org/action/showImage?doi=10.1021/ja300460p&iName=master.img-001.jpg&w=168&h=171

Journal of the American Chemical Society

Scheme 1. Formation of Gel Particles by Cross-Linking of Hyperbranched Polyglycerol (hPG) and Polyethyleneglycol (PEG)
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Figure 2. Kinetics of the conversion of PEG-diamine (1.5 kDa) with 1
equiv (per amine group) of 2-iminothiolane hydrochloride as
determined by Ellman's test. Ellman’s reagent S,5-dithiobis(2-
nitrobenzoic acid) reacts with thiols and forms yellow-colored 2-
nitro-5-thiobenzoate; the absorbance of this product at 412 nm is
tracked with UV—vis spectroscopy and serves as a measure of the
relative concentration of thiols. The line was drawn manually to guide
the eye.

To create monodisperse premicrogel droplets as templates
for the particle syntheses, we use poly(dimethylsiloxane)
(PDMS) microchannels with two sequential cross-junctions
fabricated by soft lithography,*® as shown in Figure 3A. The
two precursor solutions, hPG ¢ sDea and PEG-dithiol, and the
cell-containing medium are injected into three separate inlets of
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these devices, as shown in Figure 3B. After their injection, these
three fluids meet at the first cross-junction, where they form a
laminar coflowing stream in the microchannel. In the second
junction, periodic break-up of this stream is induced by flow-
focusing with a fourth fluid which is an immiscible paraffin oil;
this produces uniform premicrogel droplets with sizes in the
range of 150—200 um, depending on the flow rates and the
viscosities of the precursor solutions, as shown in Figure 3C. By
mixing of the three liquids inside the droplets (Figure 3D), the
precursors react in a thiol-Michael reaction (Scheme 1) and
form cell-laden microgels within a few minutes. Typical water-
swollen product particles with cells encapsulated inside are
shown in Figure 3E.

Yeast Cell Encapsulation. To optimize the microgel
properties for the encapsulation of yeast cells, we study the
influence of the microgel elasticity on the viability of the
encapsulated cells. The microgel elasticity is controlled by the
molecular weight of the PEG-cross-linker and by the total
precursor concentration.”” We vary both parameters through
the use of PEGs with molecular weights of 1.5, 6.0, and 20.0
kDa. In each case we fabricate gels with a low and high total
precursor concentration, as summarized and detailed in Table
1. For all these samples, the ratio of hPG to PEG is determined
such that about five PEG spacers are linked to one hPG
building block.

For the PEG, s \p, and PEGg p, cross-linkers, the resultant
microgels (Samples 1—4 in Table 1) are highly loaded with
yeast cells which are distributed homogeneously throughout the
particles, as shown in Figure 3E. By contrast, no homogeneous
distribution of cells is obtained in the case of PEGy,y, 1p.
(Sample S in Table 1). Instead, this polymer yields particles
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Figure 3. Droplet-microfluidic fabrication of yeast-cell-laden hPG—PEG microgel particles. (A) Schematic of the microfluidic device. (B) Two
sequential cross-junctions serve to form monodisperse, micrometer-sized precursor droplets which consist of hPG, PEG, and cells. (C, D)
Premicrogel emulsion obtained from the experiment in Panel B in the upper (C) and lower range (D) of a basin channel which is patterned right
behind the two cross-junctions. (E) Micrograph of swollen, yeast-cell-laden microgel particles formed by gelation of the droplets in Panel D. (F)
Core—shell-structured microgel Sample S (see Table 1 for details). (G) Viability of yeast cells encapsulated into hPG-PEG  p, microgels with high
precursor concentration (see Table 1 for details). Green staining denotes living cells, whereas orange or red staining marks dead cells.

