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Abstract: Confinement and crowding have been shown to affect protein fates, including folding,
functional stability, and their interactions with self and other proteins. Using both theoretical
and experimental studies, researchers have established the independent effects of confinement or
crowding, but only a few studies have explored their effects in combination; therefore, their combined
impact on protein fates is still relatively unknown. Here, we investigated the combined effects of
confinement and crowding on protein stability using the pores of agarose hydrogels as a confining
agent and the biopolymer, dextran, as a crowding agent. The addition of dextran further stabilized
the enzymes encapsulated in agarose; moreover, the observed increases in enhancements (due to
the addition of dextran) exceeded the sum of the individual enhancements due to confinement and
crowding. These results suggest that even though confinement and crowding may behave differently
in how they influence protein fates, these conditions may be combined to provide synergistic benefits
for protein stabilization. In summary, our study demonstrated the successful use of polymer-based
platforms to advance our understanding of how in vivo like environments impact protein function
and structure.
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1. Introduction

Until recently, most in vitro investigations of protein function and stability have been based on
simple buffer systems that do not closely mimic the complex in vivo cellular environments [1–4].
Inside cells, proteins exist and function in highly crowded and compartmentalized environments
that have a significant impact on several of their functions, including diffusion, enzymatic activity,
protein–protein interactions, and folding, unfolding, and refolding [5,6]. Several studies have proposed
the use of high concentrations of natural and synthetic macromolecules to study crowding [7–10],
and encapsulating proteins within the pores of silica, polyacrylamide, or other hydrogels to study
confinement [11–17]. These studies have contributed to the mechanistic understanding of how proteins
behave in vivo, as well as to unravel the differences between how confinement and crowding influence
protein function [14,16,17]. The latter outcome is significant because confinement and crowding
are often used synonymously, even though these environments are distinct in how they exert their
influence on protein fates. Crowding refers to effects of volume exclusion by soluble macromolecules,
while confinement refers to the effects due to the presence of a fixed, impenetrable boundary [18,19].
Several studies, both theoretical and experimental, have demonstrated that this distinction is important
in how the two environments may affect protein structure and function [14,18,19].

While the addition of macromolecules to protein solutions has enabled researchers to more
closely simulate in vivo cellular environments, the cytosol is a complex mixture of macromolecules
and cannot be fully captured by the use of a single crowding agent. To better reproduce the
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cellular complexity, recent studies have demonstrated the successful use of a mixture of crowding
agents. For example, Zhou et al. developed conditions for mixed macromolecular crowding using both
protein- and polysaccharide-based crowding agents to better simulate the intracellular environments,
and demonstrated that mixed macromolecular crowding can play a significant role in refolding
rates, stability, and amyloid formation of lysozyme, compared with single crowding agents [20,21].
Using mixtures of crowders of different shapes and sizes, Shahid et al. showed that mixed
macromolecular crowding can exert a greater effect than the sum effects of the individual crowders,
offering further support to the hypothesis that the composition of crowders, not just their final
concentrations, significantly influence protein function and stability [22,23]. Our own previous work
has revealed that these observations can be extended to protein confinement; we demonstrated that
two different polymer networks may be combined to vary the degree of protein confinement and
influence the functional and structural stability of proteins [15].

In this study, we describe our attempts to build on previous research and develop conditions to
study the combined effects of confinement and crowding on protein stability [17,24–26]. These studies
are relevant as recent studies have shown that investigations of protein fates in the combined presence
of confinement and crowding can shed light on the underlying mechanisms of both single- and
multi-domain protein folding and stability in vivo [17,26]. We investigated the combined effects of
confinement and crowding on the functional and structural stability of two model proteins, horseradish
peroxidase (HRP) and β-galactosidase (β-gal), using agarose scaffolds incorporating various amounts
of dextran, an inert polysaccharide. The porosity of agarose, and thereby the degree of protein
confinement, can be modified by simply changing the concentration of agarose, as demonstrated
previously [15,27,28]. Several research studies have demonstrated that dextran, either alone or in
combination with other crowding agents, has pronounced positive effects on protein structure and
function [9,23,29,30]. Consistent with previous studies, our data demonstrated a strong influence
of crowding on the thermal stability of proteins encapsulated within the pores of the agarose gels.
The stabilization effects of crowding, however, were dependent on the degree of protein confinement,
indicating the importance of studying different combinations of confinement and crowding on
protein fates.

2. Results

2.1. Protein Confinement Increases Thermal Stability of Proteins

First, we performed experiments to explore the effects of protein confinement on the thermal
stability of the model enzymes, horseradish peroxidase and β-galactosidase. For this, we compared
the half-lives of the enzymes encapsulated in different concentrations of agarose with solution-phase
enzymes at temperatures that lead to rapid loss in their function [31–34]. We used 0.5% and 2%
agarose gels for these studies as previous studies have reported significant differences in the average
pore radii for these concentrations (ca. 300 nm for 0.5% and ca. 75 nm for 2% agarose gels) [27,28].
The half-lives of agarose-encapsulated HRP were ca. 37 min for 0.5% agarose and ca. 55 min for
2% agarose, showing the clear dependence of agarose concentration on enzyme stability (Figure 1).
Furthermore, these results indicated a statistically significant enhancement in thermal stability for
agarose-encapsulated HRP relative to solution-phase HRP, whose half-life was measured to be ca.
26 min. These effects of agarose encapsulation on enzyme stability, i.e., greater enhancements in stability
at higher concentrations of agarose, were not unique to HRP, but also observed for β-gal (Figure 1).
The observed influence of agarose concentration on the stability of the encapsulated enzymes was
expected, as our previous investigations reported higher tolerance of enzymes encapsulated in 2%
agarose to chemical denaturants compared with those encapsulated in 0.5% agarose [15]. When we
explored the effects of confinement on the optimum temperatures of the enzymes, we observed that the
enhanced thermal stability of agarose-encapsulated enzymes was also reflected by the higher optimal
temperatures for enzymes encapsulated in agarose (Figure 2).
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Figure 1. Thermal stability of horseradish peroxidase (HRP) and β-galactosidase (β-gal) encapsulated 
in agarose gels. Estimated half-lives of solution-phase enzymes (white bars) and enzymes 
encapsulated in 0.5% agarose (gray bars) and 2% agarose (black bars) at elevated temperatures. Error 
bars indicate the standard deviation of triplicate measurements. 

