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Abstract

Environmentally responsive nanomaterials have been developed for drug delivery applications,

in an effort to target and accumulate therapeutic agents at sites of disease. Within a biological
system, these nanomaterials will experience diverse conditions which encompass a variety of
solute identities and concentrations. In this study, we developed a new quartz crystal microbalance
with dissipation (QCM-D) assay, which enabled the quantitative analysis of nanogel swelling,
protein adsorption, and biodegradation in a single experiment. As a proof of concept, we employed
this assay to characterize non-degradable and biodegradable poly(acrylamide-co-methacrylic acid)
nanogels. We compared the QCM-D results to those obtained by dynamic light scattering to
highlight the advantages and limitations of each method. We detailed our protocol development
and practical recommendations, and hope that this study will serve as a guide for others to design
application-specific QCM-D assays within the nanomedicine domain.
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INTRODUCTION

Synthetic nanogels have been previously designed for numerous biosensing and drug
delivery applications. However, very little is known about the rheological properties of
nanogels. Previous studies by our groupl—3 have measured the swelling properties of

thin polymer films, and have assumed that those properties correspond to the gels’
behavior at the micro- or nanoscale. Other studies have measured the dynamic swelling

of nanogels using dynamic light scattering (DLS).4~® These measurements have provided
an understanding of the intelligence of nanogel systems, and have explained their pH-
responsive therapeutic loading and release behavior. However, neither technique can probe
the kinetics of nanogel swelling or degradation in response to a stimulus.

Quartz crystal microbalance with dissipation (QCM-D) measurement allows real-time
quantification of the viscoelastic properties of a thin layer.”:8 One of the most common
applications of QCM-D for biomedical materials has been monitoring layer-by-layer (LbL)
self-assembly.10 By measuring the frequency and dissipation changes of a quartz substrate
during LbL, researchers can confirm the iterative assembly of multilayered structures.
Further, by exchanging the running buffer with various salt solutions, researchers have
quantified the impact of buffer salts on the films’ rheological properties and dissolution
rates.”

QCM-based biosensors are also an active research area, particularly for measuring protein
adsorption to surfaces,!1:12 or deposition within a supported membrane.1314 QCM-D

is suitable for measuring protein adsorption to thin films and nanomaterials, as it is
sufficiently sensitive (ng cm=2) to determine the rate and magnitude of binding events at
low analyte concentrations. Further, by infusing a series of protein samples across a range
of concentrations, one can obtain an adsorption isotherm and approximate a dissociation
constant. Therefore, QCM is a useful tool for materials development applications (e.g.,
antifouling membranes, 1516 hiomaterial coatings,1”) and a sensitive detecting element for
biosensing applications (e.g., medical diagnostics18-20),

In this work, we developed a QCM-D assay for determining biologically relevant
characteristics of nanogels. We developed a protocol for immobilizing nanoscale hydrogels
onto planar gold-coated QCM-D sensors. Then, we used the nanogel-coated sensors to
measure the nanogels’ swelling, hysteresis, interaction with proteins, and biodegradation.
By monitoring both the frequency and dissipation of the quartz sensors, we were able to
simultaneously monitor physical phenomena (i.e., swelling, binding, and degradation) and
infer mechanistic insight (i.e., surface erosion and bulk degradation). Our purpose was to
provide a generalizable protocol, as well as practical guide, for developing custom QCM-D
assays that characterize responsive and/or biodegradable nanomaterials. To the best of our
knowledge, this is the first report of a method that can quantify each of these relevant
biological characteristics of nanogels within a single assay.

A general schematic illustrating our method development is given in Figure 1. We
first modified a planar gold sensor chip with cysteamine hydrochloride, to form an
amine-terminated monolayer. Carboxylic acid containing hydrogel nanoparticles were
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then immobilized by zero-length 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC)
crosslinking. These nanogel-coated sensors were stable in PBS for more than 1 week. We
then used the combination of real-time gravimetric and viscoelastic analysis to infer the
mechanisms of nanogel swelling (left) or degradation (right) in response to chemical stimuli.

