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The release kinetics for a variety of proteins of a wide range of
molecular mass, hydrodynamic radii, and isoelectric points through a
nanofiber hydrogel scaffold consisting of designer self-assembling
peptides were studied by using single-molecule fluorescence cor-
relation spectroscopy (FCS). In contrast to classical diffusion exper-
iments, the single-molecule approach allowed for the direct de-
termination of diffusion coefficients for lysozyme, trypsin
inhibitor, BSA, and IgG both inside the hydrogel and after being
released into the solution. The results of the FCS analyses and the
calculated pristine in-gel diffusion coefficients were compared
with the values obtained from the Stokes–Einstein equation,
Fickian diffusion models, and the literature. The release kinetics
suggested that protein diffusion through nanofiber hydrogels
depended primarily on the size of the protein. Protein diffusivities
decreased, with increasing hydrogel nanofiber density providing a
means of controlling the release kinetics. Secondary and tertiary
structure analyses and biological assays of the released proteins
showed that encapsulation and release did not affect the protein
conformation and functionality. Our results show that this bio-
compatible and injectable designer self-assembling peptide hydro-
gel system may be useful as a carrier for therapeutic proteins for
sustained release applications.

drug delivery � protein diffusion � single-molecule analysis �
spectroscopic analyses � antibody–antigen interactions

Hydrogels have long been recognized as being well suited for
numerous biomedical applications, including regenerative

medicine and controlled drug release (1–3). The successful
implementation of these materials, however, depends on many
factors, including component and degradation product toxicity,
inflammatory host response, the ease of incorporating cell-
specific bioactive moieties, and the controlled and sustainable
release of the active compound over prolonged periods of time.
Despite the intense research conducted on myriad natural and
synthetic materials (i.e., polyglycolic–polylactic acid, agarose,
collagen, alginate, etc.), all of these challenges have not been
resolved yet for a single system (2, 4).

In 1993, we discovered that a class of self-assembling peptides
comprising alternating hydrophobic and hydrophilic amino acids
spontaneously self-organize into interwoven nanofibers with
diameters of 10–20 nm upon being introduced to electrolyte
solutions (5). These nanofibers further organize to form highly
hydrated hydrogels [up to �99.5% (wt/vol) water], with pore
sizes between 5 and 200 nm in diameter. Peptide hydrogels not
only have all of the advantages of ‘‘traditional’’ hydrogels but also
do not use harmful materials (e.g., toxic cross-linkers, etc.) to
initiate the solution–gel transformation (2) whereas the degra-
dation products are natural amino acids, which can be metab-
olized. The fact that the solution–gel transition occurs at phys-
iological conditions and the high internal hydration of the
hydrogel allows for the presentation of bioactive molecules
and/or cells that may be coinjected locally in a tissue-specific

manner. Self-assembling peptide hydrogel scaffolds are biocom-
patible, amenable to molecular design, and have been used in a
number of tissue engineering applications, including bone and
cartilage reconstruction, heart tissue regeneration, angiogenesis,
and more (6–8). Peptide hydrogels provide a platform that
makes them ideal for nanomedical applications because they are
easy to use, nontoxic, nonimmunogenic, nonthrombogenic, bio-
degradable, and applicable to localized therapies through injec-
tion to a particular tissue (8, 9).

We reported that the acetyl-(Arg-Ala-Asp-Ala)4-CONH2 [Ac-
(RADA)4-CONH2] peptide hydrogel is an efficient slow-
delivery carrier of small molecules (10). In this work, we used a
variety of proteins, including lysozyme, trypsin inhibitor, BSA,
and IgG with differing physicochemical properties (pI 4.6, 11.4;
molecular mass, 14.3–150 kDa) and morphologies and encapsu-
lated them within the Ac-(RADA)4-CONH2 peptide hydrogel
(Fig. 1). Release kinetics and diffusion coefficients for all
systems were determined by using a single-molecule fluores-
cence correlation spectroscopy (FCS) method. In contrast to
bulk experiments where average diffusion values are determined
by using semiempirical approaches, the single-molecule ap-
proach allowed for the experimental determination of diffusion
coefficients of the proteins not only in solution but also inside the
hydrogel during the release process.