 
Figure 2. Optimum temperatures of HRP encapsulated in agarose gels. The enzyme activities of 
solution-phase HRP (white circles) and HRP encapsulated in 0.5% agarose (gray circles) and 2% 
agarose (black circles) were measured at different temperatures ranging from 25 to 70 °C. Each data 
point represents an average of triplicate measurements, with standard deviation <15%. 

2.2. Additive Effects of Confinement and Crowding on Protein Stability 

Next, we designed experiments to explore the combined roles of confinement and crowding on 
the thermal stability of enzymes. We used dextran for these experiments, as dextran has been shown 
to increase protein stability, both on its own and in combination with other crowding agents 
[9,23,29,30]. Our experiments confirmed a concentration-dependent increase in protein stability for 
HRP and β-gal in the presence of dextran (Figure S1). When we repeated the experiments using 
agarose–dextran hybrid gels (Figure 3), we observed higher increases in half-lives of enzymes 
encapsulated in agarose gels containing dextran (compared with those encapsulated in agarose gels 
without dextran, Figure 1). Moreover, we observed that the relative increases in the half-lives in the 
presence of dextran were higher for agarose-encapsulated enzymes relative to solution-phase 
enzymes in the presence of dextran (Table 1). The observed non-additive effects of confinement and 
crowding on the enzymes encapsulated in agarose–dextran hybrid gels were consistent with 
previous investigations that demonstrated greater stabilizing effects of mixtures of crowding agents 
when compared with individual crowding agents [22,23]. It is important to note that the differences 
in relative increases in the half-lives due to the presence of dextran did not scale proportionally with 
agarose gel concentration (Table 1). However, it is reasonable to expect a saturation in the combined 
benefits of confinement and crowding, given the already high degree of confinement and enzyme 
stabilization in 2% agarose gels. 

Figure 1. Thermal stability of horseradish peroxidase (HRP) and β-galactosidase (β-gal) encapsulated
in agarose gels. Estimated half-lives of solution-phase enzymes (white bars) and enzymes encapsulated
in 0.5% agarose (gray bars) and 2% agarose (black bars) at elevated temperatures. Error bars indicate
the standard deviation of triplicate measurements.
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Figure 2. Optimum temperatures of HRP encapsulated in agarose gels. The enzyme activities of
solution-phase HRP (white circles) and HRP encapsulated in 0.5% agarose (gray circles) and 2% agarose
(black circles) were measured at different temperatures ranging from 25 to 70 ◦C. Each data point
represents an average of triplicate measurements, with standard deviation <15%.

2.2. Additive Effects of Confinement and Crowding on Protein Stability

Next, we designed experiments to explore the combined roles of confinement and crowding on
the thermal stability of enzymes. We used dextran for these experiments, as dextran has been shown to
increase protein stability, both on its own and in combination with other crowding agents [9,23,29,30].
Our experiments confirmed a concentration-dependent increase in protein stability for HRP and β-gal
in the presence of dextran (Figure S1). When we repeated the experiments using agarose–dextran
hybrid gels (Figure 3), we observed higher increases in half-lives of enzymes encapsulated in agarose
gels containing dextran (compared with those encapsulated in agarose gels without dextran, Figure 1).
Moreover, we observed that the relative increases in the half-lives in the presence of dextran were
higher for agarose-encapsulated enzymes relative to solution-phase enzymes in the presence of dextran
(Table 1). The observed non-additive effects of confinement and crowding on the enzymes encapsulated
in agarose–dextran hybrid gels were consistent with previous investigations that demonstrated
greater stabilizing effects of mixtures of crowding agents when compared with individual crowding
agents [22,23]. It is important to note that the differences in relative increases in the half-lives due to
the presence of dextran did not scale proportionally with agarose gel concentration (Table 1). However,
it is reasonable to expect a saturation in the combined benefits of confinement and crowding, given the
already high degree of confinement and enzyme stabilization in 2% agarose gels.
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Figure 3. Thermal stability of enzymes encapsulated in agarose–dextran hybrid gels. Estimated half-
lives of enzymes encapsulated in 0.5% agarose (gray bars) and 2% agarose (black bars) gels 
incorporating 100 mg/mL and 200 mg/mL dextran at elevated temperatures. (a) HRP and (b) β-gal. 
Error bars indicate the standard deviation of triplicate measurements. 

Table 1. Percent increase in half-lives of enzymes encapsulated in agarose–dextran a hybrid gels 
(prepared using ~500 kDa dextran) relative to solution-phase enzymes. 

 HRP β-gal 

 100 mg/mL 
Dextran 

200 mg/mL 
Dextran 

100 mg/mL 
Dextran 

200 mg/mL 
Dextran 

Solution 
phase 

29.5 ± 4.9 58.3 ± 5.3 40.1 ± 7.6 76.6 ± 5.6 

0.5% Agarose 45.8 ± 6.5 75.2 ± 8.1 73.8 ± 6.3 120.2 ± 6.3 
2% Agarose 52.7 ± 5.8 81.9 ± 7.5 93.2 ± 8.0 137.4.1 ± 9.7 

a 500 kDa dextran was used for the experimental results reported in Table 1. 