Table 1. Compositions and Characteristics of Yeast-Cell-Laden hPG—PEG Microgel Particles

Concentration
of hPG in Concentration of Viability of
MW of Precursor PEG in Precursor Degree of Encapsulated
PEG Solution Solution Microgel Yeast Cells
Sample (kDa) (gL™) (gL™) Swelling® (%)
1 15 500 156 39 93
2 LS 1000 312 19 87
3 6.0 300 375 54 95
4 6.0 600 750 31 99
s 20.0 200 833 / /

“Calculated as Q = (0.64w,,, — wdry) /Wary, With wy. the wet and wq,, the dry weight of model microgels without any cell load. bCore—shell—type
microgel morphology

with a core—shell-type morphology; the core contains all the the viabilities of the cells inside the microgels to the microgel
cells, while the shell does not contain any cells, as shown in composition and elasticity, we determine the degree of swelling
Figure 3F. We assume that the reason for this behavior is the of the microgel particles. This is done using model microgels
high viscosity of the PEG,;, yp, solution, preventing efficient with the same composition as the actual microgels, but without
mixing of the cell phase with the precursor phases before any cell load. After producing and washing these model
gelation of the premicrogel droplets occurs. Since this particular microgels, we store them in an aqueous phase for a period of
microfluidic approach is not comparable to other microgels, it is several hours to achieve equilibrium swelling. The concen-
not considered in the evaluation of the cell viabilities. tration of the swollen microgel particles is then increased by
After the microfluidic experiments, the microgels are centrifugation at 600 RCF for 10 min. Upon removal of the
transferred from the oil phase into YPD (yeast extract, peptone, supernatant swelling agent with a pipet, the remaining particle
dextrose), a yeast cell culturing medium, where they swell to suspension can be considered as a random close packing of
uniform sizes in the range of 250 to 350 ym depending on their spheres with a space filling of 64%. The degree of microgel
composition. In YPD (pH 6.5), we do not observe any swelling, Q, can then be determined gravimetrically by
degradation of the microgels over time, whereas, for microgels comparing the wet and dry weight of the concentrated particle
dispersed in water, degradation through hydrolysis of the ester suspension, Wy and wy,; we calculate it as Q = (0.64w,, —
bond close to the thioether bond is observed over a time of wdry)/wdry.
several weeks.*** No distinct correlation is observed between the degree of
To investigate the viability of the encapsulated cells 90 min microgel swelling, which is a measure of the microgel elasticity,
after their encapsulation, we perform a live—dead assay by and the cell viability, as demonstrated in Figure 4. The highest
adding two fluorescent dyes: Syto 9 is a green fluorescent dye ratio of cell viability (~99%) is obtained with the PEGg  yp, gels
that stains both living and dead cells, whereas propidium iodide with high precursor concentration (Sample 4 in Table 1), as
is a red fluorescent dye that stains dead cells only. As a result, substantiated in Figure 3G. The degree of swelling of these
dead cells appear red or orange, whereas living cells appear particles lies between those of the low- and high-concentrated
green when observed with a fluorescence microscope. To relate PEG 5 \p, gel matrixes, in which yeast cells have a viability of

4986 dx.doi.org/10.1021/ja300460p | J. Am. Chem. Soc. 2012, 134, 4983—4989


http://pubs.acs.org/action/showImage?doi=10.1021/ja300460p&iName=master.img-004.jpg&w=319&h=190

Journal of the American Chemical Society

— -
® Degree of Particle Swelling = Yeast Cell Viability [%]
9
l 87 95 99
Sample ; J ‘ J
1.5 low & _'3“- =2 s ¥
1.5 high " J
6.0 low
6.0 h_lﬂlh

Figure 4. Degree of microgel swelling (red) and percentage viability of
encapsulated yeast cells (blue) in hPG—PEG microgel particles with
different compositions. The numbers 1.5 and 6.0 denote the molecular
weights of PEG in kDa; the adjectives “low” and “high” signify the
total precursor concentrations, as detailed in Table 1. The degree of
swelling is calculated as Q = (0.64w,,. — wdry) /Waryy with w the wet
and wy,, the dry weight of model microgels without any cell load.

