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ABSTRACT: The permeation and translational diffusion of antibodies through the porous
matrix of hydrogel materials is of fundamental relevance for many biological systems in living
nature, but equally important in medical and technological applications, such as implanted
drug release systems and biosensors. In this respect the diffusion of fluorophore-labeled
protein immunoglobulin G (IgG) in micrometer thick, grafted hydrogel layers based on
thermoresponsive poly(N-isopropylacrylamide) (pNiPAAm) is studied here by fluorescence
correlation spectroscopy (FCS). The pore size of the gel gradually changes with its swelling
state, which is controlled by the cross-link density of the network, temperature, and pH value
of the surrounding medium. Notably, IgG permeation in these hydrogel layers exhibits a
much more complex dependence on these factors. This rich variability of IgG permeation is
attributed to the varying balance of protein interactions with the polymer network through electrostatics, controlled pH-
dependent protein ionization, excluded volume repulsion, and hydrophobic attraction. A combined analysis of the fluorescence
intensity profiles and the dynamics monitored by FCS allows us to quantify the thermodynamically controlled partitioning of IgG
as well as the slowdown of its diffusion. Contrary to the complex behavior of the permeation, the diffusion slowdown seems to be
a universal function of polymer volume fraction, which is rather robust with respect to temperature or pH changes. The
presented findings suggest a model approach to explore the synergy between crowding and thermodynamics with respect to the
controlled protein transport in pNiPAAm-based hydrogels.

■ INTRODUCTION

Polymer networks that form hydrogels become irreplaceable
building blocks in diverse fields ranging from actuators1,2 to
shape memory3,4 and self-healing materials,5−7 and they rapidly
find applications in the biomedical domain for tissue engineer-
ing,8,9 drug delivery,10 implants, and wound dressings11,12 as
well as in analytical technologies for the biomarker analysis
present in complex biological samples.13−15 In particular, the
biomedical areas take advantage of hydrogel architectures with
tailored interaction and transport of biomolecules through the
polymer networks. For instance, responsive hydrogels can be
designed to serve as inert antifouling materials16,17 or as
systems for on-demand capture or release of specific
biomolecules.18,19 In the analytical field, numerous biosensor
technologies rely on hydrogel materials attached at the interface
between a physicochemical transducer and the analyzed liquid
sample.20−24 Such an interfacial architecture is typically
engineered to suppress fouling of the sensor surface by
unspecific binding of a large number of different molecules
abundantly present in the analyzed sample. Furthermore, the
hydrogel layer can serve to accommodate large density of
ligands that are accessible for specific capture of target analyte
while allowing efficient transport of target analyte in and out of
the networks. The transport of analytes through such networks

is frequently diffusion-limited.25,26 Hence, the design features of
such hydrogel-based sensors are univocally expected to be
dictated by a large number of factors, such as size of target
analyte, hydrogel pore size, polymer volume fraction, temper-
ature, ionic strength, and pH in the case of charged hydrogels as
well as various interactions with solute.27−30 The complex
interplay of these parameters strongly affects the solute
transport and adsorption in the bulk gel network, which
needs to be stringently controlled in order to efficiently utilize
hydrogels in analytical devices. So far, a complete predictive
correlation between solute diffusion dynamics and stimulus-
responsive structural features of the hydrogel has remained
elusive.
Thus, the synergy between the gel network structure and the

underlying tracer−network interactions that take place in
contact with complex biological samples in aqueous media
render the exact elucidation of tracer dynamics rather
nontrivial. Earlier fluorescence correlation spectroscopy
(FCS) studies have focused on the molecular tracer diffusion
dynamics in hydrogels28,31−33 as a function of cross-link
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density, polymer volume fraction, temperature, and the
mechanical and dynamic properties of the grafted hydrogel
layers.34−36 However, a multivariable investigation on the
combined influence of external parameters including temper-
ature, cross-link density, and buffer condition that affects
dynamics of biomolecular solutes transport in hydrogel
structure still remains an unexplored intriguing task. Successful
decoupling the impact of each factor on either the biomolecule
penetration and/or dynamics may provide clues for efficient
control of hydrogel functionality in numerous applications.
Potentially, the gained fundamental understanding can aid the
efficient design of separation membranes and novel sen-
sors37−46 or chromatographic setups47−50 where binders of
variable affinity strength51−63 toward the matrix can be
encountered.
Our biosensor-inspired motivation for this work stems from

the need to optimize the design of hydrogel-based affinity
binding matrices employed in fluorescence sensors specifically
to IgG, which represents an important class of large molecular-
weight proteins that are employed in the vast majority of assays
for detection of chemical and biological species. Studies on
diffusion of large macromolecular tracers such as IgG in
numerous types of hydrogels have been reported.25,30,64−71

Because of their versatility and commercial availability, IgGs are
employed in numerous types of fluorescence immunoassays
and are either directly coupled to a polymer binding matrix
(e.g., capture antibody) or they are labeled with fluorophores
and affinity-bound at the surface (e.g., detection antibody in
sandwich immunoassay).15,22,72 In addition, IgGs can serve as
biomarkers of various diseases73−75 and as drugs.76,77