2.3. Crowding Enhances the Optimum Temperature of Confined Proteins 

We also explored the effects of crowding on the optimum temperatures of the agarose-
encapsulated enzymes. For this, the enzyme activities of HRP encapsulated in agarose incorporating 
different concentrations of dextran were measured at different temperatures and compared to those 
encapsulated in agarose gels without dextran. The results of these experiments were in agreement 
with our prior thermal deactivation experiments. We observed increases in the optimum 
temperatures (ca. 5 °C shift in optimum temperature) of agarose-encapsulated HRP upon the 
addition of dextran (Figure 4). These experiments also demonstrated a saturation in the combined 
benefits of confinement and crowding for enzymes encapsulated in 2% agarose.  

Figure 3. Thermal stability of enzymes encapsulated in agarose–dextran hybrid gels. Estimated half-lives
of enzymes encapsulated in 0.5% agarose (gray bars) and 2% agarose (black bars) gels incorporating
100 mg/mL and 200 mg/mL dextran at elevated temperatures. (a) HRP and (b) β-gal. Error bars indicate
the standard deviation of triplicate measurements.

Table 1. Percent increase in half-lives of enzymes encapsulated in agarose–dextran a hybrid gels
(prepared using ~500 kDa dextran) relative to solution-phase enzymes.

HRP β-gal

100 mg/mL
Dextran

200 mg/mL
Dextran

100 mg/mL
Dextran

200 mg/mL
Dextran

Solution phase 29.5 ± 4.9 58.3 ± 5.3 40.1 ± 7.6 76.6 ± 5.6
0.5% Agarose 45.8 ± 6.5 75.2 ± 8.1 73.8 ± 6.3 120.2 ± 6.3
2% Agarose 52.7 ± 5.8 81.9 ± 7.5 93.2 ± 8.0 137.4.1 ± 9.7

a 500 kDa dextran was used for the experimental results reported in Table 1.

2.3. Crowding Enhances the Optimum Temperature of Confined Proteins

We also explored the effects of crowding on the optimum temperatures of the agarose-encapsulated
enzymes. For this, the enzyme activities of HRP encapsulated in agarose incorporating different
concentrations of dextran were measured at different temperatures and compared to those encapsulated
in agarose gels without dextran. The results of these experiments were in agreement with our prior
thermal deactivation experiments. We observed increases in the optimum temperatures (ca. 5 ◦C
shift in optimum temperature) of agarose-encapsulated HRP upon the addition of dextran (Figure 4).
These experiments also demonstrated a saturation in the combined benefits of confinement and
crowding for enzymes encapsulated in 2% agarose.

2.4. Crowder Concentration and Not Size Plays a more Significant Role on Protein Stability

To further explore the combined roles for confinement and crowding on protein stability,
we performed the thermal stability experiments for enzymes encapsulated in agarose–dextran gels
prepared using different molecular weights of dextran (~500 kDa in Table 1 and ~150 kDa in Table 2).
Specifically, we were interested in understanding the relative roles of dextran molecular weight and
concentration on the enhancements in thermal stability of the confined enzymes. Consistent with
aforementioned results, enzymes encapsulated in agarose–dextran hybrid gels were more thermostable
than the enzymes encapsulated in agarose gels without dextran (Table 2). Furthermore, irrespective of
the dextran molecular weight, the combined effects of confinement and crowding were non-additive
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and exhibited saturation behavior at higher concentrations of agarose (i.e., 2% agarose). These results
indicated that dextran concentration and not molecular weight is a more important parameter for
stability of proteins confined in agarose (Tables 1 and 2), consistent with previous investigations that
indicated volume occupied by the crowding agent (and not its size) plays an important role in protein
stability [35–37].
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fluorescent dye that binds to exposed hydrophobic regions of partially folded or fully unfolded 
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Figure 4. Optimum temperatures of HRP encapsulated in agarose–dextran hybrid gels. The enzyme
activities of HRP encapsulated in agarose (circles) and agarose incorporating 100 mg/mL (diamonds)
and 200 mg/mL (triangles) dextran—(a) 0.5% agarose (gray markers) and (b) 2% agarose (black
markers)—were measured at different temperatures ranging from 25 ◦C to 70 ◦C. Each data point
represents an average of triplicate measurements, with standard deviation <15%.

Table 2. Percent increase in half-lives of enzymes encapsulated in agarose–dextran a hybrid gels
(prepared using low-molecular-weight dextran) relative to solution-phase enzymes.

HRP β-gal

100 mg/mL
Dextran

200 mg/mL
Dextran

100 mg/mL
Dextran

200 mg/mL
Dextran

Solution phase 35.2 ± 4.2 56.1 ± 6.4 49.7 ± 6.1 91.9± 10.7
0.5% Agarose 47.7 ± 6.5 90.2 ± 5.2 81.9 ± 7.5 142.5 ± 8.7
2% Agarose 60.2 ± 5.1 100.2 ± 10.6 96.1 ± 6.8 150.9 ± 9.2

a 150 kDa dextran was used for the experimental results reported in Table 2.