It is crucial to determine whether the processes involved in
incorporating and releasing proteins from the peptide hydrogel
adversely affect their structural conformation and function. To
ascertain the released protein structure and function, these
proteins were analyzed by using circular dichroism (CD) and
fluorescent spectroscopy before and after release. Furthermore,
bioassays were conducted to verify protein functionality. The
presentation of functional proteins and the elucidation of crucial
protein–hydrogel events are considered as significant advances
that are required for furthering designer peptide nanofiber
hydrogels for various biomedical applications.

Results and Discussion
Protein Release Through the Self-Assembling Peptide Hydrogel. From
Fig. 2, it is apparent that for these systems, there seemed to be
a rapid initial release of protein within the 1st h (burst effect).
This burst is most likely caused by (i) protein molecules that were
at or near the solvent–hydrogel interface and escaped rapidly
into the supernatant solution and (ii) protein release that is faster
through large pores of the hydrogel compared with that through
smaller pores and parts of the hydrogel with highly entangled
nanofiber network that constrain the molecular motion.
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Protein release through the 1% (wt/vol) peptide hydrogel was
slower by time and seemed to reach a plateau value asymptot-
ically after �30–50 h depending on the protein. In hydrogel
systems, protein release rarely reaches 100%. The main reason
for that is physical entrapment of the molecules in highly
entangled nanofiber domains of the hydrogel, which allow less
free motion of the diffusant. Because the self-assembling peptide
hydrogel is biodegradable, upon introduction into a living or-
ganism, proteolytic enzymes will degrade the peptides and the
hydrogel will be decomposed to single amino acids. This process
will allow for the entire load of the hydrogel to be released into
the host tissue. IgG presented the slowest release among the
proteins tested, and its concentration in the supernatant was
increasing even after 60 h of release. These results show that
large proteins are retained inside the hydrogel scaffold for longer
times compared with smaller proteins. Overall, it seems evident
that protein release from the Ac-(RADA)4-CONH2 peptide

hydrogel was more sensitive to physical size than protein charge
(Fig. 2). Lysozyme, which is the smallest among the proteins
studied, was released fastest. Soybean trypsin inhibitor, which is
slightly larger and oppositely charged compared with lysozyme,
was released slower than lysozyme but faster than BSA, which is
larger. IgG, the largest of the proteins examined, was released
more slowly than all other proteins.

Theoretical calculations revealed that the isoelectric point of
the Ac-(RADA)4-CONH2 peptide is between 6.7 and 7.0, and
therefore, it is suggested that at pH 7.4, where the protein release
experiments were conducted, the net charge of the peptide
nanofibers is only slightly negative. The release data show that
at these conditions, the protein surface charge was not a
significant factor dictating the diffusion mechanism. However,
we can speculate that protein charge could be an important
factor affecting the release kinetics when protein release oc-
curred through peptide hydrogels consisting of nanofibers that
carry a net (positive or negative) charge. Such peptide sequences
with self-assembling properties can be easily designed and
synthesized, and this strategy would present an efficient means
to control the release profile of proteins through the hydrogel.

Protein Diffusivity in Solution and in the Hydrogel Scaffold. The
release profiles of proteins with different molecular mass, iso-
electric points, and hydrodynamic radii through the peptide
nanofiber hydrogel system were studied by using a single-
molecule FCS method. We measured the number of particles
crossing the confocal volume, �1 fL, per unit of time and the
diffusional time, which is the time required for the diffusing
molecules to cross the confocal volume. The diffusion coeffi-
cients of the proteins were determined both in solution and
inside the hydrogel (pristine), and the results are summarized in
Table 1.