EXPERIMENTAL

Nanogel Synthesis

All chemicals were purchased from Sigma Aldrich or ThermoFisher Scientific

and used as received. All buffers were sterile filtered (0.22 pm) prior to use.
Poly(acrylamide-co-methacrylic acid) nanogels, crosslinked with methylenebisacrylamide
or N,N’-bis(acryloyl)cystamine were synthesized as described by Zhong et a/21 and Clegg
et al.,%2 respectively.

QCM-D Materials and Instrumentation

Specialized equipment for QCM-D sensor handing and cleaning is available from Biolin
Scientific (Gothenburg, Sweden). The following protocol is optimized for the QCM-D
QSense-E4 instrument from Biolin Scientific. All QCM-D reagents should be degassed and
filtered prior to use. It is critical not to introduce air into the flow module at any time. Air
bubbles will introduce artifacts into your signal. To prevent air bubbles, make sure that the
pump is stopped prior to all buffer exchanges. In the event of an air bubble, reverse the
pump and remove it before proceeding with the experiment. All components of the QCM-D
experiments were conducted at 37 °C.

Sensor and Flow Cell Cleaning

Planar gold sensors were cleaned with a 5:1:1 (volume) mixture of ultrapure water, 25%
ammonium hydroxide solution, and 30% hydrogen peroxide solution at 75 °C (5 min).
Then, they were rinsed several times with ultrapure water. Finally, the sensors were rinsed
with ethanol, dried under a flow of nitrogen, and UV-ozone treated for 10 min (BioForce
ProCleaner, BioForce Nanosciences, Salt Lake City, UT). Clean sensors were stored at room
temperature for up to a month.

Prior to each experiment, the QCM flow channel and modules were cleaned with warm (42
°C) ultrapure water, followed by sodium dodecy! sulfate (0.5 wt % solution), and ultrapure
water again (minimum 5 mL per flow module per wash). These washes were done with

a “cleaning sensor” in the flow cell, which was rinsed with water and ethanol, but not
subjected to a full cleaning procedure nor used for experimentation.

Sensor Functionalization

It is important to be strategic with the number of unique sensor modifications in a QCM-

D experiment. The QSense E4 module (Biolin) can accommodate up to four sensors in
parallel. We used, and recommend, three experimental sensors and a blank sensor. The
blank sensor was exposed to all sensor coating and treatment steps, but was not coated with
nanogels. In quantitative analysis, we subtracted the changes in sensor resonance frequency
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for the blank sensor from that of the experimental sensors. This corrects for confounding
signal due to solute interactions with the sensor itself, rather than attached nanoparticles.

We secured the clean, planar gold sensor in the flow module and flowed 1x PBS at 0.2
mL/min through the flow module. A baseline was established by flowing 1x PBS over

the clean sensors for several minutes. Next, an amine-terminated monolayer was formed

by flowing cysteamine hydrochloride (10 mg/mL in 1x PBS, 20 min). The cysteamine
hydrochloride interacts with the gold-coated quartz sensor via gold-thiol interactions,
forming a monolayer. After establishing a new baseline (1x PBS), the nanogels were
coupled to the amine-terminated monolayer. The nanogels were suspended in MES buffer,
after which the pH was adjusted and the carboxylic acids activated with EDC (2 mg/mL
nanogels, 10 mg/mL EDC, in 10 mM MES buffer, pH = 5.5). To ensure the most efficient
coupling, it was important to infuse the EDC-activated nanogels immediately after the EDC
was added. We infused the entirety of the nanogel stock (5 mL, approximately 25 min) to
maximize nanogel coupling, although kinetic analyses revealed that the majority of coupling
occurred within the first minute.

Once the nanogels were covalently coupled to the sensor surface, the sensors were ready for
characterization experiments. These experiments were typically completed the day following
sensor functionalization, although we noted that the nanogel-coated sensors were stable in
1x PBS at room temperature for more than 1 week.

