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Hybrid Microgels with Thermo-Tunable Elasticity

for Controllable Cell Confinement

Sebastian Hackelbusch, Torsten Rossow, Dirk Steinhilber, David A. Weitz,

and Sebastian Seiffert*

Stimuli-responsive hydrogels are able to change their physical properties
such as their elastic moduli in response to changes in their environment. If
biocompatible polymers are used to prepare such materials and if living cells
are encapsulated within these networks, their switchability allows the cell-
matrix interactions to be investigated with unprecedented consistency. In this
paper, thermo-responsive macro- and microscopic hydrogels are presented
based on azide-functionalized copolymers of poly(N-(2-hydroxypropyl)-
methacrylamide) and poly(hydroxyethyl methacrylate) grafted with poly(N-
isopropylacrylamide) side chains. Crosslinking of these comb polymers is
realized by bio-orthogonal strain-promoted azide—alkyne cycloaddition with
cyclooctyne-functionalized poly(ethylene glycol). The resulting hybrid hydro-
gels exhibit thermo-tunable elasticity tailored by the polymer chain length
and grafting density. This bio-orthogonal polymer crosslinking strategy is

stimuli-responsive hydrogels are employed
to investigate the influence of external
mechanical constraint on cells, including
cell viability,”#! morphogenesis,*'% and
differentiation.'"12] For example, photo-
degradable poly(ethylene glycol) hydro-
gels have been demonstrated to induce
stem-cell differentiation as a result of
gradually decreasing gel rigidity.l'¥l In an
opposite approach, stem-cell-laden hya-
luronic acid gels were additionally photo-
crosslinked, thereby increasing their
mechanical rigidity and triggering the
stem cell differentiation to change from
osteogenesis to adipogenesis.l' However,
both such photo-induced gel degrada-

combined with droplet-based microfluidics to encapsulate living cells into
stimuli-responsive microgels, proving them to be a suitable platform for

future systematic stem-cell research.

1. Introduction

Stimuli-responsive  hydrogels  are  three-dimensionally
crosslinked polymer networks swollen with water, exhibiting
physical properties that selectively change upon variation of
environmental parameters.ll'. These materials have prom-
ising potential to serve as sensitive scaffolds in regenerative
medicinel??l and tissue engineering*® due to their control-
lable mechanical properties, which are similar to those of
soft tissue. In a particularly promising class of application,
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tion and gel stiffening is irreversible and
proceeds in just one direction. To over-
come this limitation, hydrogels based
on polymers that exhibit a lower critical
solution temperature (LCST) in water can
be used to enable selective and revers-
ible bidirectional switching between different states.'>"17] In a
recent seminal work, a hydrogel based on thermo-responsive
poly(N-isopropylacrylamide) (PNIPAAm) was used for stem-
cell encapsulation.' This polymer changes its polymer—sol-
vent interaction from hydrophilic to hydrophobic at an LCST
of =34 °C™ entailing dramatic deswelling of the gel and an
increase of the gel elastic modulus. When mesenchymal stem
cells are implanted into this hydrogel, increase of the tem-
perature to 37 °C causes hydrogel-collapse inducing stem-cell
differentiation into tooth tissue, analogous to mesenchymal
condensation.?”) However, in this approach, the hydrogel prep-
aration occurred by free-radical polymerization, thus prohib-
iting the encapsulation of cells during the process of hydrogel
formation due to proven cytotoxicity of the free radicals.l?"?%
Additionally, all the aforementioned approaches of tunable-
gel fabrication focus on preparing macrogels rather than gels
with microscopic dimensions. This is unfortunate, because
hydrogel particles with micrometer-scale dimensions, often
referred to as microgels, are particularly useful to study stem
cell fate, because such microgels are easy to manipulate with
micropipettes and microsyringes, and because they impart
just small diffusion barriers to cellular nutrients and metabo-
lites.[?>24] To encapsulate living cells into microgel particles,
the technique of droplet-based microfluidics has recently been
combined with bioorthogonal and cytocompatible crosslinking
of macromolecular precursors.?>2¢l With this approach,
however, no reversibly responsive cell-laden microgels have

wileyonlinelibrary.com

didvd 11Ind


http://doi.wiley.com/10.1002/adhm.201500359

[
™}
o
g
-l
wd
=
[

2 wileyonlinelibrary.com

ADVANCED
HEALTHCARE
MATERIALS

www.advhealthmat.de

heating

)

cooling

soft

elastic modulus

7/

Figure 1. Schematic of thermo-responsive hybrid microgel particles composed of poly(N-
(2-hydroxypropyl)-methacrylamide) (PHPMA) covalently crosslinked with poly(ethylene glycol) (PEG)
and additionally grafted with poly(N-isopropylacrylamide) (PNIPAAm). The microgels contract upon  in the
heating due to formation of supramolecular crosslinking nodes composed of collapsed PNIPAAm inter-
chain clusters, entailing a reversible increase of the microgel elastic moduli.

been prepared yet. Such materials could be exceptionally useful
for serving as scaffolds to investigate mechanotransduction,?”!
because they would combine all the above advantages that have
only been realized separate from one another to date.