The results show that the Stokes–Einstein equation overesti-
mates the diffusivities of the proteins in solution by 10–20%. The
reason for the discrepancy between the Stokes–Einstein diffu-
sion coefficients and those determined by FCS analysis is
probably because in our experiments we used micromolar pro-
tein concentration. Hence, molecular crowding may have af-
fected protein diffusion by slowing the molecular motion. How-
ever, the rationale of using micromolar concentration was
necessitated by the need to resemble the real-life situation where
the drug delivery vehicle should be able to carry a high load of
bioactive molecules. In the literature, solution diffusivity values
of �1.04, 0.9, 0.6, and 0.4 � 10�10 m2 s�1 for lysozyme, soybean
trypsin inhibitor, BSA, and IgG, respectively, have been reported
at infinitely dilute conditions at 20 °C (11–14). The diffusion
coefficients of freshly prepared protein solutions using FCS
analysis were similar to those calculated for the same proteins
after release through the hydrogel. This result suggests that the
interaction of the proteins with the nanofiber hydrogel did not
induce changes in the protein size as a result of unfolding and/or
aggregation.

Application of the commonly used Fickian model, which is
described by Eq. 2 (see Materials and Methods), resulted in
apparent protein diffusion coefficients inside the hydrogel,
which significantly differed from those of the proteins in solution
(up to �80%). The model was developed assuming diffusion of
small molecules, infinite dilution of the diffusant, and that the
diffusion of the molecules through the hydrogel depends solely
on Brownian motion. Eq. 2 is commonly used to determine
apparent diffusion coefficients even when these conditions do
not apply. The reason for doing so is that it facilitates the
discussion of systems when there is no other easily transferable
method for determining the diffusivity. In hydrogel systems,
these assumptions are rarely satisfied, and therefore, it was
expected that the calculated apparent protein diffusion coeffi-
cients from Eq. 2 would differ from those determined inside the
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Fig. 1. Graphical representation of lysozyme, trypsin inhibitor, BSA, and IgG,
the Ac-(RADA)4-CONH2 peptide monomer, and of the peptide nanofiber.
Color scheme for proteins and peptides: blue, positively charged; red, nega-
tively charged; light blue, hydrophobic. Protein models were based on known
crystal structures (37–40).

Fig. 2. Release profiles for lysozyme (�), trypsin inhibitor (F), BSA (Œ), and
IgG (■ ) through the self-assembling peptide hydrogel in PBS (pH 7.4) at room
temperature. Data points represent the average of 4 or 8 samples with
calculated SD values that are �12%. (Inset) Protein release plotted as a
function of the square root of time showing a biphasic diffusion mechanism.
The initial linear part of the plots represents simple diffusion of the proteins
through the peptide hydrogel, and it is used to calculate diffusion coefficients
based on Fick’s law (Eq. 2).
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hydrogel using the FCS single-molecule analysis. Plotting the
release data as a function of the square root of time (Fig. 2 Inset)
showed that the diffusion mechanism is biphasic. The initial
linear part of each plot indicates diffusion controlled release of
the proteins through the peptide hydrogel, and it is used to
calculate diffusion coefficients based on Fick’s law (Eq. 2) (15,
16). Deviation from the straight line at longer times may be
associated with non-Fickian, anomalous diffusion. Hydrogel
pores with small sizes and/or diffusion hindrance caused by
specific interactions between diffusing protein molecules and
peptide nanofibers of the hydrogel may also account for the
deviation from Fick’s law.

The peptide hydrogel consists of �99% (wt/vol) water, and
large water voids exist within the hydrogel matrix. Therefore, it
is not surprising that the difference between the FCS-
determined diffusion coefficients of the proteins in solution and
inside the hydrogel is small, i.e., between 18 and 30% (Table 1).
However, single-molecule analysis inside the hydrogel obtained
diffusivity values for freely moving protein particles. Protein
molecules that may be closely interacting with the peptide
nanofibers of the hydrogel could not be directly detected,
although it may be argued that this interaction would most likely
be negligible because of a lack of charge effects between proteins
and nanofibers.

