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Superresolution  microscopy  applied
to study  the  structure  of microgel  col-
loids.
Microgel  radial  density  profiles
revealed  in real  space.
Work  set’s  the stage  for  the use  of
superresolution  microscopy  in  mate-
rials  research.
dSTORM  may  allow  for  nanoscale
characterization  of distinct  poly-
meric subunits  in  3D.
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a  b  s  t  r  a  c  t

Hierarchical  polymer  structures  such  as pNIPAM  microgels  have  been  extensively  studied  for  their  ability
to undergo  structural  and  physical  transformations  that  can be controlled  by  external  stimuli  such  as
temperature,  pH  or solvent  composition.  However,  a direct  three-dimensional  visualization  of individual
particles  in-situ  has  so  far been  hindered  by insufficient  resolution,  with  optical  microscopy,  or  contrast,
eywords:
uper resolution microscopy
STORM
icrogels

NIPAM

with  electron  microscopy.  In recent  years  superresolution  microscopy  techniques  have  emerged  that  can
provide nanoscopic  optical  resolution.  Here  we report  on the  in-situ  superresolution  microscopy  of  dye-
labelled submicron  sized  pNIPAM  microgels  revealing  the  internal  density  profile  during  swelling  and
collapse  of  individual  particles.  Using  direct  STochastic  Optical  Reconstruction  Microscopy  (dSTORM)  we
demonstrate  a lateral  optical  resolution  of  30  nm  and  an  axial  resolution  of 60  nm.

© 2016  The  Authors.  Published  by  Elsevier  B.V. This  is  an  open  access  article  under  the  CC  BY-NC-ND
. Introduction
Polymer microgels are a hybrid between a colloid and a poly-
er  and the combination of these two classes of materials offers
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a number of advantages [1]. The well-defined shape and size of a
colloid provides control over the microstructural length scales and
response times while the polymeric nature offers physico-chemical
control parameters that can be sensitive to external stimuli. The

most widely studied material of this kind is based on the polymer
poly(N-isopropylacrylamide) (pNIPAM) [1]. It can be cross-linked
during synthesis to obtain microgel particles with a size that can be
controlled in the range 100–1000 nm.  The vast interest stems from
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he fact that the polymer is thermosensitive with a lower-critical
olution temperature of approximately 32 ◦C in water [2], which
s close to physiological conditions. The volume phase transition
f the microgels can also be induced by addition of alcohols [3,4]
nd by changes in pH which offers a plethora of possibilities for
he design of stimuli responsive materials and for sensing and sub-
tance release applications [5–12]. It has also been argued that the
olymer collapse is reminiscent of the protein folding mechanism
13–15]. Despite the overwhelming interest a direct visualization
f the volume phase transition of individual particles in-situ has so
ar been lacking.

The size of microgel particles is typically a micrometre or less
nd therefore conventional light microscopy cannot resolve its
nternal structure. Transmission electron microscopy (TEM) is nor-

ally only applied to dried and collapsed microgels [16]. In one
tudy cryo-TEM has been applied to swollen polystyrene-pNIPAM
ore–shell particles at a single temperature [17]. This method,
lthough cumbersome and suffering from low contrast, might have
otential for the characterization of the internal density profile of
NIPAM microgels. Equally modern synchroton based X-ray nan-
tomography, with a resolution in the 50 nm range, could in princi-
le be used [18]. Scattering methods using X-ray, neutrons and light
o have the required resolving power and have thus been employed
requently [7,19,20]. However they only provide information about
adially averaged properties of an ensemble of particles and thus
nformation on a single part level is not accessible.

In recent years superresolution microscopy techniques have
merged that in principle can provide nanoscopic optical resolu-
ion [21–28]. Despite their overwhelming popularity in the field of
ioimaging relatively few successful examples for their application

n materials sciences are known [29–31]. Here we report on the in-
itu superresolution microscopy of pNIPAM microgels revealing the
nternal density profile during swelling and collapse of individual
articles induced by addition of controlled amounts of methanol to
he solvent [19].

