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Moisture changes inside hydrogel particles during
their drying process investigated with
fluorescence lifetime imagingf
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The properties of hydrogels and microgels, i.e. hydrogel particles, depend strongly on their water content.
Based on our previously developed method to access the local water content in microgels, we performed
fluorescence lifetime microscopy measurements at different stages of drying poly(N-isopropylacrylamide)
(PNIPAM) microgels under ambient conditions. For this purpose, the red-emitting dye ATTO 655 was
covalently attached to the microgels. Its emission is quenched by water molecules due to an energy transfer
from the first excited state of the dye to a vibrational level of the water molecules. The quenching constant or,
equivalently, the fluorescence lifetime, gives direct access to the local water concentration. We measured the
fluorescence lifetime after spin-coating, reswelling and at different times of subsequent drying to follow the
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changes of water content during this process. We found that the microgels are not totally dry after spin
coating, but drying them to their equilibrium moisture under ambient temperature and humidity conditions
requires several hours. Additionally, we determined the moisture inside microgels in equilibrium at different air
humidities. In summary, the method allows for a detailed investigation of the moisture inside hydrogels and
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1 Introduction

Hydrogels represent a fascinating class of materials with a
plethora of applications, including in the fields of medicine,
agriculture,” and sensing.® A significant number of these
applications necessitate the precise regulation of the swelling
abilities and moisture conditions, ie. the quantity of water,
within the gels. When exposed to air, hydrogels inherently start
to dry and the kinetics of this drying process depends on many
external (e.g. air humidity, and temperature) and internal (e.g
hydrogel material and cross-linking density) parameters. Parti-
cularly, drying processes play a crucial role for small hydrogels
and hydrogel particles, due to their high surface-volume ratio
and the corresponding fast drying kinetics. Apart from drying
the particles themselves, drying processes of small droplets
containing particles” are essential, e.g., for spray coating, spray
drying ink jet printing, and nutrient and pesticide delivery.
Hydrogel particles, typically called microgels, are three-
dimensional cross-linked polymer networks swollen in water.””
They exhibit high potential for drug delivery including up-
take, transport, and release of drugs,®® (bio-)Jimaging,'* tissue
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gives straight-forward access to in situ and operando measurements of hydrogel systems.

engineering,'™'? clinical applications,”® (bio-)catalysis,™* and

sensing applications,'>'® and as photonic materials.’” Depend-
ing on the polymer composition, microgels can be responsive
to external triggers'® such as temperature, pH, or light. The
commonly used poly(N-isopropylacrylamide) (PNIPAM) micro-
gels are, for example, thermoresponsive with a volume phase
transition temperature (VPTT) of 32 °C. Around this tempera-
ture, their swollen (hydrated) state changes gradually to
a collapsed (dehydrated) state. However, also the addition of
some co-solvents’ and drying results in a collapse of
microgels.”® In addition, if microgels are dried on surfaces,
they deform depending on their cross-linking density>* and
also on the way of deposition.”” Since in equilibrium, a clear
correlation exists between moisture in the microgel, i.e. the
amount of water present in the microgel with respect to its total
mass, and humidity of the air, microgels and hydrogels can be
used for humidity sensing in the common humidity
ranges,”* > whereas other materials and concepts are used
for low humidity detection.>® In general, humidity sensing
materials have been developed based on humidity-change
caused variations in electrical response,” hydrophobicity,>®
and resistance.?® Also, an approach measuring the fluorescence
lifetime of a ruthenium complex in the frequency domain has
been reported.’® Apart from sensing humidity, nevertheless, a
further understanding of the drying process and the conditions
within the microgels during this process would be facilitated by

This journal is © the Owner Societies 2024


https://orcid.org/0000-0003-2274-9082
https://orcid.org/0000-0001-5700-4182
http://crossmark.crossref.org/dialog/?doi=10.1039/d4cp02684e&domain=pdf&date_stamp=2024-08-27
https://doi.org/10.1039/d4cp02684e
https://doi.org/10.1039/d4cp02684e
https://rsc.li/pccp
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02684e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP026035

Open Access Article. Published on 13 August 2024. Downloaded on 2026-02-22 11:50:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

knowledge of how dry microgels are under different drying
conditions and drying times, and how this depends on the
humidity in the air.