Effect of Peptide Hydrogel Density on Protein Diffusion. To investi-
gate the effect of the hydrogel density on the release profiles of
the proteins, we varied the self-assembling peptide concentra-
tions. Increasing the peptide concentration resulted in a higher
density network of nanofibers that could hinder the release of
the proteins. In Fig. 3, the release profiles of lysozyme and IgG
are plotted upon diffusion through hydrogels with peptide
concentrations of 0.5% (wt/vol) (99.5% water), 1.0% (wt/vol)
(99% water), and 1.5% (wt/vol) (98.5% water). The results show
that protein release through the hydrogel is efficiently controlled
upon varying the peptide nanofiber density.

Conformational Properties of Released Proteins. Protein aggrega-
tion events and protein–peptide interactions resulting in protein
inactivation could occur during the protein’s residence in the
peptide solution, during self-assembly and nanofiber formation,
or during the release process. Protein denaturation followed by
unfolding or aggregation is expected to influence the diffusivity
values. To determine whether this event had occurred, the native
and released protein diffusivities were determined by using FCS
method. Data analysis showed that the diffusivity values of the
released proteins were similar to that of the native proteins
(Table 1), which suggests that the proteins did not unfold or
aggregate during interaction with the hydrogel system. To obtain
further insight into the conformational state of the released
proteins, far-UV CD and fluorescence spectroscopy were used
to examine the secondary and tertiary structural characteristics,
respectively.

CD spectra of the native proteins were nearly identical to
those reported in the literature for lysozyme (17), trypsin
inhibitor (18), BSA (19), and IgG (20). As may be seen in Fig.
4, the CD spectra of the released proteins closely resembled
those of the proteins in the native state. Small deviations were
observed in some spectra at wavelengths �200 nm where the
diode or HT (i.e., total absorption) level was high. The relatively
low concentration of released proteins, in conjunction with the
possible presence of detached nanofibers from the scaffold,
could be reasons for the low signal-to-noise ratio observed in this
region of the spectrum. However, in the case of released IgG, the
�-sheet content of the protein, as seen from the 218-nm ellip-
ticity, was not affected during the release process.

Fluorescence emission spectra were recorded with excitation
at 300 nm to excite the tryptophans: the emission spectrum is
sensitive to the tryptophan microenvironment within the 3D
structure of the protein, and therefore, the spectra can be used
to detect tertiary structure changes of the proteins upon release
through the hydrogel. The fluorescence spectra of the proteins
studied in this work were in line with literature reports recorded
at the same experimental conditions for lysozyme (21), trypsin
inhibitor (22), BSA (23), and IgG (24). The emission spectra of
all released proteins were similar to those of the native proteins
with respect to both the emission maximum and fluorescence
intensity after normalization for the concentration (Fig. 5).

Table 1. Protein properties and diffusion constants using the Stokes-Einstein equation and FCS analysis (Eq. 1)

Protein
Mol mass,

kDa rh, nm pI

Diffusion constants of proteins (10�10 m2/s)

Stokes–
Einstein
estimate

Native in
PBS (FCS
analysis)

Released in
PBS (FCS
analysis)

Apparent
in gel
(Eq. 2)

Pristine in
gel (FCS
analysis)

Lysozyme 14.3 1.9 11.4 1.15 0.97 � 0.18 0.96 � 0.24 0.50 � 0.02 0.71 � 0.05
Trypsin inhibitor 20.1 2.4 4.6 0.91 0.74 � 0.14 0.72 � 0.18 0.32 � 0.01 0.61 � 0.04
BSA 66.0 3.6 5.3 0.61 0.53 � 0.10 0.51 � 0.12 0.24 � 0.02 0.41 � 0.06
IgG �150.0 5.3 �7.2 0.40 0.38 � 0.08 0.40 � 0.09 0.07 � 0.01 0.28 � 0.02

Diffusion constants inside the hydrogel were estimated using Eq. 2 (apparent) and Eq. 1 (pristine). SD values were calculated using error propagation (n �
4 or n � 8).