Nanogel Swelling

After a stable baseline reading was established (1x PBS, 37 °C, 0.2 mL/min), we determined
the dynamic swelling of the nanogels in response to changes in the buffer pH and ionic
strength. A series of buffers with different ionic strength (0.01, 0.1, 0.5, 1, and 5x) or pH
values (1x PBS adjusted to pH =3, 5, 7, 9, and 11 with 1 N NaOH or HCI) were infused

at 0.2 mL/min (7 min/buffer). Please note that the pH and ion concentrations of the buffer
may lead to intermolecular interactions between salts and the sensor coating (in this case,
cysteamine). This is why it was important to include a blank sensor (i.e., a sensor that does
not have nanogels). The changes in frequency and dissipation of the blank sensor were
subtracted from all sample measurements to determine the contribution of nanogel swelling
or hysteresis to the change in sensor resonance frequency.

Model Protein Adsorption

Protein adsorption experiments quantified the extent to which protein bound to the nanogels.
By quantifying protein adsorption at several equilibrium concentrations, we obtained

a protein adsorption isotherm and estimated the protein-polymer dissociation constant.

First, we established a baseline by flowing 1x PBS (pH = 7.4, 37 °C) at 0.2 mL/min.
Simultaneously, we prepared a fresh dilution series of lysozyme (hen egg white, Sigma
Aldrich) in 1x PBS. The lysozyme stocks were infused, from low to high concentration,
over both the nanogel decorated and unmodified sensors. In between each protein infusion,
we flowed 1x PBS buffer without lysozyme to quantify dissociation. Each infusion was
approximately 7 min in duration.
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Biodegradation

Finally, we quantified the biodegradation kinetics of disulfide-crosslinked nanogels in
response to the presence of a reducing agent. Non-degradable nanogels, which were
crosslinked with methylenebisacrylamide, were used as a control. First, a baseline was
established (1x PBS, 37 °C, 0.2 mL/min). Simultaneously, we prepared a fresh stock of
reducing agent [10 mM dithiothreitol (DTT) in 1x PBS, adjusted to pH = 7.4]. We infused
the reducing agent at 0.2 mL/min until the frequency and dissipation of the degradable
nanogel sensors stabilized. For our systems, this took approximately 20 min. Then, we
established a new baseline reading (1x PBS, 37 °C, 0.2 mL/min) to determine the total
mass loss. As a secondary confirmation of biodegradation, we then attempted to replicate
a portion of the swelling experiment. We concluded that degradation was complete if there
was no detectable swelling response to solution ionic strength.

Calculations and Assumptions

For each experiment (i.e., swelling, protein adsorption, and degradation), the initial
resonance frequency and dissipation values were subtracted from all measurements, setting
the baseline to zero. The frequency and dissipation shifts for the blank sensor were

also subtracted from each sample sensors. The resonance frequency measurements were
converted to adsorbed mass using the Sauerbrey equation:

Am = —Cﬂ

n

where Am is the change in mass bound to the sensor (in ng/cm?2), Cis a constant determined
by the intrinsic properties of quartz (C = 17.7 ng cm~2 Hz ™1 for a 5 MHz crystal), and 7 is
the overtone number (i.e., 1, 3,5, 7, 9, 11, or 13).

The Sauerbrey approximation was developed for quantifying the deposition of rigid species
onto a quartz sensor in a vacuum, and assumes that the sensor-bound mass is similar in
density and stiffness to the underlying quartz. In the present study, soft nanoparticles (i.e.,
acrylamide and methacrylic acid, crosslinked into nanoscale networks) are bound to the
sensor in aqueous media. As described by Denison?3 and Behrndt,24 the Sauerbrey equation
can be applied in our application because the bound nanogel film is sufficiently thin and the
changes in resonance frequency are much less than 2% of the resonance frequency of the
blank sensor.