In previous work, it was shown that water (H,O) molecules
act as (weak) fluorescence quenchers for red-emitting dyes.>"*>
The quenching mechanism is supposed to be an energy trans-
fer of the electronically excited state of the dye to an overtone of
the O-H-stretching vibration of water molecules. As a result, the
fluorescence lifetime of red-emitting dyes decreases with
increasing number of water molecules around them. Recently,
we applied this approach to estimate local water content within
microgels with super-resolution.®?

Here, we report on confocal fluorescence lifetime imaging
(FLIM) measurements to determine the moisture/water content
inside PNIPAM microgels during drying in air under typical lab
environment conditions (22 °C and relative humidity of 34%).
The fluorescence lifetime of ATTO 655 covalently attached to
the functional amine groups of poly N-isopropylacrylamide-co-
N-(3-aminopropyl)methacrylamide hydrochloride (P(NIPAM-co-
APMH)) microgels (for chemical structures see Fig. S5 in the
ESIt) reports on the local water concentration inside the
polymer network®® directly after spin coating, addition of a
small droplet of water (~10 pL) to reswell them, and the
subsequent drying process, respectively. The fluorescence life-
time values were also referenced to different relative humidity
(RH) and the corresponding water content of microgels in
equilibrium with the respective environment.

2 Instruments and methods
2.1 Synthesis and labeling of P(NIPAM-co-APMH) microgels

Synthesis and labeling of P(NIPAM-co-APMH) microgels can be
found in our previous publications.®® In brief, N-isopropyla-
crylamide (NIPAM, 97%, Acros Organics), N,N'-methylenedia
crylamide (BIS, 98%, AppliChem), N-(3-aminopropyl)methacryla-
mide hydrochloride (APMH, 98%, Sigma), cetyltrimethylammo-
niumbromide (CTAB, AppliChem) and the initiator 2,2'-azobis
(2-amidinopropane)dihydrochloride (V50, 97%, Sigma) and fluores-
cent dye ATTO 655 NHS-ester (ATTO-TEC GmbH) were used as
received without further purification. Free radical polymerization
was performed in a 250 mL three-necked round-bottom flask,
equipped with a reflux condenser, an overhead stirrer, a thermo-
meter, and a nitrogen inlet. The initial total monomer concentration
was kept constant at 250 mM. 4.544 g of NIPAM (40.2 mmo],
93 mol%), 122.8 of mg APMH (0.86 mmol, 2 mol%) and 332.9 mg
of BIS (2.16 mmol, 5 mol%) were dissolved in 168 mL of water. The
oil bath was then heated up to 70 °C. The sealed apparatus was
thoroughly flushed with nitrogen at least 1 h before initiation. Before
free radical polymerization was initiated, the nitrogen inlet was
drawn out of the liquid phase to avoid foaming and 2.4 mg of
cetyltrimethylammoniumbromide (CTAB) (0.05 x the critical micel-
lization concentration) dissolved in 2 mL degassed water was added.
After initiation with 46.7 mg of V50 (1 mM in the batch) dissolved in
2.7 mL of degassed water, the initially transparent solution became
progressively turbid. The mixture was allowed to react for 5 h in the
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presence of nitrogen under stirring at a speed of 500 min~". To
eliminate possible chemical residues, especially to remove the
surfactant, the microgel dispersion was purified by ultracen-
trifugation (Beckman Coulter, Optima™ XPN) three times
(30.000 min~", respective 21.000 x G for 1 h, where G is the
gravitational constant). The supernatant was removed for each
cycle, and the microgels were redispersed in double distilled
water. For the covalent fluorescence labeling of P(NIPAM-co-
APMH) microgels, 30 mg of the dried microgel powder was
redispersed in 15 mL of water. The pH of the redispersed
microgel solution was adjusted to a slightly basic value (pH 8)
using 0.1 M NaOH solution to avoid undesired hydrolysis
reactions. 10 pL of 4 mM ATTO 655-NHS ester in DMSO (in
stoichiometric excess) was added at room temperature and
allowed to react for 24 h. Unbound dye was removed again by
ultracentrifugation as described earlier.