In this paper, we present thermo-responsive hybrid micro-
gels based on copolymers of poly(N-(2-hydroxypropyl)-meth-
acrylamide) (PHPMA) and poly(hydroxyethyl methacrylate)
(PHEMA) that are side-chain functionalized with dangling
PNIPAAm chains and that are covalently crosslinked by
poly(ethylene glycol) (PEG) strands, as sketched in Figure 1. We
employ the technique of strain-promoted azide-alkyne cycload-
dition (SPAAC) as a mild crosslinking method and combine
this approach with droplet-based microfluidics to encapsulate
living mammalian cells into the resulting thermo-responsive
hybrid microgels. Upon change of temperature, these hybrid
microgels can reversibly expel or take up water, entailing a
reversible change of their elastic modulus, as also illustrated
in Figure 1. Thus, by such variation of the microgel incubation
temperature, along with previous variation of the concentra-
tion and molecular weight of the PNIPAAm side chains within
the microgels, the mechanical properties of the microgels can
be tuned gradually in a prescribed range of microgel elasticity
and degree of swelling. This elastic switchability makes this
microgel construction kit promising to act as a versatile mate-
rial platform to investigate cell mechanotransduction with
unprecedented consistency.

2. Results and Discussion

Our approach to form thermo-responsive hybrid microgels is
based on copolymers of PHPMA that are side-chain function-
alized with pendant thermo-responsive PNIPAAm chains.
PHPMA can be copolymerized with a variety of comonomers
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by free-radical  copolymerization
to subsequently attach functional
groups to the polymer chain. We
follow this concept and copolymerize
(N-2-hydroxypropyl)-methyacrylamide
(HPMA) with 5 mol% of 2-hydroxy-
ethyl methacrylate (HEMA), using
!H-NMR spectroscopy to ensure that
the anticipated content of comonomer
is indeed incorporated in the product.
The terminal hydroxy groups of the
HEMA moieties are then converted
to azides in a subsequent two-step
protocol. In the first step, the pri-
mary hydroxy groups are converted

to mesylates. In the second step, a
nucleophilic substitution with sodium

azide yields an azide-functionalized
PHPMA copolymer, as shown in
Scheme 1A. After this reaction, mesyl
signals can no longer be observed
!H-NMR  spectrum, but
instead, a characteristic azide band at
~2100 cm™! is detected by IR spectros-
copy in the final product, indicating
complete conversion of the mesyl groups to azide function-
alities, whereas this reaction protocol does not yield PHPMA-
azide when a PHPMA homopolymer is used as substrate.

To couple PNIPAAm to the azide-functionalized PHPMA
chains, it is end-capped with cyclooctyne motifs. For this pur-
pose, we first prepare two sets of amine-terminated PNIPAAm
with number-average molecular weights of 10 000 g mol™
and 25 000 g mol! (both polystyrene-analog) by free-radical
polymerization of N-isopropyl acrylamide (NIPAAm) in the
presence of 2-aminoethanethiol (AET), which acts as a radical
scavenger, thereby creating an amine terminus on each chain.
The amine-terminated PNIPAAm chains are then end-func-
tionalized with bicyclo[6.1.0]non-4-yn-9-ylmethyl  (4-nitro-
phenyl) carbonate (BCN),® thereby yielding cyclooctyne-
capped PNIPAAm, as shown in Scheme 1B.

The degree of functionalization of PNIPAAm with cyclooc-
tyne caps is determined in a two-step protocol. First, we deter-
mine the functionalization of PNIPAAm with terminal amine
groups by reaction of a portion of the PNIPAAM-amine with a
10-fold excess of fluorescein isothiocyanate (FITC).21 UV/VIS
spectroscopic characterization of the labeled product denotes
the degree of functionalization of the PNIPAAm to be 95%.
Second, we react the PNIPAAm-amine with an excess of the
cyclooctyne derivative and then with FITC again. If no residual
FITC absorbance can be observed in subsequent UV/VIS spec-
troscopy, complete conversion of the terminal amine groups to
cyclooctynes is proven; this was the case for the present set of
PNIPAAm polymers. Subsequently, these cyclooctyne-function-
alized polymers are coupled to the azide groups of the P(HPMA-
co-HEMA) backbone polymer by strain-promoted azide—alkyne
cycloaddition (SPAAC), which was previously shown to proceed
with quantitative conversion.l*%!

Crosslinking of these thermo-responsive comb poly-
mers to forming hydrogels is achieved by using 1 mol% of
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Scheme 1. Synthetic route toward azide-functionalized poly(N-(2-hydroxypropyl)-methacrylamide) (PHPMA) and cyclooctyne-functionalized poly(N-

isopropylacrylamide) (PNIPAAm) and poly(ethylene glycol) (PEG).