Fig. 3. Release profiles for lysozyme and IgG through hydrogels of different
peptide nanofiber densities. Hydrogels consisted of self-assembling peptide
Ac-(RADA)4-CONH2 with concentrations of 0.5% wt/vol (Œ), 1.0% wt/vol (�),
and 1.5% wt/vol (F). Release experiments were performed in PBS (pH 7.4) at
room temperature. Data points represent the average of 5 samples with
calculated SD �12%.
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Functionality Assays of Released Proteins. Although many studies
characterize protein release kinetics, there is an apparent dearth
in the literature of proving functionality after release. By using
the Micrococcus lysodeikticus cell membrane hydrolysis assay,
released lysozyme yielded an activity of �102 substrate units/mg
of lysozyme in the reaction solution. This activity level was
essentially identical to that measured when freshly prepared
lysozyme solutions interacted with the reaction solution. There-
fore, lysozyme functionality was not affected upon incorporation
and release through the hydrogel.

In the case of trypsin inhibitor, trypsin activity was determined
with and without the addition of released trypsin inhibitor. It was
observed that uninhibited trypsin had a normalized activity (in
substrate units/mg of enzyme) of �6,100. Upon addition of
hydrogel-released trypsin inhibitor, the activity of 1.5 and 3 mg/L
trypsin in the reaction mixture was reduced to 0 and 2,210,
respectively, which shows that hydrogel-released trypsin inhibi-
tor was active and could fully suppress the activity of 1.5 mg/L

trypsin in the reaction solution. Similar activity values were ob-
tained when freshly prepared trypsin inhibitor solutions were used.

The functionality of the released BSA was not tested because
of the lack of an assay that provides conclusive data; the lack of
secondary or tertiary structure perturbations after release sug-
gests conservation of protein biochemical characteristics.

To test the functionality of IgG (monoclonal against the native
C terminus of the transmembrane protein bovine rhodopsin)
before and after being released through the peptide hydrogel, we
used the quartz crystal microbalance (QCM) technique. Criteria
for IgG functionality were the kinetics of binding and the affinity
constants between the monoclonal IgG and rhodopsin (antigen).
Upon interaction with rhodopsin immobilized on the gold
surface of the QCM it was shown that after 48 h in the peptide
hydrogel, the released anti-rhodopsin IgG did not undergo
functional changes compared with the native anti-rhodopsin
IgG. Upon fitting of the data in Fig. 6, the kinetic analysis showed
that the association ka � 1.69 � 0.23 � 106 M�1 s�1 and
dissociation kd � 3.31 � 0.65 � 10�4 s�1 rate constants for the
native IgG were similar to those observed for the hydrogel-
released IgG ka � 1.34 � 0.28 � 106 M�1 s�1, kd � 4.66 � 0.13
� 10�4 s�1. Furthermore, the binding constants, defined as Kd
� kd/ka, Kd � 0.20 nM and Kd � 0.35 nM for the native and
released IgG, respectively, were similar.

Conclusions
Designer self-assembling peptide hydrogel scaffolds have the
potential to be a robust system for sustained-release applica-
tions. The peptide solution mixed with proteins that have
therapeutic properties may be applied into a specific tissue and

Fig. 4. Far-UV CD spectra of native (solid line) and released (broken line)
protein solutions through the peptide hydrogel in PBS (pH 7.4). Spectra were
recorded at room temperature.

Fig. 5. Normalized fluorescence emission spectra of the native (solid line)
and released proteins (broken line) through the peptide hydrogel in PBS (pH
7.4). Spectra were recorded at room temperature; the excitation wavelength
was 300 nm.