2.2 Microgel sample preparation

The ATTO 655-labeled microgel sample was resuspended in
pure water. The dilute microgel samples were spin coated
(4000 rpm for 40 seconds followed by 2000 rpm for 1.5 seconds
at room temperature) onto a Hellmanex Ill-washed, plasma-
cleaned coverslip. After spin coating, the coverslip was placed
into the sample holder of the inverted microscope stage and
FLIM images were measured. Subsequently, a drop of water
(& 10 puL) was placed onto the coverslip to reswell the microgel,
and FLIM images were recorded at different times during the
disappearance of the water drop and during the subsequent
drying phase of the microgels at room temperature and a
relative air humidity of 34%. Finally, the measured dry microgel
sample was kept overnight at room temperature before a final
FLIM measurement was performed. Additionally, we investi-
gated the dependency of relative air humidity (RH) on the
fluorescence lifetimes. For 34%, 44%, and 55% RH, the spin-
coated microgel sample was equilibrated overnight in an atmo-
sphere of the corresponding relative humidity at 22 °C. The RH
values of 70 and 85% were achieved using a custom-made
moisture controller with an uncertainty of £2%. The 100%
RH value was recorded for the microgel covered with water.

2.3 FLIM measurements

FLIM measurements were performed using a PicoQuant Micro-
Time 200 confocal setup (PicoQuant, GmbH, Berlin, Germany)
equipped with an inverted microscope (IX83, Olympus), a time-
correlated single photon counting (TCSPC) unit (HydraHarp
400), and a single photon avalanche diode detector (SPAD,
SPCM-AQRH, Excelitas). A pulsed NKT continuum laser
(SuperK EVO, NKT Photonics) with a repetition rate of 20
MHz was used as the excitation source as outlined in our
previous work.** For all excitations of the samples, a spectral
window between 630 nm and 640 nm centered at 635 nm was
chosen using a SuperK VARIA tunable filter. The laser power
entering the microscope was 15 uW. A dichroic mirror
(zT633RDC-UF3, Chroma) with high reflectivity at 640 nm
was used to direct the excitation light into the microscope.
A 60x water immersion objective lens with NA 1.2
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(UPLSAPO60XW, Olympus, Japan) was used to focus on the
sample. The sample position was adjusted using a manual XY
stage (JPK Motor Stage, Olympus) and a z-piezo stage (Nano-
ZL100, Mad City Labs). Fluorescence from the sample was
collected with the same objective and went through the
dichroic mirror. The excitation laser light was blocked in
the emission path by a long-pass filter (ET655LP, Chroma).
The beam was then focused onto the pinhole (100 uM P100S,
Thorlabs) using an achromatic tube lens (TTL180-A, Thorlabs).
It was collimated by a 100 mM focal length lens. A bandpass
filter (685/75 BrightLine HC) was used directly in front of the
lens. Finally, the emission light was focused onto a single
photon avalanche diode (SPAD, SPCM-AQRH, Excelitas) detec-
tor. Each photon contains information regarding its arrival
time and its own detection channel. The output signal of the
detector was recorded using a TCSPC system (HydraHarp 400,
PicoQuant) synchronized with the trigger signal of the excita-
tion laser. The measurements were carried out using SymPho-
Time 64 software (PicoQuant, GmbH, Berlin, Germany) that
controlled both the TCSPC and the scanner systems. The data
were stored in a time-tagged time-resolved (TTTR) mode,
allowing every detected photon with its individual arrival tim-
ing and detection channel information to be recorded. All
samples were measured at 22 °C. To achieve the single photon
detection, we used the detection count rate at the detector of
approximately 0.01% with respect to the laser excitation rate.
Typically, a 10 x 10 um” region of the sample was scanned with
a pixel size of 100 nm, a dwell time of 2.5 us per pixel, and a
frame rate of 20 Hz. 3000 frames were acquired. The recorded
FLIM images (typically 3000) were binned together into a single
FLIM image. The overall TCSPC decay profile was extracted
from the binned FLIM image after subtracting the background
photon counts as described in our previous publication.>* It
was fitted with a biexponential tail fit using SymphoTime 64
software (PicoQuant, GmbH, Berlin, Germany). The fitted resi-
duals were calculated and plotted to check the fitting quality
(see the ESIY). The z> values did not improve significantly when
the number of decay components was increased to three.