PEG-bis(cyclooctyne) as a crosslinker in another SPAAC reac-
tion, previously prepared by conversion of PEG-diamine with
BCN, as shown in Scheme 1C. This amount of crosslinker
is typical for soft hydrogels that have elastic moduli similar
to that of natural tissues.’!32 To vary the mechanical prop-
erties of the resulting hydrogels in a modular fashion, we
employ PEG with different molecular weights: 1500, 6000,
and 20 000 g mol™!, denoted PEG;s09, PEGgg00, and PEGy ggo-
Furthermore, the degree of additional functionalization of the
P(HPMA-co-HEMA) with PNIPAAm is chosen to be either
1 mol% or 2.5 mol%, using PNPAAm polymers with two
different number-average molecular weights, 10 000 and
25 000 g mol™!, denoted PNIPAAM; oo and PNIPAAM,s g0,
As a result, we obtain a set of 2 x 2 x 3 = 12 different polymer
networks, formed with two different contents of pendant PNI-
PAAm, two different molecular weights of the pendant PNI-
PAAm, and crosslinked by PEG chains with three different
molecular weights. In all cases, the overall polymer concentra-
tion is kept constant at 100 g L1

To examine the thermo-responsiveness of the P(HPMA-
co-HEMA) backbone polymers functionalized with either 1 or
2.5 mol% of PNIPAAm, the LCST of their aqueous solutions
is estimated by temperature-dependent hydrodynamic-size
estimation based upon dynamic light scattering (DLS). Upon
increase of the temperature to 32 °C, the hydrodynamic diam-
eter of both copolymers, calculated from their translational dif-
fusion coefficients probed by DLS, increases from 38 nm at
28 °C to 284 nm at 32 °C due to formation of hydrophobic clus-
ters in the solution. Below 28 °C and above 32 °C, the hydro-
dynamic diameters of the polymer coils in both samples are
independent of temperature. The DLS measurements are car-
ried out in water as well as cell medium (Dulbecco’s Modified
Eagles's Medium, pH 7.4), showing no significant difference
in the hydrodynamic diameters, respectively. In the following,
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the mechanical properties of the corresponding hydrogels are
investigated in cell medium at 28 °C and 32 °C, respectively.

To assess the mechanical properties of the polymer net-
works, the different hydrogels are probed by oscillatory shear
rheology. As a basis of the rheological tests, we first probe
semidilute solutions of PHPMA-co-PNIPAAm with 2.5 mol%
functionalization of PNIPAAmM;, go9 and PNIPAAm,s oo at
100 g L™ At 28 °C, these samples exhibit scaling of the fre-
quency-dependent storage and loss moduli, G'(w) and G”(w),
close to G’ ~ @* and G” ~@' in the range of ® = 0.01-16 Hz,
in agreement with the Maxwell model for viscoelastic polymer
solutions. Upon increase of the temperature to 32 °C, G” and
G” intersect at frequencies in the range of 0.01-1 Hz, with G’
reaching a plateau at higher frequencies, representing weak
polymer gels. The values for G" and G” measured at 32 °C are
10 times higher for PNIPAAm, o9 and 100 times higher for
PNIPAAmM,s5 gop in comparison to those measured at 28 °C,
respectively. This observation can be explained by microphase
separation of the PNIPAAm pendant chains within the semidi-
lute solutions above the PNIPAAm-water LCST, which leads to
formation of nanoscopic hydrophobic clusters that act as phys-
ical crosslinks. To exclude further changes of the elastic moduli
of the gels at higher temperatures, we probe a sample at 32 and
37 °C, respectively, observing no further effect.

Upon mixing the PHPMA-azide polymer solutions with
PEG-bis(cyclooctyne) and PNIPAAm-cyclooctyne, thermo-sensi-
tive hydrogels are prepared in situ. All these gels exhibit almost
frequency-independent plateaus in G” (w = 0.01-16 Hz) at both
28 °C and 32 °C, but these plateau moduli show a strong tem-
perature dependence, as compiled in Table 1A and 1B. At 28 °C,
use of a longer crosslinker chain length results in higher elastic
moduli, along with enhanced crosslinking efficiencies, v.g, rep-
resenting the relation of the concentration of crosslinks in the
sample, v, to the maximum possible concentration of crosslinks,
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Table 1. Elastic moduli of thermo-responsive PEG-PHPMA-PNIPAAm hydrogels containing A) 1 mol% and B) 2.5 mol% of pendant graft PNIPAAm,
along with a constant amount of PEG crosslinker (1 mol%), as determined by oscillatory shear rheology at 28 °C and 32 °C, respectively. The values
of G are estimated at the frequency-dependent minimum of G”, corresponding to a minimal loss tangent. The polymer-crosslinking efficiency, veg,
of the hydrogels can be calculated by Vg = Vioges/Vineor Where Vi is the theoretical concentration of crosslinking junctions in each sample, cor-
responding to its concentration (mol L™') of cyclooctyne moities, whereas V,oq4es corresponds to the actual concentration of the elastically effective
crosslinks in the sample. We use the phantom network model to estimate the latter parameter from the plateau values of the elastic moduli of the
different hydrogels, Vnodes = 2/3 - Vsprands = 2/3 - G’/ (ART@y), with R the gas constant, ¢y the mass fraction of polymer (v = Mpolymer/ (Mpolymer +
Mgolvent)), and T the temperature; A is a structure fracture that equals 1 — 2/f, with f'the functionality of the crosslinks, which we assign to be 3. The
factor 2/3 is attributed to the geometry of the network: each junction is connected to three network strands, whereas each strand has two junctions
at its two ends.[*l