. Experimental

.1. Microgel synthesis and labelling

The microgels are synthesized by free radical precipitation
olymerization in a batch reactor using N-isopropylacrylamide
Acros Organics, 99%), NIPAM, as the monomeric unit and N-
3-aminopropyl)methacrylamide hydrochloride (Polysciences),
PMA, as a co-monomer. The co-monomer is used in order to

ncorporate free amine groups into the microgels that are further
sed as conjugation points for the fluorescent biomarker Alexa
luor 647. N,N′-Methylenebis(acrylamide) (Sigma–Aldrich, 99%),
IS, is used as a cross-linker. NIPAM is re-crystalized in hexane and
ll other chemicals are used as received. NIPAM (1.460 g) and BIS
0.103 g) are dissolved in 85 g of H2O. APMA (0.0066 g) is dissolved
n 10 g of H2O. 5 g of the APMA solution is added to the reactor
nd the reaction mixture is left to de-gas under an argon atmo-
phere for 40 min  before the temperature is raised to 70 ◦C. The
nitiator, 2,2′-Azobis(2-methylpropionamidine) dihydrochloride
Sigma–Aldrich, 97%, 0.0365 g) is dissolved in 5 g of H2O prior to
ddition to the reaction mixture. In order to obtain a constant ratio
etween NIPAM monomers and the co-monomer we  continuously
dd APMA at a constant rate throughout the synthesis following

 similar procedure suggested recently by Still and coworkers
32]. Three minutes after the initiator is added the injection pump
s started, injecting the remaining 5 g of APMA solution at an

ddition rate of 0.5 ml/min. The reaction mixture is kept at 70 ◦C
or 4 h before it is left to cool down over night under constant
tirring. The suspension is then cleaned by four centrifugation and
e-dispersion cycles in order to remove unreacted species. The
icochem. Eng. Aspects 499 (2016) 18–23 19

resulting microgels have a degree of cross-linking of 4.9 mol% and
a co-monomer concentration of 0.27 mol% assuming complete
consumption of all components. It is known however that the
crosslinker BIS is consumed faster than NIPAM which leads to a
heterogeneous crosslinking-density in PNIPAM microgels [20]. The
continuous addition of the APAM during the synthesis assures that
the conjugation points for the fluorophores are distributed homo-
geneously. To label the microgels we mix  them with an excess
amount of fluorescent dye Alexa Fluor 647 in water inside a clean
Eppendorf vial. We  then place it on a slowly oscillating platform
at room temperature for 2 h. At least three cycles of centrifugation
and resuspension are then performed to remove unreacted dye.

2.2. Sample preparation for dSTORM

Typical experiments last several minutes thus requiring immo-
bilization of the sample. To achieve this we irreversibly adsorb the
particles by placing a drop of microgel suspension between two
glass coverslips, spreading it into a thin layer, then placing it in
the oven at 55 ◦C until they are dry. The coverslips are previously
treated with piranha solution (a mixture of sulfuric acid (H2SO4)
and hydrogen peroxide (H2O2)) to clean them thoroughly. The par-
ticles are then resuspended in the appropriate water–methanol
solution and found to be immobile for the duration of the exper-
iments. The solution also contains Cysteamine (Sigma–Aldrich) at
50 mM concentration and the pH is adjusted to 8 using HCl. These
steps are essential to achieve blinking of fluorophores [28]. In prin-
ciple, to achieve optimal blinking and therefore the highest possible
resolution one should also add oxygen scavengers such as GLOX
[28,33] to the imaging solution. We  decided to only include cys-
teamine in order to keep the systems as pure as possible, preserving
the microgel deswelling behaviour at the expense of fluorophore
brightness and photostability.

2.3. Static and dynamic light scattering

We use a commercial light scattering goniometer (ALV,
Germany) for the characterization of the size of the microgel
particles in suspension. A green laser wavelength (� = 532 nm)  is
selected because it is only very weakly absorbed by fluorophores
present in the microgel structure. We  extract the dynamic light
scattering hydrodynamic radius Rh from a standard first cumulant
fit of the intensity correlation function at three different scattering
angles 40◦, 50◦ and 60◦. The viscosity of the mixture has been
taken from published values [34]. The radius and polydispersity
measured by means of static light scattering are obtained by fitting
the scattered intensity as a function of the scattering vector q to
the fuzzy sphere model [20]. The contribution of back-reflected
light at high scattering angles is taken into account with an
additional adjustable parameter as described in Ref. [35]. To avoid
aggregation of the microgels at higher temperatures we lower
the Cysteamine content to 20 mM until the suspension is found
stable. To verify that Cysteamine has no influence on particle size
we also perform measurements at different concentrations, before
the onset of aggregation. We find that size does not depend on the
Cysteamine concentration.