3 Results and discussion

We investigated P(NIPAM-co-APMH) microgels covalently
labelled with the NHS ester of ATTO 655. As shown in Fig. 1,
FLIM images of these microgels deposited onto glass coverslips
were recorded at the following stages. First, the FLIM image
directly after spin coating was recorded (Fig. 1a). Afterwards, a
small water droplet of approx. 10 pL was added which resulted
in swelling of the microgels. The difference in shape between
the dry and the swollen microgels can be measured by atomic
force microscopy (AFM) as presented in Section S5 of the ESL
After readjusting the focus, a FLIM image could be recorded
2 min after this addition of water. Fig. 1b illustrates a notable
decline in fluorescence intensity, accompanied by a concurrent
reduction in the average fluorescence lifetime (here referred to
as ‘“fast lifetime” in agreement with the definition of the
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Fig.1 Confocal FLIM images of ATTO 655 labelled P(NIPAM-co-APMH)
microgels measured (a) after spin-coating, and (b)—(h) at different drying
times (indicated in the images) at open atmospheric pressure after the
addition of a small amount of H,O at time zero, respectively. FLIM images
of additional times are presented in Fig. S1 in the ESL.{ The field of view
changes between (d) and (e) since two different measurements (one
concentrating on a high sampling of the short times and the other
addressing the long time behaviour) were combined.

Picoquant system used to analyse the data). During the sub-
sequent drying process under ambient conditions (22 °C and
34% RH), the fluorescence lifetime and fluorescence intensity
gradually increase (Fig. 1c-h). FLIM images for additional time
steps can be found in Fig. S1 of the ESL¥

TCSPC decay curves were extracted from the FLIM images.
Normalized fluorescence intensity decays are presented in
Fig. 2. The dotted curve shows the situation directly after spin
coating. Addition of a drop of water and, thus, swelling of the
microgels increases the decay rate significantly (dark blue
curve). During the drying process, the fluorescence lifetimes
become gradually longer. It is obvious and interesting, that the
TCSPC curve directly after spin coating resembles a curve which
is situated between the curves of 8 and 10 min. This, however,
is not yet the end of the drying process which continued still
overnight to reach the final equilibrium (red curve). This means
that spin-coated microgels are not totally dry, but still contain
more water than at equilibrium. The TCSPC curves were fitted
with a bi-exponential decay. The resulting two fluorescence
lifetimes 7, (red triangles) and 1, (blue triangles) are plotted in
Fig. 3, where also the amplitude-weighted average fluorescence
lifetimes (r) (magenta squares) and the lifetime values 7., of
the corresponding parameters after drying overnight are pre-
sented. All fit values including their y* values are shown in
Table S1 of the ESL{ During the drying process, the long
component 7, changes from 2.89 to 4.57 ns with relative
amplitudes between 56% and 66%. The short component 1,

This journal is © the Owner Societies 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp02684e

Open Access Article. Published on 13 August 2024. Downloaded on 2026-02-22 11:50:21 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

------ spin coating
— H,0 addition
——2min
—— 3 min
8 min
10 min
16 min
18 min
—— 180 min

0.1+

0.01 4

norm. counts

0.001 5

e W
| i

t/ns

Fig. 2 Normalized TCSPC decay curves obtained from the FLIM images
measured directly after spin coating (dotted black line), after addition of
H,O (dark blue line) and after different drying times, respectively. For
bi-exponential fits and residuals see the ESI.{
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Fig. 3 Fluorescence lifetimes 7, and 7, fitted with a bi-exponential fit and
amplitude-weighted average fluorescence lifetimes (t) for different drying
times after addition of a ~10 plL drop of water to spin-coated microgels.
The dashed lines represent the fluorescence lifetime values obtained by a
fit of the TCSPC curve measured after 720 min (overnight) drying time.

increases from 1.82 to 2.83 ns (relative amplitudes between
34% and 44%). The lifetime values of the spin-coated sample
(r1 = 4.00 ns and 1, = 2.10 ns) resemble the ones of the sample
after 8 min drying time. Both lifetime values are significantly
shorter than the corresponding value of 4.57 ns and 2.83 ns in
the dry state (o0), respectively. Between 2 and 3 minutes of
drying time, a clear jump in the long component 7, can be seen,
which coincides with the time when the water drop added to
the coverslip evaporated completely. The short component 7,
remains basically unaffected by this disappearance of the
water drop.