The dissipation measurement is a ratio of the lost (i.e., viscous) to stored (i.e., elastic) energy
during the oscillation of the crystal. It is calculated using the following relationship:

E 1
D= =
2rEg  mft

where D is the dissipation measurement, £yis the loss energy, £;is the stored energy, f is
the frequency measurement, and z is the time constant for the amplitude decay of the quartz
crystal when the driving voltage is turned off.2>
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As the bound layer undergoes a physical transition that increases its viscous behavior (e.g.,
swelling, degradation of crosslinks) the dissipation increases. Conversely, as the sensor-
bound layer increases in elasticity (e.g., hysteresis resulting in a loss of bound water), the
dissipation decreases. In this study, we used dissipation measurements to perform qualitative
analyses on the physical transitions of the bound nanogel layer.

All swelling and biodegradation experiments were performed in triplicate. For plots,
representative data are shown. The data were collected using the QSoft software (Biolin),
exported using the QTools software (Biolin), and plotted and analyzed in PRISM
(GraphPad).

RESULTS AND DISCUSSION

Nanogel Synthesis and Characterization

Poly(acrylamide-co-methacrylic acid) nanogels were synthesized with both non-degradable
(methylenebisacrylamide) and degradable (N,N’-bis(acryloyl)cystamine) crosslinking
agents. Assuming that monomer incorporation was proportional to the monomer feed, the
final nanogels contained 22.5 mol% methacrylic acid, 75 mol% acrylamide, and 2.5 mol%
crosslinker. These formulations have been characterized extensively in previous reports.21:22

Formulation characterization data are given in Figure S1 in Supporting Information. The
non-degradable nanogels were smaller in hydrodynanic diameter than the degradable
nanogels (76.1 + 8.2 and 83.1 + 9.8 nm, respectively, p < 0.05) [Figure S1(a);

Supporting Information]. While these diameter values are similar, the small difference
can be attributed to a more efficient incorporation of methylenebisacrylamide than
N,N’-bis(acryloyl)cystamine. This result is consistent with the hydrophobicity of each
molecule [octanol/water partition coefficients (logP), as determined by USA EPA Epi
Suite: methylenebisacrylamide = —1.52, N,N’-bis (acryloyl)cystamine = 0.51]. Both nanogel
formulations were similar in zeta potential [-35.5 + 7.4 mV for non-degradable, and —
32.4 £ 7.7 mV for degradable nanogels, Figure S1(b)], exhibited pH-responsive swelling
with a similar critical transition (pH~4.8) [Figure S1(c); Supporting Information], and
had indistinguishable FTIR spectra [Figure S1(d); Supporting Information]. These results
indicated that methacrylic acid and acrylamide were incorporated similarly in the two
formulations, and that the sole difference was the crosslinker identity.

Sensor Functionalization

All sensors were first coated with an amine-terminated monolayer of cysteamine
hydrochloride (HCI). While the cysteamine HCI flowed over the sensor (10 mg/mL, 1x PBS,
pH = 7.4), the resonance frequency of the sensor increased continually. We attributed this
increase to a displacement of solvent, which was previously interacting with the gold sensor.
We discontinued infusion of cysteamine HCI after the resonance frequency, normalized to
the overtone number, increased by at least 100 Hz for all sample and control sensors.

Degradable or non-degradable nanogels, activated with EDC (5-fold mass excess), were then
infused over the amine-coated sensors. The nanogels were covalently coupled via a stable
amide bond. The nanogel-coated sensors were washed under a flow (0.2 mL/min) of 1x PBS
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running buffer for at least 30 min to remove any unreacted species or remaining catalyst,
prior to conducting further experiments.

We calculated the mass of bound nanogels by determining the change in resonance
frequency, as a result of coupling, and applying the Sauerbrey equation. Representative

data for the resonance frequency throughout the sensor functionalization procedure are given
in Figure 2(a). As shown in this example, we noted the change in resonance frequency as

a result of nanogel coupling, and calculated the change in bound mass. It is important to
remember that this quantity is both the mass of bound nanogels as well as any additional
associated water and ions. In Figure 2(a), the change in coupled mass was 2420 ng/cmZ.