[
™}
o
g
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wd
=
[

(A)

1% PNIPAAmM 28°C 32°C
PNIPAAM 10000 PNIPAAM5 000 PNIPAAM1 0 000 PNIPAAM;5 000
G’ [Pa] Vet [%] G’ [Pa] Vet [%] G’ [Pa] G’ [Pa]
PEG1s00 8 0.9 3 0.4 64 93
PEGeooo 201 26.8 16 16 400 176
PEG10000 383 74.8 482 110.5 594 706
®)
2.5% PNIPAAM 28°C 32°C
PNIPAAM 10000 PNIPAAM ;s 000 PNIPAAM1 0 000 PNIPAAM ;5 000
G’ [Pa] Verr [%] G’ [Pa] Verr [%] G’ [Pa] G’ [Pa]
PEG 1500 4 0.7 0.1 0.03 30 81
PEGeo00 13 26 32 9.2 71 754
PEG 0000 288 75.2 52 18.1 419 125

Viheo- This finding can be ascribed to the small hydrodynamic  Spnipaam = (conipaamNa) ™3, With cpyipaam the concentration
diameters of the crosslinking PEGysqy and PEGgggo polymers, of PNIPAAm in the sample and N, the Avogadro constant.
which are determined to be 2.1 nm and 4.5 nm by DLS, respec-  These distances are in the range of 73 to 95 nm for the different
tively. Elastically effective network junction nodes are formed  hydrogels studied, significantly exceeding the hydrodynamic
only when both cyclooctyne moieties of a given PEG crosslinker ~ diameters of PNIPAAm,, o9 (7.4 nm) and PNIPAAm,s o9
react with azide moieties of two different PHPMA chains.  (10.1 nm), as determined by DLS. As a result, an effective for-
Hence, for the PEGys5qy and PEGggq linkers to constitute such ~ mation of hydrophobic clusters during the thermo-induced
effective network junctions, two PHPMA chains need to be in  collapse of these PNIPAAm chains requires a minimum flex-
close proximity when reacting with the PEG, which is, how-  ibility of the polymer scaffold to which they are bound to allow
ever, not likely to occur at an overall polymer concentration of  them to reach one another. For quantification, we determine
100 g L. As a result, mostly dangling chains and loops are  the root-mean-square maximum excursion of the PNIPAAm
formed in case of PEGysqp and PEGggg, and these network  chains in the different hydrogels, <x?>!/2, on basis of Weitz’
defects do not contribute to the elastic energy storage.’*! By  and Mason's microrheology concept in the long-term limit of
contrast, when PEG, o is used for the crosslinking, which  a rubbery-elastic medium: <x*> = kT/(7G’dpnipaam), With T the
exhibits a hydrodynamic diameter of 12.7 nm, interchain temperature, k the Boltzmann constant, G’ the plateau value of
crosslinking occurs with high efficiency that even exceeds 100%  the elastic modulus, and dpyipaam the hydrodynamic diameter
(Table 1A). This finding can be attributed to trapped chain  of the respective PNIPAAm chains.?®3”] In the case of the sys-
entanglements inside the resulting polymer networks that add  tems that are efficiently covalently crosslinked but show little
further elastically effective network-crosslinking nodes to the  thermo-responsiveness, this maximum excursion is in the
junctions formed by the covalent chain crosslinking.[3+3] range of just 19 to 52 nm, which does not allow these chains to
The thermo-responsive reversible switchibility of the elastic ~ reach one another to form hydrophobic clusters upon collapse
moduli of the different hydrogels is more distinct for sam-  above their LCST. By contrast, the systems that are weakly cova-
ples with small low-temperature moduli and small covalent lently crosslinked but exhibit a pronounced thermo-responsive-
crosslinking efficiencies than for samples with large low- ness have PNIPAAm-chain maximum excursions in the range
temperature moduli and large covalent crosslinking efficien-  of 75 to 1334 nm, which enables the PNIPAAm chains to reach
cies, as represented by the differences between the respective  each other and form hydrophobic clusters above the LCST.
moduli at 28 °C and 32 °C in Table 1A and 1B. We relate this The formation of the covalent crosslinking contribution of
finding to the content and chain length of pendant PNIPAAm  the present set of gels occurs in a controlled polymer-analo-
within the different gels. The average distance between the  gous reaction; this can be expected to yield more homogenous
pendant PNIPAAm chains in the hydrogels, Spnppaam, can  polymer networks than those usually formed by uncontrolled
be calculated from their molar concentrations in the gel by  free-radical polymerization.?®3] To check whether such