2.5. Combined Effects of Confinement and Crowding on the Structural Stability of Proteins

Finally, to further characterize the combined roles of confinement and crowding, we used the
8-anilino-1-naphthalenesulfonic acid (ANS)-binding fluorescence assay to determine the structural
stability of enzymes encapsulated in agarose incorporating or not incorporating dextran. ANS is
a fluorescent dye that binds to exposed hydrophobic regions of partially folded or fully unfolded
proteins, an event that is accompanied by an increase in fluorescence intensity and a blue shift of the
emission spectrum [38–40]. These experiments clearly revealed a high degree of correlation between
the kinetic studies and structural measurements of enzyme stability. Specifically, we observed a
significant increase in ANS fluorescence for solution-phase HRP relative to that of HRP encapsulated
in agarose (Figure 5). More importantly, we noted higher enhancements in enzyme structural stability
(as affirmed by the reduced ANS fluorescence intensity values) for agarose–dextran hybrid gels relative
to pure agarose gels (Figure 6). Altogether, our results clearly emphasized the combined roles of
confinement and crowding on the functional and structural stability of enzymes.
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3. Discussion 

Research, both theoretical and experimental, over the past couple of decades has underscored 
the importance of replicating in vivo conditions to study protein structure and function [1–6]. Native 
cellular environments, such as the cytoplasm, are packed with biomacromolecules that subject 
proteins to highly confined and crowded environments, and these conditions have been shown to 
impact the equilibria of biochemical processes such as protein folding, as well as protein function and 
stability [2,3]. Given that traditional experimental protocols for the study of protein fates involved 
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Figure 5. Structural stability of HRP encapsulated in agarose gels. Relative 8-anilino-1-naphthalenesulfonic
acid (ANS) fluorescence intensities for solution-phase enzyme (white) and enzyme encapsulated in 0.5%
agarose (gray) and 2% agarose (black) at 60 ◦C. Relative fluorescence intensities for the agarose–HRP
formulations are reported after subtraction of the spectra of the corresponding agarose gels containing no
enzyme. Each data point represents an average of triplicate measurements, with standard error <15%.
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Figure 6. Structural stability of HRP encapsulated in agarose–dextran hybrid gels. Relative ANS
fluorescence intensities for HRP encapsulated in agarose (circles) and agarose incorporating 100 mg/mL
(diamonds) and 200 mg/mL (triangles) dextran at 60 ◦C—0.5% agarose (left, gray markers) and
2% agarose (right, black markers). Relative fluorescence intensities for the agarose–dextran HRP
formulations are reported after subtraction of the spectra of the corresponding agarose–dextran gels
containing no enzyme. Each data point represents an average of triplicate measurements, with standard
error <15%.

3. Discussion

Research, both theoretical and experimental, over the past couple of decades has underscored
the importance of replicating in vivo conditions to study protein structure and function [1–6].
Native cellular environments, such as the cytoplasm, are packed with biomacromolecules that subject
proteins to highly confined and crowded environments, and these conditions have been shown to
impact the equilibria of biochemical processes such as protein folding, as well as protein function and
stability [2,3]. Given that traditional experimental protocols for the study of protein fates involved
dilute buffer systems and did not replicate the in vivo conditions, new models have been developed
to mimic natural confinement and crowding by using macromolecules, mesoporous silica matrices,
reverse micelles, or hydrogels [7–17,25]. These studies demonstrated significant effects on several
protein fates, including activity and functional stability, their interactions with self and other proteins,
and unfolding and aggregation. While there is enough evidence to confirm that confinement and



Int. J. Mol. Sci. 2020, 21, 8516 7 of 11

crowding can significantly impact protein properties, it is not yet clear if they function similarly or
differently to replicate in vivo cell environments [14,19,41]. Furthermore, only a few studies have
explored the combined effects of confinement and crowding, an additional complexity that may arise
due to the heterogeneous mixture of differently sized biomacromolecules, typical of native cellular
environments [17,24–26].

The main goal of this study was to explore if we could leverage the hydrogel-based platform
previously developed in our lab to further understand the combined effects of confinement and
crowding on protein stability and activity [15]. Specifically, we explored the effects of dextran on the
stability of the model enzymes, HRP and β-gal, confined within the pores of agarose. Please note that
the incorporation of dextran into agarose may influence the average pore size of the gels, and convolute
the measurements and the study of the different combinations of confinement and crowding on protein
activity and stability. Nevertheless, we believe that the use of agarose–dextran hybrid gels better
reproduces the complexity of in vivo environments and is a relevant representation of the combined
effects of confinement and crowding on the functional and structural fates of proteins. Our results
indicated that the addition of dextran further increased the stability of agarose-confined enzymes,
consistent with previous research that demonstrated an increase in the stability of proteins confined in
silica pores as a function of crowding [17]. Although Shin et al. reported increases in protein stability
using protein crowders (and not polymer crowders), the consistency in findings are not altogether
surprising because research has already demonstrated that polymer and protein crowders act similarly
on protein stability [42]. It is also important to note that higher relative enhancements in both functional
and structural stability were observed for proteins encapsulated in lower concentrations of agarose.
The latter result indicates possible saturation in the combined effects of confinement and crowding
on protein fates. Our data is consistent with previous research studies that demonstrated greater
stabilizing effects for mixed macromolecular crowding, as well as a combination of confinement
and crowding [17,22,23]. Furthermore, the observed saturation in protein stabilization, as well as
non-additive effects on protein stability, points to a possible synergistic effect of confinement and
crowding. We hope this study will provide a foundation to create more relevant models for the
in vitro investigation of protein behavior and fates in vivo. Such models may enable exploration of the
mechanisms of multidomain protein folding and protein association and interactions, or to develop
systems for drug delivery or implantable biosensors [26,43–45].