By applying the FCS method to thin surface-attached
hydrogel films, two features of the measurements can be
exploited: (1) By recording the static fluorescence signal while
scanning the confocal probing volume (focal spot) perpendic-
ular to the substrate surface through the hydrogel layer and
adjacent medium (termed z-scan), the distribution of the
fluorescent markers within the gel and in relation to the free
molecules in solution can be determined. (2) By time
correlation of the fluorescence intensity signal within the
hydrogel medium the dynamic components can be analyzed,
which provides detailed information about dynamic inhomo-
geneities and potential interactions between the fluorescent
molecules and the hydrogel network depending on the
condition (e.g., temperature) and medium composition (e.g.,
salts and pH). Using FCS, we examined the influence of cross-
link density, polymer volume fraction, temperature, and
composition of buffer in which a pNiPAAm-based hydrogel
layer is swollen on the diffusion dynamics of IgG biomolecules.
The single-molecule sensitivity (nanomolar tracer concen-
tration) of the FCS method78 provides conditions that are
approaching the real-time analyte detection limit in gel-based
biosensors.24 In addition, the method is better suited for
detection of reaction kinetics of weak affinity binders as
compared to surface plasmon resonance methods79 or to the
more indirect chromatographic techniques.49 The results are
discussed in view of diffusion slowdown measurements and
estimations of local partition coefficients for IgG in the
hydrogel phase. The paper is outlined as follows: The results on
the swelling of pNiPAAm hydrogels in used buffers at different
temperatures and the IgG permeation in these hydrogels are
discussed in subsection A. Discussion of the diffusion dynamics
of the labeled IgG inside such hydrogel architectures is

presented in subsection B. The preparation of samples and
the FCS technique are presented in the Experimental Section.

■ RESULTS AND DISCUSSION
A. Hydrogel−Protein Interactions. The distribution of

IgG molecules labeled with Alexa Fluor 647 dye (A647) was
investigated in hydrogel films with different cross-linking
density. The films were prepared from photo-cross-linkable
poly(N-isopropylacrylamide)-based polymer (pNiPAAm) by
irradiation with UV light for 5min (XL-5), 10 min (XL-10), and
15 min (XL-15) with UV light.80 These surface-attached
hydrogel films on glass substrates were swollen in solutions of
the IgG−A647 conjugate dissolved either in phosphate buffered
saline (PBS) with a pH of 7.4 or in acetate buffer (ACT) with
pH 4. As seen in the z-scan of Figure 1, the hydrogel layers

exhibit distinct swelling ratios for the different pH (about twice
at pH = 7.4 in PBS compared to pH = 4 in acetate at 25 °C).
The z-scan depicts the spatial distribution of time-averaged
fluorescence intensity, I(z), of the A647-labeled IgG (large
tracer) and the coexistent small amount of free A647 in the
direction normal to the substrate. Small A647 molecules are
present in very low amount as residual species from the labeling
process, which can be identified by their fast diffusion
characteristics (as measured by time correlation and discussed
below).
The z-scan shows the two boundaries of the hydrogel: one to

the glass substrate (z = 0) and one to its outer surface in
contact with the liquid medium. Inside the hydrogel layer, the
intensity of fluorescence signal I(z) is lower than that in the
liquid medium due to the hindered penetration of A647-labeled
IgG. The outer interface is manifested as the distance z from
the glass surface beyond which the fluorescence intensity I(z) is
constant. From the experimental I(z) profiles, the polymer
volume fraction ϕ was determined as the ratio of the dry layer
thickness to the swollen layer thickness for all combinations of
hydrogel cross-linking density XL, temperature, and buffer, as
specified in Table 1. The experimental swelling ratio Rs is
defined as the inverse of the polymer volume fraction ϕ−1.
Three distinct effects can be discriminated from the analysis of
the z-scan data: (I) the swelling ratio, (II) the tracer

Figure 1. Z-scan through a hydrogel layer with normalized
fluorescence intensity I(z) measured as a function of distance z
normal to the glass substrate with attached hydrogel layer (hydrogel
XL-5, Table 1) swollen at T = 25 °C in PBS (pH = 7.4, black) and
acetate buffer (ACT, pH=4, blue).
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concentration in the hydrogel, and (III) temperature effects,
which are discussed below.
I. Swelling Ratio. The example in Figure 1 illustrates that the

studied hydrogel films swell less in the acetate buffer compared
to PBS. The reason is that the pNiPAAm-based terpolymer
backbone includes about 5% of ionizable methacrylic acid units,
in addition to the 94% of neutral NiPAAm units as the main
component, and 1% hydrophobic benzophenone-based cross-
linker. The carboxyl groups of the methacrylic acid exhibit a
pKa ∼ 4.5. Incorporation of such monomer into the polymer
increases the effective pKa by about 1 unit.81−84 Therefore, the
polymer network is substantially negatively charged in the PBS
(pH = 7.4), whereas in the acetate buffer (pH = 4) it is almost
neutral. The negative charge carried by the polymer chains is
accompanied by their electrostatic repulsion among polymer
chains in the networks, which translates to the increasing
swelling ratio at higher pH. It is worth noting that other
parameters also affect the swelling of the polymer network,34

including screening by free ions in the buffer solution, which
reduce the effect of electrostatic interactions. However, they
have apparently only a minor effect under the present
conditions.
II. pH Dependence of Tracer Concentration. Second, the