4 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Healthcare Mater. 2015,
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favorable homogeneity is found in the present class of gels,
we probe a hydrogel composed of PHPMA crosslinked with
1 mol% of PEGgny crosslinker without any additional pen-
dant PNIPAAm at a concentration of 67 g L™! by static light
scattering followed by data evaluation according to the Debye—
Bueche method.**#1 In this approach, it is assumed that the
scattering intensity of a gel sums up of thermal concentration
fluctuations (ergodic contribution) and static spatial inhomoge-
neities resulting from the crosslinking (nonergodic contribu-
tion). To quantify the latter, it is presumed that the thermal fluc-
tuations are identical to those in an uncrosslinked semidilute
solution of the same polymer. Hence, the excess light scattering
intensity of a polymer gel can be determined from the differ-
ence of the angle-resolved scattering between a crosslinked and
an uncrosslinked sample.*Zl We estimate this for the 67 g L™
crosslinked sample and an uncrosslinked sample that con-
tains unfunctionalized non-crosslinking PEGgqg,. Subsequent
data evaluation by the Debye-Bueche method yields the root-
mean-square spatial refractive index fluctuation, which can
be converted into the spatial concentration fluctuation in the
polymer network if the refractive index increment of the con-
stituent polymer is known.[***3] For the investigated hydrogel,
we determine a percentage concentration fluctuation of only
(3 x 107)%. This estimate supports the hypothesis that our
PHPMA-based hydrogels are very homogeneous.

To prepare monodisperse microscopic gel particles from the
present class of polymers, we apply the technique of droplet-
based microfluidics.?>*4 This technique uses emulsion droplets
as templates for particle fabrication, with exquisite control on
the droplet size, dispersity, and shape. Subsequent droplet gela-
tion yields a set of microgels that retain the pre-microgel droplet
monodispersity, shape, and size. We use poly(dimethylsiloxane)
(PDMS) microchannels with two sequential cross-junctions
and three separate inlets for the inner fluid phases, fabricated
by soft lithography.*Y In the left inlet, an aqueous mixture of
cyclooctyne-functionalized PNIPAAm and PEG is injected,
whereas in the right inlet, an aqueous solution of azide-func-
tionalized PHPMA is injected. The middle inlet is used for
either water as a blocker phase or for cell-containing media to
achieve cell encapsulation, as shown in Figure 2A. After their
injection, these three fluids meet at the first cross-junction and
form a laminar coflowing stream in the microchannel. In the

water/cel
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second junction, periodic break-up of the stream is induced
by flow-focusing with a fourth fluid, which is immiscible par-
affin oil. By this mechanism, uniform pre-microgel droplets
with a size of 140 pm and an overall polymer concentration of
100 g L™! are formed, as depicted in Figure 2B. Gelation occurs
by mixing of the three liquids inside the droplets, leading to
formation of microgel particles, as shown in Figure 2C. We pre-
pare microgels with two different compositions: PHPMA with
1 mol% of PNIPAAm,;5 490 and PHPMA with 2.5 mol% of PNI-
PAAM,s5 o0, both crosslinked by 1 mol% PEGqo-

A check for comparability of the mechanical properties of
the macro- and microscopic gels prepared by the different pre-
ceding approaches can be performed by determining their equi-
librium degrees of swelling. This is done using either model
microgels without any cell load or a macroscopic gel specimen
with the same composition as the microgels. After producing
and washing these micro- and macrogels, we store them in an
aqueous phase for a period of several hours to achieve equilib-
rium swelling, respectively. The swollen microgel particles are
subsequently densified by centrifugation at 600 RCF for 10 min.
Upon removal of the supernatant swelling agent, the remaining
particle suspension is a random close packing of spheres with
a space filling of 64%. The degree of microgel swelling, O, can
then be determined by comparing the wet and dry weight of the
concentrated particle suspension, Wy and wyy; we calculate it
as Q = (0.64wye; — Wary) /[Wary- The estimated degree of microgel
swelling is identical to that of a corresponding macrogel
sample, which indicates that the elastic moduli of these differ-
ently sized materials are comparable.