2.4. dSTORM superresolution microscopy

We apply direct STochastic Optical Reconstruction Microscopy
(dSTORM) for super resolution imaging as described in [28]. To this
end we use a 897Nikon TiEclipse inverted microscope, equipped

with an EMCCD camera (Andor iXon Ultra) and a total internal
reflection fluorescence (TIRF) arm to achieve a highly inclined
illumination situation with limited fluorescence background noise.
The illumination is provided by a powerful red laser (Coherent
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Fig. 1. Static and dynamic light scattering characterization of dilute pNIPAM micro-
gel  suspensions. (a) Symbols: Static light scattering curves for different methanol
0 G.M. Conley et al. / Colloids and Surfaces A

enesis 1 W at 639 nm)  and a weaker violet one (Toptica 120 mW
t 405 nm), both coupled into a single mode fibre into the TIRF arm.
he light is focused on the back aperture of a high numerical aper-
ure and magnification objective (NA 1.49 and 100× magnification),
ollimating the beam. Illumination with the red laser is used to
chieve sparse fluorophore blinking while the violet laser is used
n order to tune the density of blinking molecules. An extra zoom
ens is placed before the camera to achieve a final pixel size corre-
ponding to an edge length of 104 nm at the given magnification. A
ichroic filter with a central wavelength of 700 nm and bandwidth
f 75 nm is placed in the detection pathway (ET700/75, Chroma).

For every image we reconstruct we acquire 60,000 frames
ith 8–10 ms  exposure time and EM gain set to 300. We obtain

000–5000 fluorophore localizations per particle with typically one
o two thousand photons detected per localization. The thousands
f images are then analyzed using the open source software
hunderSTORM which determines, for every fluorescent spot, the
osition, brightness and localization precision [36]. We  keep only
oints that are localized with a precision below 15 nm.  To cor-
ect for residual small drifts the image stack is subdivided into
0 subsets, each is used to reconstruct an image, then those

mages are cross correlated to determine drift information. The
ame software is also used to reconstruct superresolution images
36]. Three-dimensional imaging is performed using the method
f astigmatism [21] which we implement using the adaptive optics
icroscope add-on MicAO (Imagine Optic, France). With the MicAO

n place the point spread function changes shape depending on
he axial position of the fluorescent emitter. We  calibrate for this
y imaging fluorescent beads (100 nm diameter, Tetraspeck, Ter-
ofisher) scanned through the focal plane. Due to the refractive

ndex mismatch between the sample and the glass a focal shift
s present and must be corrected for. As shown in [37], since the
ample is within 1.5 �m of the coverslip surface, it is sufficient to
escale allaxial positions by a factor of 0.57 when using the same
ptics. We determine the nanoscopic resolution from the distribu-
ion of measured localizations obtained by the same fluorophore.
lthough the fluorophore position is immobile it still gives stochas-

ically spread localizations which can be modelled by a Gaussian
21,27]. The full width half maximum (FWHM) then gives us the
ateral resolution which we determine to be 30 nm on average.

e note that fitting �2D for the collapsed microgels with a box
rofile of constant density equally yields a resolution of �30 nm.
he axial resolution is estimated to about 60 nm but this value
oes not enter our quantitative analysis and thus has not been
etermined with the same accuracy. For comparison the FWHM of
he diffraction limited fluorescent spots is approximately 350 nm
hich means that in our configuration the resolution of the cor-

esponding widefield microscopy is about an order of magnitude
ower than dSTORM.

. Results and discussion

.1. Light scattering characterization of microgel particles

We  prepare dilute pNIPAM microgel particle suspensions at
oom temperature (T = 22 ◦C) in a mixture of water and methanol.
ure water is a good solvent for poly(N-isopropylacrylamide) at
he selected temperature and the microgels are highly swollen.

ethanol is chosen as a deswelling agent because it offers a con-
enient handle to induce the volume phase transition by changing
he solvent composition. Moreover, deswelling with methanol

oes not require setting accurately different temperatures in the
icroscope sample chamber. Adding some percentile of methanol

nduces deswelling until the particles are maximally collapsed
or a methanol content of 30% [3,4,38]. We  first apply static (SLS)
contents. Curves are shifted for clarity. Dashed lines: Fit with the fuzzy sphere model
for a size polydispersity of 7%. (b) Table of results obtained for the hydrodynamic
radius Rh from DLS and R, �surf extracted from the fit of the SLS data shown in
panel (a).