intensity profile of the fluorescence signal I(z) originating from
fluorescent tracers present inside the hydrogel layer differs for
PBS and acetate buffers, as seen in Figure 1. The higher I(z)
values observed in ACT compared to PBS at T = 25 °C appear
contradictory to the lower swelling ratio Rs in acetate buffer,
where a smaller pore volume in the polymer network is
expected to hinder permeation of the large IgG molecules.
However, this observation can be explained by the pH-
dependent electrostatic interaction between the A647-labeled
IgG and the carboxylated hydrogel network. The isoelectric
point of the native IgG is pI = 8−9. We determined
experimentally that this value decreases significantly to pI ∼
5−6 for the labeled antibody conjugated with A647
fluorophores (Figure S1, Supporting Information). This effect
is expected to result from a reduced number of free amino
groups on the IgG molecules, which are transformed to neutral
amide groups in the labeling reaction. Consequently, in PBS
with pH 7.4 the labeled IgG is negatively charged, the same as
the hydrogel network with carboxyl groups. Electrostatic

repulsions apparently dominate their mutual interactions, as
reflected in the lower intensity I(z).
On the contrary, in acetate buffer with pH = 4 the labeled

IgG becomes positively charged while the hydrogel network
may still carry a weak negative charge. In this case, the
electrostatic interactions between the labeled IgG and the
hydrogel are slightly attractive, and the fluorescence intensity in
the hydrogel is higher than in PBS. However, it is still lower
than in the bulk liquid, which cannot be explained by
electrostatics anymore. This reduced intensity indicates an
additional repulsive interaction, which can be ascribed to the
excluded volume of the rather large IgG molecule leading to
steric repulsion from the polymer network. The excluded
volume contribution becomes more pronounced at higher
polymer volume fractions (low pH or high T). We should recall
that I(z) originates from both labeled IgG and residual free
molecular dye and their contribution to a time-averaged
quantity is indistinguishable in the static case probed solely
by the fluorescence intensity. Since the free A647 dye bears
four strong negatively charged SO3

− groups,85 which are
insensitive to the different pH in acetate or PBS buffer, its
electrostatic interaction with the hydrogel should always be
repulsive, thus hindering its penetration into the hydrogel layer.
Therefore, the z-scans of Figure 1 predominantly reflect
changes in the partitioning of IgG as the average fluorescence
intensity being proportional to the tracer concentration in a
given phase (cg in the hydrogel and cs in the solution). It is
worth of noting that the partitioning of the two tracers can be
independently discriminated by dynamics measurements as
discussed in subsection B. The validation of both methods for
determination of IgG partition coefficients can be found in
Figure S2. Both partition coefficients and tracer dynamics
(subsection B) were calculated at the midpoint of the estimated
thickness of each hydrogel, inferred from the z-scan. This
experiment protocol excludes position artifacts related to the
proximity to the interfaces

III. Temperature Dependence of Partitioning. The depend-
ence of the fluorescence signal profiles I(z) on temperature was
investigated for hydrogel layers with varied polymer volume
fraction ϕ, controlled by the cross-link density, swollen in PBS
and acetate buffer. The respective partition coefficient P of the
A647-labeled IgG was determined as the ratio of I(z) inside and
outside the hydrogel layer, which well approximates the ratio of
IgG concentration cg/cs (see Supporting Information Figure S2
and section S2 for additional details). In Figure 2, the partition
coefficient P is plotted as a function of ϕ and T, where the data
for PBS are indicated by solid symbols and for acetate buffer by
open symbols. Each data set for a specific cross-link density
(i.e., XL-5, XL-10, and XL-15) is clustered within a color-coded
cloud, indicating a temperature increase by the color gradient
going from blue to red. Two cases of ϕ variation have to be
distinguished: (1) By increasing the irradiation energy dose/
time during film preparation, the cross-linking density of the
polymer network (and thus ϕ) also increases (from XL-5 to
XL-15). (2) By increasing the temperature, the gel becomes
more hydrophobic and excludes water, which is accompanied
by its collapse (increase in ϕ) above the lower critical solution
temperature (LCST, typically around 32 °C in water). For case
1 of increasing cross-link density at low temperature (in the
highly swollen state) the P values decrease significantly (going
from squares over triangles to circles in Figure 2). As such,
tracer partitioning between the aqueous phase and the hydrogel
network is dominated by like-charge repulsion at 25 °C in the

Table 1. Values for the Polymer Volume Fraction ϕ(T)
(±10%) of the Different PNiPAAm Hydrogel Layers
Examined (Swollen in ACT or PBS) for the Respective UV
Irradiation Doses (E, in J/cm2) in “XL-x”, Where “-x” Stands
for the UV Irradiation Time in minutes (with 1 min
Corresponding to Approximately 0.1 J/cm2)

φ

buffer XL E [J/cm2] 25 °C 29 °C 32 °C 38 °C

PBS XL-5 0.52 0.03 0.03 0.03 0.04a

PBS XL-10 1.04 0.05 0.05 0.05 0.10a

PBS XL-15 1.57 0.09 0.11 0.13 0.18a

ACT XL-5 0.52 0.06 0.07 b b
ACT XL-10 1.04 0.09 0.09 b b
ACT XL-15 1.57 0.15 0.20 b b