4. Materials and Methods

4.1. Materials

The enzymes, horseradish peroxidase (HRP) and β-galactosidase (β-gal), as well as the
reagents for quantifying their activity and structure, including the enzyme substrates 2,2′-azinobis(3-
ethylbenzthiazoline-6-sulphonate) (ABTS), hydrogen peroxide (H2O2) (for HRP), and o-nitrophenyl
β-d-galactoside (ONPG) (for β-gal), and 8-anilino-1-naphthalenesulfonic acid (ANS) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Materials for the confinement and crowding experiments,
agarose (molecular biology grade) was obtained from Bio-Rad Laboratories (Hercules, CA, USA) and
different molecular weight dextrans (~150 and ~500 kDa)) were purchased from Sigma-Aldrich and
used without further purification. All other reagents, including the buffer components, were purchased
from Sigma-Aldrich and used as received.

4.2. Encapsulation of Enzymes in Agarose Gels

Enzymes were encapsulated in agarose, as described previously [15]. Briefly, stock agarose
solutions were first prepared by mixing agarose powder in Tris-HCl buffer mixture at 90 ◦C for 30 min,
and then cooled down to and maintained at 45 ◦C. Freshly prepared enzyme stock solutions in Tris-HCl
buffer were mixed with the agarose solutions at 45 ◦C, and aliquoted into wells of a 96-well plate
(50 µL of the enzyme–gel mixture per well) and cooled to room temperature. Agarose–dextran hybrid
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gel-encapsulated enzyme formulations were prepared by combining appropriate volumes of agarose,
low- or high-molecular-weight dextran, and enzyme stock solutions at 45 ◦C, before aliquoting into the
well plates. Except for the experiments performed to study the role of crowder size on protein stability,
high-molecular-weight dextran (~500 kDa) was used to prepare the agarose–dextran hybrid gels.

4.3. Measurement of Enzyme Activity

The initial reaction rates of solution-phase and gel-encapsulated enzymes were determined using
a Tecan Infinite 200 PRO spectrophotometer (Durham, NC, USA). HRP oxidizes ABTS at the expense
of H2O2 to form a soluble end product that can be spectrophotometrically monitored at 405 nm;
HRP concentration for the activity measurements was 90 nM, and the ABTS and H2O2 concentrations
were 10 µM and 40 µM, respectively. β-gal activities were measured by monitoring ONPG hydrolysis at
420 nm; β-gal and ONPG concentrations for these measurements were 10 nM and 80 µM, respectively.
Initial reaction rates of ABTS oxidation and ONPG hydrolysis by agarose and agarose–dextran hybrid
gels containing no enzyme were measured as controls.

4.4. Measurement of Enzyme Functional Stability

For the thermal deactivation (or half-life) experiments, solution-phase and gel-encapsulated
enzyme formulations were exposed to elevated temperatures (HRP at 60 ◦C and β-gal at 50 ◦C) for
different periods of time, followed by cooling to room temperature, before measuring the residual
activity. The enzyme activity at zero time (t = 0 min) was taken as 100%. For the optimum temperature
measurements, activities of the solution-phase and gel-encapsulated HRP were measured at various
temperatures (25–70 ◦C, by 5 ◦C increments) under aforementioned HRP activity assay conditions.
The HRP formulations were first equilibrated at the various temperatures for 5 min prior to the
activity measurements.

4.5. Measurement of Enzyme Structural Stability

The fluorescence measurements for the ANS assay (used to assess the structural stability of the
solution-phase and gel-encapsulated enzymes) were also carried out using the Tecan Infinite 200
PRO spectrophotometer. The HRP formulations were first equilibrated at 60 ◦C for 50 min prior to
the ANS fluorescence measurements. ANS fluorescence emission spectra (between 440 and 540 nm)
of the solution-phase and gel-encapsulated HRP were then collected after excitation at 360 nm at
room and elevated (60 ◦C) temperatures. Fluorescence spectra of the agarose or agarose–dextran
hybrid gels containing no enzyme were recorded similarly and subtracted from the spectra of
enzyme. Please note that agarose and agarose–dextran hybrid gels had minimal interference with the
fluorescence measurements.

Supplementary Materials: The following are available online at http://www.mdpi.com/1422-0067/21/22/8516/s1,
Figure S1: Thermal stability of HRP and β-gal in dextran solutions.

Author Contributions: P.A. conceived and designed the experiments; J.K., S.L., and P.A. collected the data; M.L.R.
and P.A. analyzed the data and wrote the paper. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Acknowledgments: This work was supported by the School of Engineering at Santa Clara University.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ellis, R.J. Macromolecular crowding: Obvious but underappreciated. Trends Biochem. Sci. 2001, 26, 597–604.
[CrossRef]

2. Minton, A.P. The Influence of Macromolecular Crowding and Macromolecular Confinement on Biochemical
Reactions in Physiological Media. J. Biol. Chem. 2001, 276, 10577–10580. [CrossRef] [PubMed]

http://www.mdpi.com/1422-0067/21/22/8516/s1
http://dx.doi.org/10.1016/S0968-0004(01)01938-7
http://dx.doi.org/10.1074/jbc.R100005200
http://www.ncbi.nlm.nih.gov/pubmed/11279227


Int. J. Mol. Sci. 2020, 21, 8516 9 of 11

3. Zhou, H.-X. Protein folding in confined and crowded environments. Arch. Biochem. Biophys. 2008, 469, 76–82.
[CrossRef] [PubMed]

4. Kuznetsova, I.; Turoverov, K.; Uversky, V. What Macromolecular Crowding Can Do to a Protein. Int. J.
Mol. Sci. 2014, 15, 23090–23140. [CrossRef] [PubMed]