To demonstrate the cytocompatibility of our hydrogel mate-
rials, we encapsulate living cells into microgel particles formed
from them, again shaped through droplet-based microfluidic
templating as detailed above and as illustrated in Figure 2A. As
a model cell line, we chose NIH 3T3 mouse embryonic fibro-
Dblasts. After preparation and work-up of the cell-laden micro-
gels, one fraction of them is incubated over night at 28 °C; these
microgels are crosslinked only by the covalent PEG linkers
within them, but not by additional reversible crosslinking due
to PNIPAAm clustering. By contrast, another microgel frac-
tion is stored at 37 °C; these microgels exhibit both permanent
crosslinking by pEG and additional reversible supramolecular
crosslinking by PNIPAAm clustering. To ensure absence of

Figure 2. Fabrication of hybrid microgel particles by droplet-based microfluidics. A) Two sequential cross-junction channels serve to form monodis-
perse precursor droplets that consist of aqueous solutions of cyclooctyne-functionalized PEG and PNIPAAm as well as azide-functionalize PHPMA,
optionally along with cells. B) Pre-microgel droplets formed from the experiment in panel (A) in a basin channel patterned downstream of the two
sequential cross-junctions. C) Micrograph of swollen hybrid microgel particles formed by gelation of the pre-microgel droplets shown in panels (A,B).
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Figure 3. Optical micrographs (bright field and confocal fluorescence,
overlaid) of cell-laden thermo-responsive hybrid microgels after incuba-
tion over night. Green staining denotes living cells, whereas dead cells
are stained red. A,B) Microgels composed of PHPMA with T mol% of
graft PNIPAAmM,s oo incubated at A) 28 °C and B) 37 °C. C,D) Microgels
composed of PHPMA with 2.5 mol% of graft PNIPAAm s o incubated
at C) 28 °C and D) 37 °C.

inefficient cell encapsulation during the microfluidic steps, the
supernatant solution that is left over after the microgel work-up
is investigated to check for presence of free cells; however, none
of the batches used for further investigations has shown any.

The viability of the encapsulated cells is determined by fluo-
rescence-based live-dead assays, staining living cells green
and dead cells red, as shown in Figure 3. In this assessment,
all microgel fractions exhibit cell viabilities greater than 90%
independent of the incubation temperature after one day. To
further challenge the utility of the present class of microgels
for cell encapsulation, we load them with bone marrow-derived
stem cells, performed in similar experimental fashion. In this
set of experiments, the stem cells exhibit viabilities of around
80% after 1 day of incubation at 37 °C, again determined by
fluorescence-based live-dead assays. These results are a prom-
ising basis for future work on studying stem-cell differentiation
and mechanotransduction that takes advantage of the ability for
controlled switching of the elasticity of the extracellular envi-
ronment provided by the present class of microgels.

3. Conclusion

Thermo-responsive hybrid microgels based on water-swollen
networks of PHPMA-PNIPAAm comb polymers display
favorable tunable mechanical properties similar to those of
natural soft tissue. They can be prepared by bioorthogonal
crosslinking of precursor polymers by SPAAC, allowing for
the encapsulation of living cells with excellent viability retain.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The elasticity of the microgels is adjustable by incubating them
below and above the LCST of PNIPAAm in water: when heating
the microgels to above 32 °C, the PNIPAAm side chains within
them collapse and clusterize, causing contraction of the micro-
gels and increase of their elastic moduli. In addition to this
in situ effect, the modular principle of polymer gel formation
allows the fundamental low-temperature elasticity of the micro-
gels, which is caused by their permanent covalent crosslinking
component, to be varied over a broad range. Together, this
custom design principle and reversible switchability renders
these microgels promising to serve as scaffold materials for
inducing and studying stem-cell differentiation at an individual
cell level. In a further perspective, additional microgel function-
alization such as addition of peptide sequences as anchorage
points for cells can easily be implanted by suitable further
functionalization of the PHPMA backbone, again realizable by
SPAAC. Moreover, a shift of the microgel LCST closer to the
human body temperature can be achieved by copolymerization
of the microgel-internal pendant PNIPAAm with acrylic acid.['"]
These modifications further enrich the versatility and promise
of the present system.

4. Experimental Section

All reagents, if not addressed differently, were purchased from Sigma-
Aldrich and used without further purification. Deuterated solvents were
purchased from Deutero. Dry dimethylformamide (DMF) and dry pyridine
were purchased from Acros Organics. 2,2-azobis(2-methylpropionitril)
(AIBN) was recrystallized from methanol. N-isopropylacrylamide
(NIPAAmM) was recrystallized from hexane. bicyclo[6.1.0]non-4-yn-9-
ylmethyl (4-nitrophenyl) carbonate (BCN) was prepared according
to literature procedures.?8l PEG-bis(cyclooctyne) and PNIPAAm-
cyclooctyne were also prepared according to literature procedures, but
with the difference of using DMF instead of chloroform.[?8l Hydroxyethyl
methacrylate (HEMA) and triethylamine were dried over calcium hydride
and distilled prior to use. "H-NMR spectra were recorded on a Bruker
AC 400 spectrometer. Infrared spectra were measured on a JASCO
FT-IR spectrophotometer. Size exclusion chromatography (SEC) of
PNIPAAmM was carried out with a Thermo Separation Products pump
P-100 equipped with a refractive index detector Shodex RI-71 and a
UV-1000 UV detector. Columns of type PSS GRAM-1000/100-7p were
used, and polystyrene standards served to evaluate the molecular weight
and size distribution of the polymer samples. The eluent was NMP
(N-methylpyrrolidone) with 0.05 mol L™ of lithium bromide and benzoic
acid methylester as the internal standard. The measurements were
performed at 70 °C. SEC of PHPMA-based copolymers was performed
with an Agilent 1100 solvent delivery system with dosing pump, manual
injector, and an Agilent 1100 differential refractometer. Three 30 cm
columns (PSS Suprema, 5 pm particle size) were used to separate
polymer samples, using water at a flow rate of 1 mL min' as the eluent
and PEG standards were used as internal calibration.