93% and 87%. Hence, we assume that not only the macroscopic
gel stiffness but also the nanoscale obstruction of the diffusion
of nutrients and metabolites, which arises due to the presence
of the polymer matrix, is an important factor for the cell
viability. On the basis of our results and in agreement with the
work of Bashir et al,? this obstruction seems to be more
pronounced in the PEGy g p, microgels than in the PEGgg 1p,
microgels.

To substantiate this hypothesis, we use fluorescence
correlation spectroscopy to monitor the diffusive motion of a
low molecular weight dye, rhodamine 6G, which mimics the
behavior of low molecular weight metabolites, inside the
microgel particles. The presence of the polymer gel hinders the

mobility of this dye; as a result, the diffusive motion of the dye
is slowed. Moreover, its mean square displacement is no longer
proportional to time; instead, the mean square displacement is
proportional to time with an exponent @ < 1.°%°" To account
for this anomalous, subdiffusive behavior, we use an equation
with the additional stretching exponent « to fit the fluorescence
autocorrelation data.>>** With this procedure, we quantify the
diffusive correlation time of the pure dye in water as 7, = 0.3
ms, along with an exponent o = 1, which denotes normal
Brownian diffusion. In the presence of the PEGg g p, gel matrix
at high precursor concentration (Sample 4 in Table 1; 99% cell
viability), the mobility of the dye decreases, exhibiting a
correlation time of 7, = 1.0 ms and an exponent a = 0.83,
which denotes subdiffusive behavior. If the dye mobility is
probed inside the highly concentrated PEG, g p, gel matrix
(Sample 2 in Table 1; 87% cell viability), further deceleration is
observed, leading to 7, = 2.5 ms and @ = 0.83. The exponent a
can be considered as a measure of the obstacle concentration;>°
this concentration is the same for Samples 2 and 4, since their
total precursor concentrations are similar. The correlation time
7 depends on the obstacle size,*® which can be associated with
the cross-link density and distribution of mesh sizes in the
polymer network. Our results for 7, show that the PEG, g \p,
matrix imparts a more significant hindrance to the diffusivity of
low molecular weight substances than does the PEGq p, gel
matrix, therefore obstructing the metabolism of encapsulated
cells more profoundly. This result is in agreement with the
lower cell viability in the PEG 5 p, matrix compared to the cell
viability in the PEGg |, matrix.

To characterize the behavior of the yeast cells in the most
favorable polymer matrix PEGg p, in greater detail, these cells
were observed overnight by microscopy, as shown in Figure
SA—E. This long-term observation shows that the cells
proliferate in these microgels, despite their entrapment in a
polymer gel which exhibits an elastic modulus in the range of a

100 pm
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Figure 5. Viability of yeast cells encapsulated into hPG—PEG microgels. The samples were stained with Syto 9 (green dye, staining both living and
dead cells) and propidium iodide (red dye, staining dead cells only) and then observed by bright field and confocal fluorescence microscopy. Green
staining denotes living cells, whereas red or orange staining marks dead cells. (A—F) Yeast cells encapsulated into hPG—PEG microgels after (A) 2 h
(B) 6 h, (C) 10 h, (D) 14 h, (E) 18 h, and (F) 8 days of storage after the microfluidic particle production.
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few kilopascals, as determined by oscillatory shear rheology on
a macroscopic gel sample with the same composition. Since no
particle deformation is observed upon cell growth, the yeast
cells apparently degrade the hydrogel in their environment.
Even after 8 days, cells encapsulated in PEGg \p, microgels
(Sample 4 in Table 1) are still alive and are able to proliferate
extensively, forming huge colonies of cells, as shown in Figure
SE.

100 pm 100 pm

Figure 6. Viability of mammalian cells encapsulated into hPG—PEG
microgels. Green staining denotes living cells, whereas red staining
marks dead cells. (A) Lymphoblasts at low density. (B) Lymphoblasts
at high density. (C) Fibroblasts at low density. (D) Fibroblasts at high
density.