5. Zhou, H.-X. Influence of crowded cellular environments on protein folding, binding, and oligomerization:
Biological consequences and potentials of atomistic modeling. FEBS Lett. 2013, 587, 1053–1061. [CrossRef]
[PubMed]

6. Simpson, L.W.; Good, T.A.; Leach, J.B. Protein folding and assembly in confined environments: Implications
for protein aggregation in hydrogels and tissues. Biotechnol. Adv. 2020, 42, 107573. [CrossRef] [PubMed]

7. Shendi, D.; Marzi, J.; Linthicum, W.; Rickards, A.J.; Dolivo, D.M.; Keller, S.; Kauss, M.A.; Wen, Q.;
McDevitt, T.C.; Dominko, T.; et al. Hyaluronic acid as a macromolecular crowding agent for production of
cell-derived matrices. Acta Biomater. 2019, 100, 292–305. [CrossRef]

8. Shahid, S.; Hasan, I.; Ahmad, F.; Hassan, M.I.; Islam, A. Carbohydrate-Based Macromolecular
Crowding-Induced Stabilization of Proteins: Towards Understanding the Significance of the Size of
the Crowder. Biomolecules 2019, 9, 477. [CrossRef]

9. Hasan, S.; Isar, M.; Naeem, A. Macromolecular crowding stabilises native structure of α-chymotrypsinogen-A
against hexafluoropropanol-induced aggregates. Int. J. Biol. Macromol. 2020, 164, 3780–3788. [CrossRef]

10. Popielec, A.; Ostrowska, N.; Wojciechowska, M.; Feig, M.; Trylska, J. Crowded environment affects the
activity and inhibition of the NS3/4A protease. Biochimie 2020, 176, 169–180. [CrossRef]

11. Eggers, D.K. Molecular confinement influences protein structure and enhances thermal protein stability.
Protein Sci. 2001, 10, 250–261. [CrossRef] [PubMed]

12. Bismuto, E.; Martelli, P.L.; De Maio, A.; Mita, D.G.; Irace, G.; Casadio, R. Effect of molecular confinement on
internal enzyme dynamics: Frequency domain fluorometry and molecular dynamics simulation studies.
Biopolymers 2002, 67, 85–95. [CrossRef] [PubMed]

13. Bolis, D.; Politou, A.S.; Kelly, G.; Pastore, A.; Andrea Temussi, P. Protein Stability in Nanocages: A Novel
Approach for Influencing Protein Stability by Molecular Confinement. J. Mol. Biol. 2004, 336, 203–212.
[CrossRef] [PubMed]

14. Sanfelice, D.; Politou, A.; Martin, S.R.; De Los Rios, P.; Temussi, P.; Pastore, A. The effect of crowding
and confinement: A comparison of Yfh1 stability in different environments. Phys. Biol. 2013, 10, 045002.
[CrossRef] [PubMed]

15. Kunkel, J.; Asuri, P. Function, structure, and stability of enzymes confined in agarose gels. PLoS ONE 2014,
9, e86785. [CrossRef]

16. Long, S.; Kunkel, J.; Asuri, P. Influence of Macromolecular Crowding and Confinement on Enzyme Activity
and Structure under Native and Denaturing Conditions. Biochem. Anal. Biochem. 2017, 7, 1–7. [CrossRef]

17. Shin, S.; Kim, H.S.; Kim, M.I.; Lee, J.; Park, H.G.; Kim, J. Crowding and confinement effects on enzyme
stability in mesoporous silicas. Int. J. Biol. Macromol. 2020, 144, 118–126. [CrossRef]

18. Zhou, H.-X. Protein folding and binding in confined spaces and in crowded solutions. J. Mol. Recognit. 2004,
17, 368–375. [CrossRef]

19. Zhou, H.-X.; Rivas, G.; Minton, A.P. Macromolecular crowding and confinement: Biochemical, biophysical,
and potential physiological consequences. Annu. Rev. Biophys. 2008, 37, 375–397. [CrossRef]

20. Zhou, B.-R.; Liang, Y.; Du, F.; Zhou, Z.; Chen, J. Mixed macromolecular crowding accelerates the oxidative
refolding of reduced, denatured lysozyme: Implications for protein folding in intracellular environments.
J. Biol. Chem. 2004, 279, 55109–55116. [CrossRef]

21. Zhou, B.-R.; Zhou, Z.; Hu, Q.-L.; Chen, J.; Liang, Y. Mixed macromolecular crowding inhibits amyloid
formation of hen egg white lysozyme. Biochim. Biophys. Acta 2008, 1784, 472–480. [CrossRef] [PubMed]

22. Shahid, S.; Ahmad, F.; Hassan, M.I.; Islam, A. Relationship between protein stability and functional activity
in the presence of macromolecular crowding agents alone and in mixture: An insight into stability-activity
trade-off. Arch. Biochem. Biophys. 2015, 584, 42–50. [CrossRef] [PubMed]

23. Shahid, S.; Ahmad, F.; Hassan, M.I.; Islam, A. Mixture of Macromolecular Crowding Agents Has a
Non-additive Effect on the Stability of Proteins. Appl. Biochem. Biotechnol. 2019, 188, 927–941. [CrossRef]
[PubMed]