(N-2-hydroxypropyl)-methyacrylamide  (HPMA): 1-Aminopropan-2-ol
(23.4 mL; 0.30 mol; 1 eq.) and dry triethylamine (42 mL; 0.30 mol; 1 eq.)
were dissolved in dry dichloromethane (DCM) (120 mL) and cooled
to 0 °C under argon atmosphere. While stirring, methacryloyl chloride
(30 mL; 0.3 mol; 1 eq.) in dry DCM (60 mL) was added dropwise, and
the solution was stirred over night. The solvent was removed in vacuo,
and the pure product was obtained by flash column chromatography on
silica gel with ethyl acetate, yielding HPMA (19.8 g; 65.3%).

TH-NMR (400 MHz, CDCls, &): 6.57 (b, 1H, -NH), 5.76 (s, TH, CH-
acrylate), 5.37 (s, 1H, CH-acrylate), 3.96 (m, 1H, -CH,-CHOH-CH3), 3.20
(m, 2H, -NH-CH,-CHOH-), 1.98 (s, 3H, CH2 = CCH5-CO-), 1.19 (d, 3H,
-CHOH-CH;) ppm.
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Copolymerization of HPMA with HEMA: HPMA (5.0 g; 34.9 mmol;
1 eq.) and HEMA (0.4 mL; 3.49 mmol; 0.7 eq.) were dissolved in dry
DMF, and the solution was pre-heated to 60 °C under argon atmosphere.
AIBN (28.6 mg; 0.17 mmol) in DMF was added, and the solution was
stirred over night at 60 °C. The resulting copolymer was isolated by
precipitation, achieved by pouring the post-reaction mixture into a liter
of cold diethylether, yielding P(HPMAgs-co-HEMAs) (3.6 g; 66.4%). The
comonomer ratio in the product copolymers was determined from the
TH-NMR integral of the methin proton in the side group of PHPMA,
-CH,-CHOH-CH;3, and the integral of the two methylene protons of
the hydroxyl-methylene sidegroup of PHEMA, -CH,-CH,-OH. Later
on, the polymerization was repeated to produce greater amounts of
P(HPMA-co-HEMA).

TH-NMR (400 MHz, DMSO-dg, 8): 7.02 (b, -NH), 4.83 (m, -COO-
CH,), 4.69 (m, -CH,-CHOH-CHj), 3.88 (m, -CH,CH,OH), 3.66
(m, -NH-CH,-CHOH-), 2.00-0.68 (m, polymer backbone) ppm.

SEC (PEG calibration): M, = 15,700 g mol™', M,, = 43,900 g mol™,
M, /M, = 2.8.

Modification of P(HPMAgs-co-HEMAs) to Yield Azide-Functionalized
PHPMA: P(HPMAgs-co-HEMAs) (6.1 g) was dissolved in a 1:1 mixture
of dry DMF and dry pyridine, and mesyl chloride (0.5 mL; 6.5 mmol)
was added. The solution was stirred over night at room temperature.
The solvent was then removed under reduced pressure and the residue
was dissolved in DMF. Subsequently, sodium azide (2.8 g; 43.2 mmol)
was added, and the suspension was stirred for 2 days at 60 °C. The
solution was then dialyzed against water for 5 days, with water change
occurring twice a day, and the product was isolated by subsequent
freeze-drying of the aqueous solution (4.0 g; 65.2%). The degree of
intermediate functionalization was confirmed by "H-NMR spectroscopy
of the mesylated compound, whereas "H-NMR of the resulting PHPMA-
azide showed complete conversion of the mesyl groups, additionally
supported by IR-spectroscopic detection of a band of azide vibration
at =2100 cm™'. PHPMA-mesylate: 'H-NMR (400 MHz, DMSO-dg,
8): 7.20 (b, -NH), 411 (m, -COO-CHy), 3.67 (m, -CH,-CHOH-CHj),
3.62 (b, -CH,-CH,OH), 2.99 (m, -NH-CH,-CHOH-), 2.33 (s, CHj-
SO,), 2.00-0.68 (m, polymer backbone) ppm. PHPMA-azide: 'H-NMR
(400 MHz, DMSO-dg, 8): 7.18 (b, -NH), 4.84 (m, -COO-CHy), 4.70 (m
-CH,-CHOH-CHs), 3.67 (m, -NH-CH,-CHOH-), 3.54 (m, -CH,-CH,N3),
2.00-0.68 (m, polymer backbone) ppm. SEC (PEG calibration): M, =
21,500 g mol™', M,, = 55,300 g mol™', M,,/M,, = 2.6.