Fig. 6. QCM time-dependent frequency changes, -dF, upon association
(binding) and dissociation of the monoclonal anti-rhodopsin IgG to immobi-
lized rhodopsin (antigen) with different concentrations of IgG. Time 0 repre-
sents injection of IgG in the flow channel (kinetic data were shifted for
comparison). Arrow indicates the antibody injection time course and the
corresponding association phase. The biosensor signal (solid line) increases
upon IgG injection and decreases upon injection of the buffer, which rinse the
surface and dissociate the IgG bound to the antigen. The similarity of the
calculated rate constants and of the affinity constants suggests that
the functional characteristics of IgG were not affected upon release through
the peptide hydrogel. Global fitting of the binding data are represented by the
cross-mark lines.
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release its load locally over time. In this work, we showed that
proteins with different molecular mass, isoelectric points, and
morphologies were released slowly through the Ac-(RADA)4-
CONH2 peptide hydrogel. Protein release through this hydrogel
depended on the protein size and the density of the peptide
nanofibers. We determined by single-molecule FCS analysis the
pristine in-gel diffusion coefficients of the proteins, and we showed
that application of commonly used Fickian diffusion models un-
derestimate the in-gel diffusion coefficients of proteins.

An efficient controlled release system should yield biologically
active proteins. We tested the released proteins and found that
encapsulation and release did not affect the secondary and
tertiary structure of the proteins studied, nor was their func-
tionality diminished. These results lay the foundation for creat-
ing new designer, tailor-made peptide hydrogels for controlled
release of proteins. Peptide hydrogels can be easily designed and
synthesized to control the release of proteins and other thera-
peutic compounds by varying the density of the nanofibers of the
hydrogel or by changing the charge of the nanofibers simply by
adding amino acids with positively or negatively charged side
groups. Overall, this system would allow the release of diffusing
molecules in a sustainable and highly efficient way. We antici-
pate that further fine-tuned systems will have a wide range of
applications not only for biomedical technology but also for
clinical treatment of a number of diseases that required sus-
tained releases of therapeutically active proteins.

Materials and Methods
Chemicals and Reagents. The Ac-(RADA)4-CONH2 peptide in 1% solution was
obtained from Puramatrix and in powder from CPC Scientific. Chicken egg
white lysozyme, soybean trypsin inhibitor, and BSA were purchased from
Sigma–Aldrich. Monoclonal IgG (Cell Essentials), which is specific for the 1D4
(TETSQVAPA-COOH) sequence at the C terminus of native bovine rhodopsin
(25), was purified by gel filtration to �95% as determined by SDS/PAGE. The
pl of anti-rhodopsin IgG was 6.7 as determined by isoelectric focusing. To
detect the protein molecules with the fluorescence single-molecule tech-
nique, labeling was conducted by using the Alexa Fluor 647 microscale pro-
tein-labeling kit (Molecular Probes). Labeled proteins were purified, and the
unreacted dye molecules were removed by gel filtration.

Protein Release Experiments. Peptide hydrogels were formed by using well-
established protocols (5–7, 10). Briefly, the Ac-(RADA)4-CONH2 peptide solu-
tion was mixed with PBS (pH 7.4) containing both labeled and unlabeled
protein at a final concentration of 5 nM and 5 �M, respectively. Forty micro-
liters of the mixture was transferred into the wells of a 384-well plate, and
gelation occurred within 15 min. Subsequently, 70 �L of PBS was slowly added
to the 40 �L of the hydrogel. To satisfy the perfect-sink conditions and allow
for the determination of the protein release profile, 40 �L of the supernatant
was replaced with the same volume of fresh PBS at frequent time points.
During the course of the measurements the hydrogel volume did not change,
and therefore protein release could not be attributed to hydrogel degrada-
tion or swelling. Preliminary experiments did not show any detectable ad-
sorption of trypsin inhibitor, BSA, and IgG on the surface of the 384-well
plates. Small adsorption of lysozyme on the borosilicate glass of the wells was
prevented by pretreatment and blocking of the wells with 3% nonlabeled
BSA, overnight incubation at 37 °C, and thorough washing of the wells to
remove unbound BSA. Blocking prevented lysozyme adsorption.

Protein Concentration and Diffusivities from FCS Single-Molecule Analysis. FCS
characterization of the protein–hydrogel system was performed at room
temperature by using the FluoroPoint single-molecule detection system
(Olympus). Alexa Fluor 647 fluorescently labeled protein molecules crossing
the confocal femtoliter volume were excited with a He-Ne laser at 633 nm.
Protein concentrations in the supernatant and inside the hydrogel were
determined by using the FluoroPoint FCS system. The number of the Alexa
Fluor 647-labeled protein molecules crossing the confocal volume (counts per
unit time) was measured and converted to concentration by using a calibration
curve of the respective fluorescently labeled protein at different concentrations.