aThese values have been acquired by extrapolation of the data from
hydrogels at same temperature using an empirical relation with the
radiation dose.28 bBecause of the very strong hydrogel collapse, the
fluorescence signal for tracers in acetate (ACT) buffer was not
measurable for temperatures T > 29 °C.
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swollen state in PBS buffer, and by excluded volume in the
ACT buffer, supporting the arguments of the preceding
paragraph. Thus, for ACT buffer the observed decrease of
partitioning coefficient P(ϕ,T) with ϕ reflects enhanced
crowding effects due to the reduced hydrogel mesh size.
Unexpectedly, for case 2 gradual increase in partitioning
coefficient P(ϕ,T) is observed when increasing temperature
below the LCST, and an abrupt increase in P occurs when the
gel collapses at temperature above the LCST (color-coded from
blue to red in Figure 2). Interestingly, this temperature
dependence of the partitioning coefficient P(ϕ,T) shows a
trend that is opposite to the case 1 as more fluorescent tracers
accommodate inside the densified hydrogel with higher ϕ. Such
behavior is contradictory to what could be expected from the
electrostatic and excluded volume arguments given above
(though for XL-5 and XL-10 in acetate buffer it varies only
weakly between 25 and 29 °C, within the estimated
uncertainty). This tracer accumulation (as apparent from
Figure 2, specifically for the red symbols/PBS and cyan
symbols/ACT) indicates the presence of an additional
attractive tracer−hydrogel interaction particularly at elevated
temperature, which could be ascribed to increasing hydro-
phobicity of the pNiPAAm polymer chains as the temperature
approaches and exceeds its LCST of about 32 °C in pure water.
Support for this hypothesis can be found in independent

experiments performed with similar pNiPAAm layer systems.
For example, the interaction of a hydrophobic AFM tip with
the pNiPAAm hydrogel films in water revealed increasing
attraction to the polymer network with increasing temperature,
below, as well as above the LCST of the polymer (T ∼ 32
°C).36 When approaching the LCST, the solvent quality
decreases abruptly, which renders the hydrogel more hydro-
phobic and which is consistent with the temperature-induced
collapse of these pNiPAAm hydrogel layers in pure water. The
concurrent increase in partitioning P of the tracers with higher
temperature in both PBS and acetate buffers is due to the
hydrophobicity effect that favors tracer−hydrogel attraction.

Proteins, such as IgG, are partially hydrophobic, owing to
hydrophobic side chains of the amino acid residues.
Consequently, IgG is strongly attracted to hydrophobic
surfaces, as demonstrated by IgG adsorption onto hydro-
phobized nanowires.85 Consequently, the hydrophobic attrac-
tion between IgG and the hydrogel increases with increasing
temperature (Figures S2 and S3). Because the hydrogel layers
collapse much stronger in acetate buffer compared to PBS (see
Table 1), the highly collapsed hydrogel in acetate buffer
completely suppresses tracer diffusion inside the polymer
network at temperatures around the LCST. Thus, the
fluorescence signal for tracers in acetate buffer was not
measurable at T > 29 °C, and the corresponding partition
coefficients could not be obtained.
In summary, the influence of the three experimental

parameters (cross-linking density, temperature and buffer pH)
on the hydrogel swelling ϕ, and on IgG partitioning P, can be
rationalized by the structural and thermodynamic character-
istics of the polymer network (mesh size, charge, hydro-
phobicity) and by the charge and amphiphilicity of the A47-
labeled IgG. The interplay of interactions is illustrated in Table
2 and their influence on the labeled IgG diffusion dynamics is
discussed in the next section.

B. Protein Diffusion. The attractive interaction between
hydrogel and the labeled IgG is expected to affect the
translational mobility of this tracer in the pNiPAAm network.87

This mobility change is investigated by using the normalized
FCS autocorrelation function G(t), representative examples of
which are shown in Figure 3 at good solvency conditions
(25 °C) for two cross-linking densities (XL-5 and XL-15) in
PBS buffer (Figure 3a) and acetate buffer (Figure 3b). These
G(t) attain a shape qualitatively deviating from a single decay.
This character is more pronounced for the highly cross-linked
hydrogel XL-15 than for the weakly cross-linked hydrogel XL-5.
The measured G(t) can be well represented by two component
Fickian diffusion processes (eq 1) that yield two coefficients: Df
for a fast and Ds for a slow diffusion process with amplitudes Ff
and Fs, respectively (see Experimental Section). The fast
coefficient Df is ascribed to the diffusion coefficient of the free
A647 dye, concomitantly present as residual after the
fluorophore labeling process of IgG. The slow diffusion
component, described by Ds and the amplitude Fs, is associated
with the diffusion of the large A647-labeled IgG. Moreover, the
established baseline in G(t) suggests tracer diffusion under
ergodic conditions, which is also supported by the robustness of
G(t) with respect to variation of the measurement position for
the probed spot inside the hydrogels (data not shown).