In a separate experiment, we tested the effect of nanogel concentration on conjugation
efficiency. We infused EDC-activated nanogels of across a range of concentration (1-10
mg/mL in 10 MM MES, pH = 5.5, 5-fold mass excess EDC: nanogels, 10 mg total nanogels,
variable volume). The nanogel concentration affected the rate of conjugation (more rapid

as the concentration of nanogels increased), but did not affect the final conjugated mass.
This indicated that the nanogels were forming a dense layer on the sensor, and that upon
reaching saturation no further conjugation occurred. For all further experiments, the nanogel
concentration during the conjugation step was 2 mg/mL (5 mL total volume).

Consistent with the similar methacrylic acid content in the degradable and non-degradable
nanogels, there was no discernable difference in sensor conjugation efficiency between

the two formulations [Figure 2(b—c)]. The final bound mass was 3040 ng/cm? for the
non-degradable nanogels and 2580 ng/cm? for the degradable nanogels. Nanogel coupling
led to an increase in dissipation, indicating that coupling increased the viscosity of the
sensor-bound layer by increasing the amount of associated water. As shown in Figure 2(d),
no polymer mass bound to the control sensor, as it was coated with cysteamine HCI but not
exposed to nanogels.

Nanogel Swelling

Nanogel swelling analysis is given in Figure 3. In Figure 3(a), we show the change in
sensor frequency and dissipation as buffers of varying ionic strength (0.01x PBS to 5x

PBS) were infused over the non-degradable nanogel coated sensor. Swelling transitions were
evident both in the frequency and dissipation measurements. As the nanogels swelled, they
imbibed water, leading to increases in both the sensor-associated mass and the nanogel
layer viscosity. We defined a physical transition as a position within the dataset where

three consecutive frequency measurements trended in a similar (i.e., swelling or collapse)
direction. We concluded that a transition was complete when the variation in frequency
measurements returned to random fluctuation around an equilibrium value. The average
noise in the frequency signal in the equilibrium state was 0.323 Hz. There was no difference
in noise between sensors coated with non-degradable or degradable nanogels (0.324 and
0.321 Hz, respectively). The average swelling transition lasted 43 + 8 s, before reaching

a new equilibrium condition. It is worth noting that this methodology overestimates the
duration of a swelling transition, as the QCM-D flow module exchanges buffer by diluting
and/or displacing the previous medium (15 L over the sensor). Therefore, a 43 s buffer
infusion represents approximately a 1 to 11 dilution of the previous buffer into the new
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buffer, assuming that the sample buffer is continuously and uniformly diluted with running
buffer. No significant differences were observed in the swelling behavior of non-degradable
and degradable nanogels [Figure S2(a,b); Supporting Information].

We plotted the change in frequency (relative to nanogels in 1x PBS) of degradable and
non-degradable nanogels in response to the ionic strength. These data are presented in
Figure 3(b), with the ionic strength given on a log scale. With the 0.01x PBS swelling
measurement omitted, the data approximately fit the function:

—ndm
c - Af~log(1)

where 7is the overtone number, Cis a constant (17.7 ng cm=2 Hz™1), and /is the solution
ionic strength. We believe that in 0.01x PBS, the leaching of adsorbed ions from the
nanogel-sensor layer into the buffer leads to behavior which outside of the above trend. This
hypothesis was supported by that, in 0.01x PBS, the sensor frequency and dissipation both
increased. This combination indicated that the 0.01x condition promoted a simultaneous
decrease in adsorbed mass and increase in viscosity, consistent with the combination of
nanogel swelling and adsorbed ion release.

We also measured nanogel swelling in response to the pH environment. It is worth noting
that the experiment was conducted in 1x PBS adjusted the various pH values. Therefore, the
solution ionic strength varied simultaneously as the ionization state of the phosphate ions
within the buffer changed. The kinetic frequency and dissipation changes, as a function of
buffer and time, for non-degradable nanogels are presented in Figure 3(c), and degradable
nanogels in Figure S3(d) in Supporting Information. In the baseline state (pH = 7), the
nanogels were swollen [pK, of poly(methacrylic acid)~4.8]. As the pH was decreased,
the nanogels collapsed, as indicated by a decrease in adsorbed mass and increase in layer
elasticity. As the pH was increased above 7, the adsorbed mass and layer viscosity both
increased, consistent with a greater extent of swelling. The change in sensor resonance
frequency for degradable and non-degradable nanogels, as a function of pH, is given in
Figure 3(d).