Preparation of PNIPAAm: NIPAAm (5.0 g 44.2 mmol) and
2-aminoethanethiol (AET) (68.2 mg; 0.6 mmol) were dissolved in
dry DMF and the solution was preheated to 80 °C. AIBN (36.3 mg;
0.2 mmol) was added, and the solution was stirred at 80 °C over night.
The product was obtained by precipitation achieved by pouring the
solution into an excess of diethylether (4.3 g; 86.0%). With this approach,
PNIPAAm could be prepared with a polystyrene-analog (apparent)
number-average molecular weight of 10 000 g mol". For a corresponding
higher molecular mass of 25 000 g mol™', the amounts of AET (18.8 mg;
0.2 mmol) and AIBN (9.0 mg; 0.1 mmol) were adjusted as denoted
in the parentheses. SEC (polystyrene calibration) (PNIPAAMgg0):

=10 300 g mol', M, = 35 600 g mol”', M,/M, = 3.5. SEC
(polystyrene calibration) (PNIPAAM;s g00): M, = 25 200 g mol™", M,, =
51 400 g mol™', M,,/M,, = 2.0.

Oscillatory Shear Rheology: Rheological studies were performed on a
stress-controlled Anton Paar Physica MCR 301 rheometer with a parallel
plate—plate geometry (gap size 1 mm, plate diameter 25 mm). For
sample preparation, a semidilute solution of cyclooctyne-functionalized
PNIPAAmM and PEG in a mixture of water and cell medium (Dulbecco’s
Modified Eagles's Medium, pH 7.4) was evenly distributed in the middle
of the lower plate at 28 °C, and the upper plate was lowered to evenly
distribute the polymer solution on the upper geometry, too. The upper
plate was then lifted again, a solution of azide-functionalized PHPMA in
cell medium was added to the polymer solution on the lower plate, and
the upper plate was lowered again. The overall polymer concentration
was 100 g L7'. For the first 90 min, each sample was monitored at a
constant shearing amplitude and frequency (y = 0.01; ® = 0.1 Hz) to
ensure sample equilibration. Then, a frequency sweep was recorded at
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constant strain amplitude (y = 0.01; @ = 0.01-16 Hz) at 28 °C. After
increasing the temperature to 32 °C and allowing for equilibration for
another 15 min, a second frequency sweep was recorded.

Microfluidic ~ Emulsification and Microgel ~Fabrication: Microfluidic
channels with four different inlets and a double cross-junction
(Figure 3A) geometry were molded in poly(dimethylsiloxane) (PDMS)
based soft lithography.*l The microchannels had a rectangular cross-
section with a uniform height of 180 pm. The channel width was 100 pm
at the first cross-junction and 150 pm at the second crossjunction. A
wide basin channel was patterned downstream of the second cross-
junction to allow for observation of the resultant droplets, as illustrated
in Figure 3B. All fluids were supplied to the microfluidic device using
analytical plastic syringes and polyethylene tubing (Intramedic Clay
Adams, Becton Dickinson, Sparks, MD 21152-0370, U.S.A.). The flow
rates were adjusted by syringe pumps (Harvard Apparatus PhD Ultra).
To monitor the droplet formation, the microfluidic device was operated
on an inverted optical microscope (Zeiss Primo Vert) equipped with a
digital camera (ABS UK1155). The different precursor polymer solutions
were injected separately into two inlets (left and right on the microfluidic
device), whereas the cells were injected into a third inlet (center), as
illustrated in Figure 2A. At the first cross-junction, these three fluids
formed a laminar coflowing stream in the microchannel, wherein which
the cell suspension flowing in the middle served as a blocker for the
reactive polymer precursors to meet and react. This stream was broken
to form monodisperse pre-microgel droplets with diameters of 140 ym
in the second cross-junction by flow focusing with immiscible low-
viscous paraffin oil (94 wt%) containing a polyglycerol—polyricinoleate
surfactant (PGPR 90, Danisco, Denmark, 6 wt%). Upon drop formation,
mixing of the three aqueous liquids inside the droplets entailed rapid
crosslinking of the precursor polymers by SPAAC in the presence of NIH
3T3 cells, thereby encapsulating them. The following volume flow rates
were used for the PHPMA (51 g L") and the mixture of functionalized
PNIPAAm (167 g L") and PEG (22 g L") phases, the cell phase, and
the continuous oil phase, respectively: 75:75:40:500 pL h™', resulting in
microgels with a 100 g L™! overall concentration. The resultant cell-laden
microgel particles were transferred into cell medium by the following
procedure: First, the supernatant organic phase was removed with a
pipette. Then, the remaining sediment-microgels were suspended in cell
medium, densified by centrifugation at 900 RCF, and then resuspended
in fresh cell medium (pH 7.4); this procedure was repeated five times.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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