and dynamic light scattering (DLS) to characterize the microgel
particles in-situ for different solvent compositions. As we  add
methanol we observe a shift of the minimum of the scattering
curve I(q) towards larger values of q and an increase of the scattered
intensity, Fig. 1. These observations show that the microgel par-
ticles deswell. We  can model the scattering curves quantitatively
in the weak scattering or Rayleigh-Gans-Debye approximation
considering an isotropic density distribution. To this end we fit the
experimental data with the ‘fuzzy sphere’ model of Stieger et al.
[20] taking into account polydispersity and internal reflections in
the light scattering cuvette. The model is derived by convoluting
the box profile of a homogeneous sphere, radius R, with a Gaus-
sian, standard deviation �surf. In Fourier space the convolution is
represented by a product and the intensity distribution takes the

simple form I(q) ∝
[
3[sin(qR)  − qR cos(qR)]/ exp(−(�surf q)2/2)

]2
.

The simplicity of this expression is to a large extent responsible
for the success of this model although it has been recognized
early-on that the model is not entirely satisfactory as it does not
predict a decay to zero density at a finite distance [1]. Alternative
models for the density distribution have been suggested such as
an antisymmetric parabolic shell [39], a linear shell profile [40] or
a dense core covered by a brush [41,42]. The latter describes well
the onset of particle-particle interactions but until now has only
been discussed for a brush with constant density [41,43].

In practice we find the fit of the fuzzy sphere model to the light
scattering data excellent as shown in Fig. 1. We  observe that the
particle core radius R shrinks from 215 nm to 171 nm. At the same
time the shell of about 2�surf ∼ 50 nm thickness collapses to nearly
zero. From dynamic light scattering (DLS) on the same samples we
obtain the hydrodynamic radius of the particles Rh. As suggested in
previous studies we  find that R + 2�surf ≈ Rh [20].
3.2. dSTORM imaging of microgel particles

We  perform dSTORM [28] measurements by homogeneously
illuminating the sample at 639 nm under nearly total internal
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Fig. 2. dSTORM superresolution microscopy of pNIPAM microgels at T = 22 ◦C. (a)
Standard widefield fluorescence microscopy image of the swollen microgel particles.
(b)  dSTORM image of the same sample. (c) dSTORM of the deswelling of the microgel
particles upon addition of methanol. (d) 3D image of the swollen microgel particles
without the addition of methanol. Grid size is 300 nm, scale bar 600 nm.  The inset
s
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3.3. Microgel density profiles

In Fig. 3 we show the measured ensemble averaged 2D den-
sity profiles �2D(r) for three different solvent compositions. Note

Fig. 3. dSTORM analysis of the microgel radial density profile. (a) Symbols: Mea-
sured 2D density profiles (average over about one hundred particles). Dashed lines:
Fit  with the fuzzy sphere model with a core radius R, a shell parameter �surf and a
fixed dSTORM resolution of 30 nm (FWHM). Inset: Measured 2D density profile from
widefield fluorescence microscopy images of swollen pNIPAM microgels as shown
in  Fig. 2(a). The dashed line is calculated using R = 231 nm, �surf = 30 nm taken from
Table 1(b) and a resolution of 350 nm (FWHM). (b) 3D radial density profiles cor-
hows an enlarged view of the density distribution inside an individual particle.
STORM lateral resolution is ∼30 nm and axial resolution is ∼60 nm.

eflection conditions. Additional illumination at 405 nm is added
hen necessary to maintain a sufficient density of blinking fluo-

ophores. In Fig. 2(b) and (c), we show a typical dSTORM images. For
omparison we also show an image taken with conventional wide-
eld microscopy under the same conditions in Fig. 2(a). For each
STORM image we acquire 60,000 frames with an 8–10 ms  expo-
ure, resulting in measurement times of 8–10 min. For each frame,
mages of single fluorophores are fit to 2D Gaussians, determining
he x–y position, intensity and localization precision. From this we
etermine a lateral resolution of 30 nm (FWHM). Several methods

re available to obtain three-dimensional superresolution images
21,44–47], out of those we chose that of astigmatism, due to its
elative simplicity and availability of software for analysis. With
icochem. Eng. Aspects 499 (2016) 18–23 21