Mammalian Cell Encapsulation. To investigate the utility
of the hPG—PEG microgels to encapsulate more complex
mammalian cells, we use fibroblasts and lymphoblasts. The
viability of these cells is again characterized by live—dead assays,
staining living cells green and dead cells red (Figure 6). For
both types of cells, the encapsulation experiments are
performed at two different cell densities by varying the
concentration of the cell-containing medium, as detailed in
Table 2.

Table 2. Characteristics of Mammalian-Cell-Laden hPG—
PEG Microgel Particles®

Number of Cells Cell

Cell per Particle Viability
Cell Type Density (Integer) (%)
Lymphoblast low 1+1 52
Lymphoblast high 8 +4 76
Fibroblast low 2+1 59
Fibroblast high 7+4 89

“The microgel matrix was prepared from a 600 gL~ hPG,4sDea and a
750 g-L’l PEGg, 1p, precursor solution.

For lymphoblasts at a low cell density, a viabilitiy of about
52% is retained upon encapsulation into a PEGg p, matrix
using a 600 g-L ™" precursor solution of hPG;4sDea and a 750
g'L™! precursor solution of PEGg yp,. In the same gel matrix,
the lymphoblasts show a viability of ~76% if they are
encapsulated at a high cell density. For fibroblasts at a low
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cell density, a viability of approximately 59% is achieved by
encapsulation into the same matrix, and again, the viability of
these cells increases to ~89% if a high cell density is used.

We assume that the cell viability increases with the cell
density due to intensified paracrine signaling:**>® Since the
mobility of rhodamine 6G as a model molecule is reduced by
the presence of the microgel matrix, we expect that other,
similarly sized molecules such as growth factors, which regulate
cell survival and proliferation, may also exhibit a reduced
mobility as compared to that in a nongelly environment. A
higher cell density may thus compensate for this reduced
mobility and allow cells to chemically communicate more
easily.

Doyle et al.*® and Pishko et al.*' obtained high cell viabilities
of up to 80% upon encapsulation of fibroblasts into PEG
microgels that were prepared by photoinitiated free-radical
polymerization. Our approach yields even higher cell viabilities
of about 90%; moreover, it prevents potential damage of labile
compounds such as DNA by UV irradiation. Since the use of
cross-linkable macromonomers to form the microgel matrixes
allows varying many experimental parameters such as the
molecular weight of the hPG and PEG building blocks, the hPG
to PEG ratio, and even the type of functional groups of the
building blocks, further work to investigate the influence of the
physical—chemical properties of the gel matrix on other types
of mammalian cells can be straightforwardly implemented.

B CONCLUSIONS

The combination of microfluidic particle templating with bio-
orthogonal thiol—ene click chemistry is a powerful approach to
prepare polymer microgels from synthetic macromonomers.
The size, shape, and monodispersity of the microgels can be
precisely controlled, and a very mild, radical-free reaction cross-
links the precursor polymers. These operational features are
beneficial for the encapsulation of cells. Nevertheless, we
observe no clear correlation between the cell viability and
microgel elasticity; instead, the interaction of several factors,
including those that affect the molecular transport of
metabolites and nutrients, seems to determine the cell survival
ratio upon encapsulation. An advantage of the use of
prefabricated macromolecular precursors for the microgel
synthesis is that it allows a systematic variation of the
macromonomer properties, providing more insight into the
relation between the microgel properties and the viabilities of
encapsulated cells. As a future perspective, further refinement of
the cell-laden microgel fabrication could be achieved by
combining drosplet-based microfluidic methods for single cell
enca;)sulation5 with subsequent fluorescence-activated sort-
ing>” to separate microgels containing living cells from
microgels containing dead cells.
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Full experimental details and a movie showing proliferation of
yeast cells inside the microgel particles. This material is
available free of charge via the Internet at http://pubs.acs.org.
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