Figure 2. Effective partition coefficient P(ϕ,T) of IgG-A647 conjugate
as a function of hydrogel volume fraction ϕ and temperature T.
Hydrogel layers with varied cross-linking density XL-5 (squares), XL-
10 (triangles), and XL-15 (circles) were examined at temperature T =
25 °C (blue), 29 °C (cyan), 32 °C (violet), and 38 °C (red). The
P(ϕ,T) is shown for the hydrogel layers swollen in PBS (filled
symbols) and ACT (open symbols) buffers. For each buffer and cross-
link density, the three shaded areas indicate the trend in the variation
of P with increasing temperature T. Table 2. Influence of Stimuli on the Properties of Hydrogel

and IgG with an Overview of Their Mutual Interaction
Mechanisms

PBS
(pH = 7.4)

acetate
(pH = 4)

increasing
cross-link
density

increasing
temperature

hydrogel
(pKa ∼ 4.5)

negative
charge

about
neutral

decreasing
swelling
ratio

increasing
hydrophobicity

labeled IgG
(pI ∼ 5.5)

negative
charge

positive
charge

(not
applicable)

no sign. effect

dominant
IgG/
hydrogel
interaction

repulsive weak
attraction

excluded-
volume

hydrophobic

Macromolecules Article

DOI: 10.1021/acs.macromol.7b00514
Macromolecules XXXX, XXX, XXX−XXX

D

http://pubs.acs.org/doi/suppl/10.1021/acs.macromol.7b00514/suppl_file/ma7b00514_si_001.pdf
http://dx.doi.org/10.1021/acs.macromol.7b00514


This free A647 dye was detectable in the labeled IgG
solutions by FCS (Supporting Information, section 4 and
Figure S4), while thin layer chromatography (TLC, section S5
and Figure S5) did not provide evidence of such impurity. We
note that samples for both techniques were prepared under
identical conditions, but FCS has much higher (single molecule
detection) sensitivity. It is worth noting that the diffusion of
solely A647 (fast component in herein presented experiments)
in identically prepared pNiPAAm hydrogel layers was
investigated before in water and acetate buffer.28According to
therein reported observations, A647 alone behaves as a
noninteracting tracer, and its diffusion can be analyzed by
using one-component representation of G(t). A more
complicated two-component fit was necessary only for dense
hydrogel films at higher temperatures (in the precollapsed
state), in which an additional faster diffusion component
appeared.28 The herein reported work focuses at diffusion of
fluorescent tracers through hydrogel layers with higher swelling
ratio, and the use of two-component fitting allows to determine
the relative contribution of free A647 to A647-labeled IgG as
well as to account for stimuli-driven interactions of the labeled
IgG with the polymer hydrogel.
In the current work the tracer−gel interactions play a

significant role, and we provide direct evidence of their nature
by means of partition coefficients. The combination of the

thermodynamic information (interactions) from the partition
coefficients and of the dynamical information from G(t) is the
strength and the added value of the current work. The slow
diffusion component and its relative contribution (amplitude)
in Figure 3 characterize the dynamics and the population of the
large A647-labeled IgG in the complex hydrogel environment,
while the presence of the fast component indicates penetration
of the small molecular tracer (free A647 dye) inside the
polymer network. The relative contribution of the slow
component Fs (Fs = 1 − Ff in eq 1) is shown for PBS in the
lower panel of Figure 4 and correlates well with the partition

coefficient P of the larger tracer, as discussed above (Figure 2).
Below 32 °C the amplitude Fs is weakly affected by
temperature, in contrast with an abrupt amplitude increase at
38 °C (again in agreement with the static approach for P, as
discussed in subsection A). Furthermore, the fast diffusion
component Df(ϕ) (ascribed to free A647) conforms well to the
scaling behavior (solid black curve in the upper panel of Figure
4) reported for molecular diffusion within the polymer network
in the absence of specific interactions. This behavior offers the
great opportunity to use the free A647 dye as independent
reporter tracer that diffuses simultaneously with the large and
interacting tracer, A647-labeled IgG, in the same hydrogel
environment. In the present section, the main focus lies on the
dynamics and the population of the large, labeled IgG antibody
inside the pNiPAAm hydrogel layers, which can thus be directly
compared to the small tracer behavior under identical
experimental conditions.
We define the translational diffusion slowdown as the ratio of

the diffusion constant D(ϕ,T) in the center of the gel and the
corresponding diffusion constant D0 of the free tracer in pure

Figure 3. Examples of normalized fluorescent intensity autocorrelation
functions G(t) recorded concurrently for A647-labeled IgG and free
A647 at 25 °C in hydrogel layers with cross-linking density XL-5
(squares) and XL-15 (triangles) swollen in (a) PBS and (b) ACT
buffers. Dashed and solid vertical lines indicate the extracted fast and
slow diffusion times by using a double Fickian diffusion representation
of the experimental G(t). Blue and orange arrows denote the diffusion
time of the free A647 and A647-labeled IgG in buffer outside the
hydrogel layer.