The fluorescence lifetimes can be directly related to the local
water content around the ATTO 655 dyes.*® Surprisingly, the
TCSPC fits required a biexponential model to be suitably fitted.
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The longer and more dominant component 7; reaches at the
end of the drying process a fluorescence lifetime value of
4.57 ns which is the fluorescence lifetime of ATTO 655 when
no water or other quencher is present. The shorter lifetime
component 7,, however, points to a fraction of dyes which are
either in an environment causing clearly decreased fluores-
cence lifetime or which have a significant amount of quencher
around them. Both cases show that the surroundings in micro-
gels, at least the ones produced by precipitation polymeriza-
tion, are quite heterogeneous. A polymer density gradient from
the center to the periphery is typically observed in scattering
experiments.’® Additionally, super-resolution fluorescence
microscopy revealed gradients in polymer and cross-linking
density®®*” and clusters of high cross-linking density;*® a
possible explanation for which is the particle formation
mechanism.?® Also, this is in agreement with previous observa-
tions where we found some rather apolar regions inside micro-
gels even in their swollen state.® Together with these previous
findings, we assume that the two fluorescence lifetimes
observed here originate from ATTO 655 dyes in different
surroundings within the microgels. 7, originates from positions
of the label in rather dense polymer surrounding which after
applying the drop of water on top of the microgels (at times
shorter than 3 min) is significantly swollen with water, which
after the drop has evaporated exhibits a sudden jump and thus
a rapid initial drying process between minute 2 and 3 followed
by a slow further drying process over hours. The rapid initial
drying process necessitates the facile diffusion of water mole-
cules out of the microgels via existing percolation pathways.
The loss of water results in a collapse of the polymer chains and
a concomitant reduction in the polymer mesh size, thereby
significantly slows down the drying process. 7, does not exhibit
a sudden jump between 2 and 3 minutes of drying time. This
may indicate that the higher amount of water in these sur-
roundings cannot leave quickly enough and becomes
entrapped by the collapsing polymer chains in consistency with
the time evolution of t,.

The quick speed of the drying process and the missing
possibility to use switching buffers prevent us from applying
localization-based super-resolution methods to access local
single molecule properties. However, we are planning ways to
gain deeper insights, but these are beyond the scope of
this paper.

Finally, with the novel tool of moisture sensing at our
disposal, we conducted a series of experiments at different
relative air humidities after allowing sufficient time for equili-
bration. The corresponding TCSPC decay curves were again
fitted with a bi-exponential model (see Section S3 of the ESIT).
The resulting fluorescence lifetime values are plotted in Fig. 4
and presented in Table S2 (ESIt). All fluorescence lifetime
values can be reasonably well-fitted with linear functions.
Applying this calibration to the spin coated microgels suggests
that the moisture inside spin coated microgels is similar to the
moisture inside microgels in equilibrium with 70% relative air
humidity. In addition, we can connect for each drying time, the
fluorescence lifetime values of Fig. 3 to corresponding water

Phys. Chem. Chem. Phys., 2024, 26, 23250-23255 | 23253
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Fig. 4 Plot of relative humidity versus the fluorescence lifetime of ATTO
655 dye labelled P(NIPAM-co-APMH) microgels. 7; and 1, are the lifetimes
obtained by a bi-exponential fit of the fluorescence decay curves. The fit
values can be found in Table S2 of the ESI.T (z) is the average fluorescence
lifetime calculated from the amplitude-weighted average of 7, and 7,. The
data points for 13, 7, and (t) have been fitted using three linear equations:
71 =544 — 0.023 x RH, 7, = 3.31 — 0.014 x RH, and () = 4.72 — 0.021 x
RH, respectively.

contents as they would be found when equilibrated at specific
relative air humidities. Although RH can be determined with
greater ease and at a lower cost for macroscopic systems, our
method of measuring humidity at the local level in the very
small volume defined by the microgels offers significant advan-
tages for micro- and nanoscopic systems.

4 Conclusions

We presented a novel method for determining the moisture
inside hydrogels and here, in particular, microgels. It utilizes
the fact that the fluorescence lifetime of red-emitting fluoro-
phores is sensitive to water molecules in their vicinity, and it
allowed us to follow the drying process of ATTO 655-labelled
PNIPAM microgels from the swollen state in water to the dry
state after reaching equilibrium after several hours in a room
with well-defined air humidity. After the water outside the
microgels has evaporated, the moisture inside the gels drops
rapidly. However, after this initial drop, it takes several hours to
reach equilibrium with ambient humidity. In addition, we
determined how the fluorescence lifetime in microgels at
equilibrium depends on the air humidity and found a linear
dependency. Thus, we can connect the moisture inside micro-
gels at different times of the drying state to the equilibrium
moisture at corresponding relative air humidity. Also, we were
able to show that the moisture in the microgels studied here
immediately after spin-coating was equivalent to equilibrium
moisture at 70% relative humidity. Apart from finding out
about the moisture in the microgels, the method could be used
to sense humidity for example in the small volumes of
nanodevices.
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