24. Fowlkes, J.D.; Collier, C.P. Single-molecule mobility in confined and crowded femtolitre chambers. Lab. Chip
2013, 13, 877–885. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.abb.2007.07.013
http://www.ncbi.nlm.nih.gov/pubmed/17719556
http://dx.doi.org/10.3390/ijms151223090
http://www.ncbi.nlm.nih.gov/pubmed/25514413
http://dx.doi.org/10.1016/j.febslet.2013.01.064
http://www.ncbi.nlm.nih.gov/pubmed/23395796
http://dx.doi.org/10.1016/j.biotechadv.2020.107573
http://www.ncbi.nlm.nih.gov/pubmed/32512220
http://dx.doi.org/10.1016/j.actbio.2019.09.042
http://dx.doi.org/10.3390/biom9090477
http://dx.doi.org/10.1016/j.ijbiomac.2020.08.149
http://dx.doi.org/10.1016/j.biochi.2020.07.009
http://dx.doi.org/10.1110/ps.36201
http://www.ncbi.nlm.nih.gov/pubmed/11266611
http://dx.doi.org/10.1002/bip.10058
http://www.ncbi.nlm.nih.gov/pubmed/12073936
http://dx.doi.org/10.1016/j.jmb.2003.11.056
http://www.ncbi.nlm.nih.gov/pubmed/14741216
http://dx.doi.org/10.1088/1478-3975/10/4/045002
http://www.ncbi.nlm.nih.gov/pubmed/23912905
http://dx.doi.org/10.1371/journal.pone.0086785
http://dx.doi.org/10.4172/2161-1009.1000355
http://dx.doi.org/10.1016/j.ijbiomac.2019.12.034
http://dx.doi.org/10.1002/jmr.711
http://dx.doi.org/10.1146/annurev.biophys.37.032807.125817
http://dx.doi.org/10.1074/jbc.M409086200
http://dx.doi.org/10.1016/j.bbapap.2008.01.004
http://www.ncbi.nlm.nih.gov/pubmed/18252208
http://dx.doi.org/10.1016/j.abb.2015.08.015
http://www.ncbi.nlm.nih.gov/pubmed/26325080
http://dx.doi.org/10.1007/s12010-019-02972-9
http://www.ncbi.nlm.nih.gov/pubmed/30737628
http://dx.doi.org/10.1039/c2lc40907k
http://www.ncbi.nlm.nih.gov/pubmed/23303284


Int. J. Mol. Sci. 2020, 21, 8516 10 of 11

25. Honegger, P.; Steinhauser, O. Towards capturing cellular complexity: Combining encapsulation and
macromolecular crowding in a reverse micelle. Phys. Chem. Chem. Phys. 2019, 21, 8108–8120. [CrossRef]
[PubMed]

26. Chu, X.; Suo, Z.; Wang, J. Confinement and Crowding Effects on Folding of a Multidomain Y-Family DNA
Polymerase. J. Chem. Theory Comput. 2020, 16, 1319–1332. [CrossRef]

27. Griess, G.A.; Moreno, E.T.; Easom, R.A.; Serwer, P. The sieving of spheres during agarose gel electrophoresis:
Quantitation and modeling. Biopolymers 1989, 28, 1475–1484. [CrossRef]

28. Griess, G.A.; Guiseley, K.B.; Serwer, P. The relationship of agarose gel structure to the sieving of spheres
during agarose gel electrophoresis. Biophys. J. 1993, 65, 138–148. [CrossRef]

29. Nasreen, K.; Parray, Z.A.; Ahamad, S.; Ahmad, F.; Ahmed, A.; Freeh Alamery, S.; Hussain, T.; Hassan, M.d.I.;
Islam, A. Interactions Under Crowding Milieu: Chemical-Induced Denaturation of Myoglobin is Determined
by the Extent of Heme Dissociation on Interaction with Crowders. Biomolecules 2020, 10, 490. [CrossRef]

30. Ghosh, S.; Shahid, S.; Raina, N.; Ahmad, F.; Hassan, M.I.; Islam, A. Molecular and macromolecular
crowding-induced stabilization of proteins: Effect of dextran and its building block alone and their mixtures
on stability and structure of lysozyme. Int. J. Biol. Macromol. 2020, 150, 1238–1248. [CrossRef]

31. Fishman, A.; Levy, I.; Cogan, U.; Shoseyov, O. Stabilization of horseradish peroxidase in aqueous-organic
media by immobilization onto cellulose using a cellulose-binding-domain. J. Mol. Catal. B Enzym. 2002, 18,
121–131. [CrossRef]

32. Alshawafi, W.M.; Aldhahri, M.; Almulaiky, Y.Q.; Salah, N.; Moselhy, S.S.; Ibrahim, I.H.; El-Shishtawy, R.M.;
Mohamed, S.A. Immobilization of horseradish peroxidase on PMMA nanofibers incorporated with
nanodiamond. Artif. Cells Nanomed. Biotechnol. 2018, 46, S973–S981. [CrossRef] [PubMed]

33. Arreola, S.L.; Intanon, M.; Suljic, J.; Kittl, R.; Pham, N.H.; Kosma, P.; Haltrich, D.; Nguyen, T.-H. Two
β-Galactosidases from the Human Isolate Bifidobacterium breve DSM 20213: Molecular Cloning and
Expression, Biochemical Characterization and Synthesis of Galacto-Oligosaccharides. PLoS ONE 2014,
9, e104056. [CrossRef]

34. Jamsazzadeh Kermani, Z.; Shpigelman, A.; Houben, K.; ten Geuzendam, B.; Van Loey, A.M.; Hendrickx, M.E.
Study of mango endogenous pectinases as a tool to engineer mango purée consistency. Food Chem. 2015, 172,
272–282. [CrossRef] [PubMed]

35. Pastor, I.; Vilaseca, E.; Madurga, S.; Garcés, J.L.; Cascante, M.; Mas, F. Effect of Crowding by Dextrans on the
Hydrolysis of N-Succinyl-L-phenyl-Ala-p-nitroanilide Catalyzed by α-Chymotrypsin. J. Phys. Chem. B 2011,
115, 1115–1121. [CrossRef]