Figure 4. Diffusion slowdown as represented by the normalized
diffusion constant D(ϕ,T)/D0 (upper panel) and amplitude of the
slow component Fs(ϕ) (lower panel) as a function of polymer volume
fraction ϕ and temperature T in PBS buffer. Df corresponds to the free
A647 dye while the Ds and Fs are attributed to the A647-IgG
conjugate. Hydrogel layers with varied cross-linking density XL-5
(squares), XL-10 (triangles), and XL-15 (circles) were examined at
temperature T = 25 °C (blue), 29 °C (cyan), 32 °C (violet), and 38
°C (red). The solid black curve denotes the fitted exponential curve
corresponding to diffusion slowdown for noninteracting molecular
dyes in hydrogels.28 The dashed gray line in the upper panel is a
stretched exponential representation of Ds, while the two dashed lines
(red and blue) in the lower panel are drawn to guide the eye.
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solvent. The upper panel of Figure 4 shows the diffusion
slowdown of the A647-labeled IgG as a function of the
hydrogel volume fraction ϕ for the three different hydrogels
(XL-5, XL-10, and XL-15) in PBS at different temperatures: T
= 25, 29, 32, and 38 °C. A significant reduction of the mobility
of the A647-labeled IgG (solid symbols and dashed line) is
observed compared to the free A647 (open symbols, solid line)
not only with increasing ϕ but also with increasing temperature
T. Albeit the latter should be anticipated due to the increasing
ϕ(T) and hence decreasing free pore volume in hydrogels,
strong tracer−matrix interactions manifested in the T-depend-
ent partition coefficient (see Figure 2) should also impact the
dynamics. In PBS, both hydrogels and the labeled IgG tracer
are negatively charged, resulting in repulsive electrostatic
interactions. With increasing temperature, however, hydro-
phobic interactions can become dominant as suggested by the
abrupt increase of P(T) (see Figure 2 and discussion on the
static picture in subsection A). The latter trend is also
qualitatively revealed in the relative contribution Fs(T) of the
IgG−A647 tracer to the relaxation function G(t) shown in the
lower panel of Figure 4. At the highest temperature above the
LCST (which is 32 °C in pure water) an abrupt increase of
Fs(T) is observed, yet with a significantly smaller magnitude
compared to the analogous increase of P(T). Such an up-turn
behavior is absent in the IgG−A647 translational diffusion
represented by Ds(ϕ,T).
However, based on the systematic deviation of Ds from the

Df trend (for A647) in the composition dependence (solid
black line in the upper panel of Figure 4) with increasing
temperature for XL-5 (with the lowest cross-link density),
crowding alone (as was for A647 in earlier work) is not a
sufficient mechanism to account for the complex behavior of
the measured IgG tracer diffusion. Together with Ds, we also
used Df and performed the fitting in two ways: with Df as
floating parameter or fixed to the values previously reported for
A647 in similar hydrogels.28 The values of Ds, obtained by the
two procedures, did not differ by more than 10%. Therefore, we
concluded that both Df and Ds are robust, and Df is consistent
with the master curve for the free dye.
In the absence of interactions, the slowdown Ds(ϕ)/D0 is

controlled by the confinement and crowding effects determined
by the tracer size (hydrodynamic radius Rh = 6.5 nm for the
A647-labeled IgG, see Experimental Section and also
Supporting Information, section S4), mesh size (ξ[ϕ]) of the
network and corresponding free pore volume, and the polymer
concentration.88−90 It is usually captured by a semiempirical
stretched exponential fit, D = D0 exp(−Aϕα). By fitting the
measured data Ds(ϕ)/D0, the parameters A = 9.5 and α = 0.55
were determined (see dashed gray line in upper panel of Figure
4). The values of these parameters are significantly smaller than
the corresponding values (A = 20.5 and α = 1.35) determined
for free A647 dye (solid black line in the upper panel of Figure
4). It is worth noting that the latter values are consistent with
those measured before for free A647 diffusion in analogous
hydrogels.28

On the other hand, the observation of a single IgG diffusion
even at the highest examined temperature, where attraction is
anticipated from the increase of P(T) and Fs(T), precludes an
unambiguous identification of the specific enthalpic inter-
actions. Only the presence of a two component diffusion of the
IgG tracer, free and bound to the pNiPAAm segments, could
allow an estimation of the attractive hydrophobic interactions.87

Hence, we assume that the experimental Ds(ϕ,T) represents an

effective, averaged diffusion of the IgG tracer with strong
temperature-induced slowdown with increasing ϕ (decreasing
ξ(ϕ) and free pore volume), as seen for the higher cross-linking
density hydrogels (XL-10 and XL-15 in Figure 4). The
temperature effect on Ds(ϕ,T) is captured in the ϕ(T),
including interactions as discussed in the preceding sections.
The increasing P(T) and Fs(T) at temperatures below the

LCST is a clear evidence of strong attractive interactions, which
should influence the large tracer dynamics. In fact, two diffusive
processes have been reported for a molecular dye (Rh ∼ 0.6
nm) in pNiPAAm solutions in the presence of attractive
interactions87 assigned to diffusion of a free tracer (Dfree) and to
diffusion of a tracer bound to the polymer chain (Dbound). In an
FCS experiment, a particular process can be resolved only if the
characteristic diffusion length, associated with the free or bound
state (Lbound and Lfree), is larger than the focal spot size w (∼300
nm). At the same time, numerical stability of the fitting
procedure allows the resolution of two processes only if Dfree/
Dbound > 5. In the opposite case, if the switching dynamics is too
fast, the fluorophore repeatedly changes its state while traveling
over the focal volume, and one observes an effective single-
component diffusion. Over the bound time, tbound ≈ exp(U/
kT), the displacement length Lbound ≈ (Dboundtbound)