Fluctuations in fluorescent intensity within a confocal volume are recorded
as a function of time, and the autocorrelation function, g(�) is influenced by
the properties of the fluorescing molecules and the diffusion dynamics in the
local environment (26, 27). Although several expressions have been developed

to define the autocorrelation function for the case of anomalous 3D diffusion of
monodisperse particles in solution (26, 28–30), the FluoroPoint system used Eq. 1

g��	 � 1 � �1 � Ftrip � Ftripe��/�trip

N �� 1
1 � ��/�D	

�
� 1

1 � �1/s2	��/�D	
�

1
2

[1]

where g(�) is a function of the fractional population (Ftrip) and decay time (�trip)
of the triplet state, N is the number of molecules within the sample volume,
�D is the translational diffusion time, and s is a factor describing the cylindri-
cally shaped detection volume and is equal to the ratio of the radius of the
cylinder’s basal plane (�o) divided by one-half of its height (�1). In a fully
anisotropic solution, with diffusing molecules significantly smaller than the
confocal volume, the diffusion coefficient D of the molecules (e.g., protein) is
equal to D � �o

2/4�D. The autocorrelation profile was fit by using single and
multiple translational diffusion times, and in all cases it was adequately
described by a single �D. The goodness of fit for each dataset was judged by the
value of the �2 parameter and by inspection of the residuals, which were
distributed uniformly around zero. Attempted fits to a model with more
independent components did not result in smaller �2 values.

The diffusion of the protein molecules was monitored in both the hydrogel
and the supernatant samples, which were removed at different time points.
For the FCS calculation of the diffusion coefficients in solution, 4–10 mea-
surements of D were recorded for each supernatant sample, averaged, and SD
values were calculated. The pristine, inside the hydrogel, diffusion coefficients
were measured for each protein in the hydrogel at every time point a super-
natant sample was taken and averaged throughout the series of measure-
ments. All data points represent the average of 4 or 8 samples. Uncertainties
in the calculated parameters were estimated via common error propagation
techniques: for a function y � g(x1,x2), errors in the calculated values were
determined by using the relationship 	y

2 � �
g /
x1	
2	x1

2 � �
g /
x2	
2	x2

2 .

Diffusivity Determination from Released Protein Concentration. For a hydrogel
matrix that contains a molecularly dispersed diffusing agent, the apparent
diffusion coefficient may be calculated by using the 1D unsteady-state form of
Fick’s second law of diffusion, which for small values of time (t) is given by (10,
15, 16):

Mt

M

� �16 Dapp. t

� H2 � 0.5

[2]

where Dapp is the apparent diffusivity, Mt and M
 are the cumulative mass of
the diffusing compound released from the hydrogel after t and infinite time
(
), respectively. The thickness of the hydrogel matrix (H) inside the well was
calculated from the volume of the peptide–protein solution (i.e., 40 �L) and
from the dimensions of the wells of the 384-well plate. Dapp may be obtained
from the slope of the straight line fitting the data of Mt/M
 vs. t0.5, for
0�Mt/M
�0.6.

Diffusivity from Stokes–Einstein equation. For isolated particles that follow a
Brownian motion in a medium, the diffusion coefficient may be calculated by
the Stokes–Einstein equation DS�E � kBT/6��rh, where kB is the Boltzmann
constant, T is the absolute temperature of the medium, � is the dynamic
viscosity of the solvent (taken as 1.002 cP), and rh is the hydrodynamic radius
of the protein obtained from the literature for lysozyme (31), trypsin inhibitor
(32), BSA (33), and IgG (34) (Table 1).