36. Sharp, K.A. Analysis of the size dependence of macromolecular crowding shows that smaller is better. Proc.
Natl. Acad. Sci. USA 2015, 112, 7990–7995. [CrossRef] [PubMed]

37. Shahid, S.; Hassan, M.d.I.; Islam, A.; Ahmad, F. Size-dependent studies of macromolecular crowding on
the thermodynamic stability, structure and functional activity of proteins: In vitro and in silico approaches.
Biochim. Biophys. Acta BBA Gen. Subj. 2017, 1861, 178–197. [CrossRef] [PubMed]

38. Semisotnov, G.V.; Rodionova, N.A.; Razgulyaev, O.I.; Uversky, V.N.; Gripas’, A.F.; Gilmanshin, R.I. Study of
the molten globule intermediate state in protein folding by a hydrophobic fluorescent probe. Biopolymers
1991, 31, 119–128. [CrossRef]

39. Guha, S.; Bhattacharyya, B. A Partially Folded Intermediate during Tubulin Unfolding: Its Detection and
Spectroscopic Characterization. Biochemistry 1995, 34, 6925–6931. [CrossRef]

40. Gabellieri, E.; Strambini, G.B. Perturbation of Protein Tertiary Structure in Frozen Solutions Revealed by
1-Anilino-8-Naphthalene Sulfonate Fluorescence. Biophys. J. 2003, 85, 3214–3220. [CrossRef]

41. Cheng, K.; Wu, Q.; Zhang, Z.; Pielak, G.J.; Liu, M.; Li, C. Crowding and Confinement Can Oppositely Affect
Protein Stability. ChemPhysChem 2018, 19, 3350–3355. [CrossRef] [PubMed]

42. Zhou, H.-X. Polymer crowders and protein crowders act similarly on protein folding stability. FEBS Lett.
2013, 587, 394–397. [CrossRef] [PubMed]

43. Mrozowich, T.; Winzor, D.J.; Scott, D.J.; Patel, T.R. Use of molecular crowding for the detection of protein
self-association by size-exclusion chromatography. Anal. Biochem. 2019, 584, 113392. [CrossRef] [PubMed]

http://dx.doi.org/10.1039/C9CP00053D
http://www.ncbi.nlm.nih.gov/pubmed/30932109
http://dx.doi.org/10.1021/acs.jctc.9b01146
http://dx.doi.org/10.1002/bip.360280811
http://dx.doi.org/10.1016/S0006-3495(93)81072-5
http://dx.doi.org/10.3390/biom10030490
http://dx.doi.org/10.1016/j.ijbiomac.2019.10.135
http://dx.doi.org/10.1016/S1381-1177(02)00075-9
http://dx.doi.org/10.1080/21691401.2018.1522321
http://www.ncbi.nlm.nih.gov/pubmed/30314411
http://dx.doi.org/10.1371/journal.pone.0104056
http://dx.doi.org/10.1016/j.foodchem.2014.09.077
http://www.ncbi.nlm.nih.gov/pubmed/25442554
http://dx.doi.org/10.1021/jp105296c
http://dx.doi.org/10.1073/pnas.1505396112
http://www.ncbi.nlm.nih.gov/pubmed/26080429
http://dx.doi.org/10.1016/j.bbagen.2016.11.014
http://www.ncbi.nlm.nih.gov/pubmed/27842220
http://dx.doi.org/10.1002/bip.360310111
http://dx.doi.org/10.1021/bi00021a003
http://dx.doi.org/10.1016/S0006-3495(03)74739-0
http://dx.doi.org/10.1002/cphc.201800857
http://www.ncbi.nlm.nih.gov/pubmed/30358053
http://dx.doi.org/10.1016/j.febslet.2013.01.030
http://www.ncbi.nlm.nih.gov/pubmed/23353683
http://dx.doi.org/10.1016/j.ab.2019.113392
http://www.ncbi.nlm.nih.gov/pubmed/31408631


Int. J. Mol. Sci. 2020, 21, 8516 11 of 11

44. Tischer, W.; Wedekind, F. Immobilized Enzymes: Methods and Applications. In Biocatalysis—From Discovery to
Application; Fessner, W.-D., Archelas, A., Demirjian, D.C., Furstoss, R., Griengl, H., Jaeger, K.-E., Morís-Varas, E.,
Öhrlein, R., Reetz, M.T., Reymond, J.-L., et al., Eds.; Topics in Current Chemistry; Springer: Berlin/Heidelberg,
Germany, 1999; Volume 200, pp. 95–126. ISBN 978-3-540-64942-7.

45. Liang, J.F.; Li, Y.T.; Yang, V.C. Biomedical application of immobilized enzymes. J. Pharm. Sci. 2000, 89,
979–990. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1002/1520-6017(200008)89:8&lt;979::AID-JPS2&gt;3.0.CO;2-H
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	Protein Confinement Increases Thermal Stability of Proteins 
	Additive Effects of Confinement and Crowding on Protein Stability 
	Crowding Enhances the Optimum Temperature of Confined Proteins 
	Crowder Concentration and Not Size Plays a more Significant Role on Protein Stability 
	Combined Effects of Confinement and Crowding on the Structural Stability of Proteins 

	Discussion 
	Materials and Methods 
	Materials 
	Encapsulation of Enzymes in Agarose Gels 
	Measurement of Enzyme Activity 
	Measurement of Enzyme Functional Stability 
	Measurement of Enzyme Structural Stability 

	References