1/2

sensitively depends on the binding energy U. The observation
of a single slow diffusion (Figure 3) suggests that the
consequence of the two distinct mechanisms are averaged out
before the A647-labeled IgG leaves the focal spot (Lbound < w),
yielding an effective Ds(ϕ,T) = Dbound f + Dfree(1 − f), where f is
the fraction of the bound tracers. At 38 °C, the A647-labeled
IgG in XL-15 diffuses about 25 times slower than in free PBS
buffer ((3.5 ± 0.2) × 10−11 m2 s−1), implying an upper value for
tbound < 10 ms. While it is not experimentally easy to reduce w,
increase of the attractive hydrophobic interactions with
temperature should increase tbound and hence fulfill the
resolution condition, Lbound > w, provided that Dbound remains
virtually constant. We discuss this notion in the next paragraph
for the same hydrogel/tracer system in acetate buffer.
The repulsive electrostatic interaction between the A647-

labeled IgG and the hydrogel in PBS buffer turns to attractive in
acetate buffer due to the reversal of the protein charge, which
impacts the tracer penetration (Figure 2). Concurrently, the
negative charge of the hydrogel chains in PBS is reduced in
acetate buffer, thereby allowing hydrophobic attractions to gain
a more significant role. Note the larger values in ϕ(T) at the
same T, as well as the absolute changes in ϕ(T), for acetate
buffer compared to PBS buffer (Table 1) due to stronger
hydrophobic attractions in acetate buffer. The IgG tracer
diffusion characteristics (slowdown and Fs) displayed in Figure
5 for acetate buffer are qualitatively similar to those in PBS.
However, the trend is generally enhanced in acetate buffer as
compared to PBS at identical temperatures. For high
temperatures, the system in acetate buffer becomes nonergodic
in the FCS time window, thus precluding the measurement of
fully relaxed G(t) above 29 °C in acetate (see Figure S3). At
lower temperatures T = 25 and 29 °C, the experimental
function G(t) is robust with respect to the change of the IgG−
hydrogel interactions in acetate buffer, since it can still be
represented by a single slow process with an effective Ds(ϕ,T).
However, inspection of the Ds(ϕ,T) in Figure 5 reveals the
failure of data superposition, which was less apparent in the
data of Figure 4. In acetate buffer, the tracer diffusivity abruptly
drops above ϕ ∼ 0.1. Since slowdown of the slow component is
(i) stronger than for A647 (ref 28) and (ii) comparable in the
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two buffers at the same volume fraction in identical pNiPAAm
hydrogels, its behavior cannot originate from A647 and clearly
represents the diffusion of IgG in the gels. The decrease of the
slow component fraction with increasing cross-link density is
rather a “filtration” effect, progressively ruling out penetration
of the larger IgG and thus decreasing its concentration in the
gels. Utilizing arguments from photophysics and dynamics, our
presented work provides a systematic methodology that rules
out relations of the observed slowdown to the molecular dye
itself but rather hints to the transport of the labeled antibody.
Concluding Remarks. Our experiments have shown that

the diffusion slowdown of fluorescently labeled IgG tracer in
dual thermo- and pH-responsive polymer hydrogels is a robust
function of polymer volume fraction. This observation is in
strong contrast with the complex partitioning behavior of IgG
between the swollen hydrogel matrix and the bulk solution,
being influenced by a complex interplay of three interactions.
Each interaction dominates the overall behavior under certain
conditions. Electrostatic repulsion dominates both hydrogel
swelling and IgG partitioning in PBS buffer (pH = 7.4), where
both the hydrogel (pKa ∼ 4.5) and IgG (pI ∼ 5) are negatively
charged, while it is negligible in acetate buffer (pH = 4) where
both are nearly neutral to slightly positive. The effect of
excluded volume is significant especially at high hydrogel
volume fractions (low swelling) induced by lower pH, higher
temperature, or extended cross-linking. Last but not least, the
hydrophobic interaction gains relevance at higher temperature
(specifically above the LCST) and high cross-link densities.
The overall effect of IgG−hydrogel interactions as a sum of the
above contributions leads to a complex dependence of
partitioning on hydrogel volume fractions, which could not
be explained if any of the above contributions is neglected. The
static picture of the fluorescence intensity profiles provides
information about the location of the interface between the

hydrogel and aqueous solution, concerning the hydrogel
swelling ratio, and about the thermodynamics of IgG−hydrogel
interactions from tracer partitioning. Monitoring of the
diffusion dynamics via FCS allows us to separate the fast
mode of the free dye from the slow mode of the labeled IgG
tracer. Only after this separation it is possible to extract the
diffusion coefficient of IgG inside the hydrogel environment. By
accounting for the amplitudes of the slow and fast contributions
to G(t), it is possible to unambiguously determine partition
coefficients for IgG. Consistency of the data from this dynamics
determination with the static values of partition coefficient P
obtained from the z-scans a posteriori justifies our interpreta-
tion. It demonstrates the synergistic role of static and dynamic
properties in providing relevant information about both
thermodynamics and diffusion. This determination also
demonstrates the power of FCS for in situ studies of diffusion
processes of complex molecules interacting with multi-
responsive environments, where the host environment and
the guest tracer both respond to external stimuli and influence
each other in a nontrivial way.

■ EXPERIMENTAL SECTION
Solvent and Polymer Specifications. The following solvents

were used: 10 mM phosphate buffered saline, PBS (140 mM NaCl, 10
mM phosphate, and 3 mM KCl, pH adjusted to 7.4 at 25 °C) from
Calbiochem and acetate buffer (10 mM sodium acetate and acetic acid
mixture 1:1, pH adjusted to 4 by means of HCl and NaOH). The
random terpolymer of pNiPAAm (94 mol % NiPAAm; 5% methacrylic
acid; 1% benzophenone methacrylate cross-linker) was synthesized by
free radical polymerization.80 The weight-averaged molecular mass of
the polymer and its dispersity amount to Mw = 280K and Đ = 2.7,
respectively. The overlap concentration in water is c* ∼ 0.003 g/mL.
The grafting agent 4-(3-triethoxysilyl)propoxybenzophenone (“benzo-
phenone silane”) was synthesized according to the literature33 by
hydrosilylation of 4-allyloxybenzophenone.