CD. Far-UV CD spectra were recorded between 190 and 260 nm at room
temperature on an Aviv 62DS spectrometer. CD spectra of proteins released
from the hydrogel after 12 h of diffusion were compared with those of freshly
prepared protein solutions at concentrations corresponding to the protein
concentration after 12-h release. Spectra were recorded in 1-nm steps and
averaged over 2 s. All measurements were carried out in 1-mm quartz cuvettes
in PBS (pH 7.4). Spectra resulted from accumulation of 4 scans that were
averaged. Blank spectra of the buffer without protein, obtained under iden-
tical conditions, were subtracted.

Fluorescence Emission Spectroscopy. Fluorescence emission of released and
native proteins was measured by using a PerkinElmer LS-50B spectrophotom-
eter at room temperature with quartz cuvettes of 1-cm path length. Emission
spectra were recorded between 310 and 400 nm on excitation at 300 nm. The
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excitation and emission slit widths were set at 5.0 and 2.5 nm, respectively.
Sample conditions were identical to those described for the CD measure-
ments. All spectra were corrected for the background emission of water.

Protein Functionality Assays. Lysozyme and trypsin inhibitor activity was de-
termined by using the respective protein assay kits (Sigma–Aldrich). Normal-
ized lysozyme activity (substrate units per mg of enzyme) was determined by
using an assay that is based on the hydrolysis of the outer cell membrane of M.
lysodeikticus (35). Samples of native and hydrogel-released lysozyme were
mixed with the M. lysodeikticus suspension in 66 mM phosphate buffer (pH
6.2), and the decrease in turbidity was measured for 3 min at 450 nm. The
activity of the hydrogel-released lysozyme was compared with native ly-
sozyme to confirm functionality of the released protein.

The normalized trypsin activity (substrate units per mg of enzyme) was
determined by using a series of 3.2-mL reaction mixture solutions comprising
63 mM PBS, 0.23 mM N-benzoyl-L-arginine ethyl ester, 0.002 mM HCl, and
0.005–0.01 mg of trypsin. Suppression of trypsin activity caused by the addi-
tion of hydrogel-released trypsin inhibitor was compared with freshly pre-
pared control trypsin inhibitor solutions.

The functionality of native and hydrogel-released anti-rhodopsin mono-
clonal IgG was assayed by QCM (A100 C-Fast system; Attana). The setup
consists of a thin piezoelectric quartz disc having electrodes on each side.
When connected to an oscillating current, the quartz crystal oscillates at
resonant frequencies that are sensitive to the crystal mass; as material adsorbs
to the surface of the crystal the recorded frequency changes. To test the
binding properties of the hydrogel-released anti-rhodopsin IgG we covalently
immobilized rhodopsin (antigen) to the carboxyl-modified gold surface of the

QCM by using an amine coupling kit (Attana) according to instructions pro-
vided with the kit and compared the binding affinity of native IgG with that
of the hydrogel-released IgG. Preliminary experiments showed that nonspe-
cific binding was minimal in 0.05% Tween detergent, and therefore all
IgG–antigen binding studies were performed at this Tween concentration.

The temperature of the QCM cell was 22 °C controlled by a Peltier element.
Between each measurement, the surface was regenerated by a 20-s pulse of
8 �L of 10 mM NaOH. Kinetic data were obtained by injecting 35 �L of 0.5, 1,
2, or 4 �g/mL anti-rhodopsin IgG for 84 s at 25 �L/min flow rate over a
rhodopsin-coated surface and measuring the mass increase of the surface
caused by IgG binding to rhodopsin. Buffer was injected before and after each
concentration series and used as reference. The kinetic data were corrected
for negative controls, which consist of the signals observed upon injecting (i)
anti-rhodopsin IgG over a surface with immobilized BSA and (ii) a polyclonal
IgG over the surface with immobilized rhodopsin. The data were analyzed by
using the ClampXP software and modeled for the binding reaction event
between the antibody and the antigen that was mass transport limited to
account for the diffusion of the antibody inside the microfluidic device of the
QCM cell (36). From the analysis we calculated the ka and kd rate constants and
the Kd values of the native and released IgG for the antigen. The fitting was
evaluated based on the �2 value and the residual error that was near zero.
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