this method the point spread function is distorted in a controlled
way, encoding axial position information into its shape. Previous
calibration of the distortion allows for the reconstruction of three-
dimensional images, as shown in Fig. 2. With this method the axial
resolution is lower than in the plane and is estimated to be 60 nm,
still an order of magnitude better than confocal microscopy. Such
3D imaging on the nanoscale might not be crucial for more or less
isotropic microgels but will become of key importance whenever
the particle architecture is more complex such as for ellipsoidal
particles or heterogeneous structures [48–50]. In our experiments
we do not observe an anisotropy of the particles and we therefore
decided to take advantage of the higher lateral resolution for the
quantitative analysis of the radial density distribution inside the
microgel particle. All density profiles are thus modelled based on
the 2D projection of detected sites on the plane of observation.
responding to the fits shown in (a). (c) Distribution of size R + 2�surf obtained from
fitting the density profile of individual particles. Average size � = 291 nm,  standard
deviation � = 9 nm (MeOH = 0%). (d) Table of results for the mean particle core radius
and shell determined by dSTORM.



2 : Phy

t
a
t
i
t
m
p
w
3
F
r
w
a
s
a
d
a
w
(
l
i
p
t
p
p
t
s
b
D
i
l
m
i
i

4

o
P
i
i
f
g
w
c
t
g
b
l
p

A

d
C
a
d
T
f
(
2

[

[

[

[
[

[

[

[

[
[

[

[

[

[
[

[

[

[

[

2 G.M. Conley et al. / Colloids and Surfaces A

hat due to the projection a homogeneous sphere with radius R
ppears as �2D(r) ∝

√
(R2 − r2); r ≤ R. Moreover we have to include

he finite resolution � � 30 nm (FWHM) in our analysis. Next we  fit
mages of the swollen microgels while keeping � constant. We  apply
he fuzzy sphere model by Stieger et al. [20] that we had used to

odel the static light scattering curves, Fig. 1. The adjustable fit
arameters are the core radius R and the smearing parameter �surf
hich corresponds to about half the thickness of the fuzzy shell. In

D the model predicts a density distribution �(r) ∝ erfc(r − R, �surf).
or the fit we convolute this function to take account for the finite
esolution � = 30 nm,  project it to the plane and adjust R, �surf until
e obtain a best fit (see also supporting information). The results

re shown in Fig. 3(a) as dashed lines. The core radius and the
mearing parameter �surf extracted from the fit are in quantitative
greement with the scattering results. The corresponding radial
ensity profiles in 3D are shown in Fig. 3(b). For a comparison we
lso show a measured 2D density profiles obtained from standard
idefield microscopy, Fig. 2(a). With a resolution of � � 350 nm

FWHM) we find this data in agreement with the predictions calcu-
ated based on the light scattering results (dashed line). The largely
nferior resolution however does not permit a meaningful inde-
endent analysis of the radial density profile. In Fig. 3(c), we show
he results for the particle size obtained by analysing the density
rofiles of individual microgels. From this data we can extract the
olydispersity (standard deviation divided by the mean) of the par-
icle size ∼R + 2�surf and find a value of 3.1%. This value is somewhat
maller than the one obtained from static light scattering, Fig. 1. We
elieve this discrepancy is due to the failure of the Rayleigh Gans
ebye approximation in light scattering due to the finite refractive

ndex contrast even for the low density swollen microgels [19]. The
atter result is a hint for the power of a visualization of the individual

icrogels: it allows a direct real-space interpretation of the exper-
mental results and thus in many cases can provide more accurate
nformation.

. Summary and conclusions

In summary we could demonstrate the successful application
f dSTORM superresolution microscopy to stimuli-responsive pNI-
AM microgels. For the microgels studied the dSTORM results are
n quantitative agreement with static and dynamic light scatter-
ng. Our results can serve as a benchmark and open the pathway
or future applications towards more complex polymer and micro-
el architectures. Anisotropic, deformed or core–shell microgels as
ell as microgels that are doped or decorated with metal nanoparti-

les can be studied [49,50]. Such systems are difficult or impossible
o characterize in-situ with conventional techniques. Moreover a
eneralization of our approach using multicolor dSTORM [51] can
e applied in a next step for the nanoscale characterization and co-

ocalization of functional, chemically distinct subunits of colloidal
articles.
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Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
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