Sample Preparation. A round microscope cover glass was
prefunctionalized with ethanolic solution of benzophenone−silane
overnight under argon atmosphere and ambient temperature, followed
by 1 h warming at T = 50 °C for 1 h, before copiously rinsing of the
slides by excess ethanol. Ethanolic solution with dissolved pNiPAAm
polymer at a concentration of 10 wt % was spin coated at room
temperature onto the prefunctionalized round microscope cover glass
slides. The thickness of the layer was controlled by the rotation speed
and 250 rpm was applied for 60 s. After the deposition of pNiPAAm-
based layer, the slides were annealed in vacuum for 1 h at a
temperature (T = 170 °C) higher than the polymer’s glass transition
temperature, in order to relieve the polymer system from possible
stresses and to remove the solvent. The slides were subsequently dried
overnight at T = 50 °C in a vacuum. Afterward, the polymer was cross-
linked by UV irradiation (Stratalinker 2400, Stratagene) at λ = 365 nm
for the time between 5 and 15 min (60 min of cross-linking
corresponds to an irradiation energy dose of 6.28 J/cm2). Before
measuring their dry thickness by using a Stylus profilometer (KLA-
Tencor), the cross-linked layers were subsequently rinsed with copious
amounts of ethanol and fully dried under gas nitrogen atmosphere.

Tracer. The A647-labeled IgG was obtained from Life Tech-
nologies (A-21235, now Thermo Fischer Scientific). The number of
∼5 bound A647 dyes per IgG was estimated from FCS experiments
(section S4) as the ratio of molecular fluorescence brightness of the
A647- labeled IgG relative to that of free Alexa 647 (from Thermo
Fischer Scientific) determined under the same experimental
conditions. The hydrodynamic radius of the A647-labeled IgG (Rh =
6.5 nm) was measured in water by FCS (see also section S4), which
agrees with values reported for unlabeled IgG (5−6 nm).91 The
hydrodynamic radius of the A647 tracer RH = 0.74 nm is known from
the literature.92 Interestingly, a residual free A647 was detectable by
FCS in all used samples with A647-labeled IgG, while thin layer

Figure 5. Diffusion slowdown D(ϕ,T)/D0 (upper panel) and
amplitude of the slow component Fs(ϕ) (lower panel) as a function
of polymer volume fraction ϕ and temperature T in ACT buffer.
Hydrogel layers with varied cross-linking density XL-5 (squares), XL-
10 (triangles), and XL-15 (circles) were examined at temperature 25
°C (blue) and 29 °C (cyan). The solid black curve in the upper panel
denotes the diffusion slowdown for noninteracting molecular dyes in
hydrogels.28 The dashed gray line in the upper panel is the stretched
exponential representation of Ds, while the blue and cyan dashed lines
in the lower panel are drawn to guide the eye. The dashed gray line in
the lower panel denotes the fit through data from the analogous panel
in PBS at good solvency.
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chromatography showed no free A647 dye in the A647-labeled IgG
sample. It is worth of noting that the presented experiments took
advantage of this as A647 is commonly used as a reference dye for
calibration of the FCS focal spot. Its translational diffusion coefficient
can be measured independently as it is about order of magnitude faster
than that of A647-labeled IgG. The isoelectric point of the labeled IgG
was determined by isoelectric focusing (IEF) with pH gradient
polyacrylamide gel electrophoresis (see section S1).
FCS Experiments and Analysis. The experiments were

performed using an inverted confocal microscope Axiovert 200 from
Carl Zeiss (Jena, Germany) with the Confocor2 module for FCS
analysis. A 40× high numerical aperture (NA = 1.2) C-Apochromat
40×/1.2 W water immersion objective with working distance of 280
μm was used. A HeNe laser at λ = 633 nm was used to excite A647-
labeled IgG (and the free dye A647). The same objective was used to
collect the fluorescent light, which, following passage through a LP650
emission filter and a confocal pinhole, arrived at an avalanche
photodiode detector capable of single-photon counting. The diffusion
of fluorescent tracers through the focal spot caused temporal
fluctuations of the detected fluorescence intensity, δI(t). These
fluctuations were recorded and evaluated by the software correlator
in terms of an autocorrelation function G(t) = 1 + ⟨δI(t′)δI(t′ + t)⟩/
⟨I(t′)⟩2. Everywhere in this work, the double Fickian diffusion formula
(eq 1) was used to fit the G(t) curves of IgG: in the hydrogels, in the
reference IgG measurements of dilute pNiPAAm solutions in acetate
and PBS buffer as well as in the absence ofpNiPAAm (blank samples
with solely buffers):93
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T′ and τT are the fraction and the decay time of the triplet state. N is
the average number of fluorescent species in the FCS probing volume,
and Fi and τi represent the amplitude fraction and the lateral diffusion
time through the FCS focal spot, of species i, with Di = w0

2/4τi the
respective diffusion coefficient. Next, S = w0/z0 is the so-called
structural parameter giving the ratio between the axial (2z0) and the
lateral (2w0) dimensions of the FCS focal spot. The selected formula
accounts for two diffusing populations (n = 2), simultaneously crossing
the FCS focal spot: a fast one (free dye, A647) and a slower one
(A647-labeled IgG).
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