Our results were consistent with the Brannon—Peppas theory for swelling of ionizable gels,
which predicts that swelling is a function of the solution pH, ionizable monomer pKj,

and ionic strength of the medium.26 Theoretical considerations and biomedical applications
of the swelling of ionizable hydrogels have also been discussed extensively.2”:28 Swelling
increased as the extent of gel ionization increased (pH > pK,) and as the ionic strength of
the medium decreased. Gel layer viscosity and sensor adsorbed mass both correlated with
nanogel swelling, while increases in elasticity indicated hysteresis [Figure 3(e)].

Model Protein Adsorption

For the purpose of this study, lysozyme was selected as a model ligand. We knew from
previous studies that lysozyme binds in significant quantity to poly(methacrylic acid-co-
acrylamide) copolymers in aqueous buffer.2930 We infused lysozyme dissolved in PBS at up
to 5 mg/mL over the nanogel-coated and uncoated sensors. Significantly more lysozyme
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bound to the nanogel-coated sensors than the uncoated controls [Figure 4(a)], and no
significant differences were observed between degradable and non-degradable nanogels.
This suggested that, in this case, interaction of lysozyme with the components of the linear
polymer within the nanogels drove protein-nanogel affinity, and that the two crosslinkers
exhibited similar size exclusion properties. The majority of the bound lysozyme desorbed
when running buffer (1x PBS) without protein was infused.

We calculated a Langmuir adsorption isotherm for ligand-polymer binding data.3! To
calculate this isotherm, we converted each mass bound value to fractional occupancy:

Am
0= bound

Amppgx

where @is the fractional occupancy. Then, we plotted the fractional occupancy as a function
of concentration, and fit the Langmuir isotherm:

Kace
=17 K,C,

where Kjis the association constant and C, is the equilibrium ligand (lysozyme)
concentration. We converted Kj to the dissociation constant, K as this is the value typically
used to compare different extents of ligand-receptor affinity.

the Kyvalue for both the degradable and non-degradable nanogels was approximately 15.5
UM.

In future iterations of this method, it will be necessary to test the adsorption of more

than one protein. To do this, we recommend testing the full range of concentration for the
first protein, then ensuring complete extraction before moving on to the next protein. We
recommend the following steps to extract protein from the nanogels, which were the most
successful in our optimization studies. As a first step, flow running buffer (1x PBS, etc.). For
proteins with low affinity for the nanogels, this will be sufficient to promote desorption. If
pure buffer does not extract the bound protein, add solutes to the buffer that will compete
with the protein-nanogel interaction. We recommend the addition of Tween-20 (hydrophobic
interactions), glycine (compete with hydrogen bonds), or ethylenediaminetetraacetic acid
(EDTA) (compete with anion-cation interaction). Acidic or basic buffers, such as dilute
hydrochloric acid or sodium hydroxide, may be necessary to break ionic interactions
between the protein and polymer.

If none of these buffers are sufficient to extract all of the bound protein, infusion of Trypsin—
EDTA solution (0.25 wt %) will digest the absorbed protein. In the case of lysozyme
adsorption to our degradable and nondegradable nanogels, this was the case, and a digestion
step was necessary. Wash the sensor with plenty of running buffer to remove any bound
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trypsin, and establish a stable baseline reading before moving on to subsequent protein
adsorption experiments.

Biodegradation

The novelty of our QCM-D method is the ability to quantify each of these biologically
relevant characteristics (rheology, swelling, protein adsorption, and degradation) in a single
experiment. Degradation is a terminal measurement, so one must ensure that no further
experiments are necessary before initiating degradation steps. In our experiments, we
measured the biodegradation kinetics of nanogels with a disulfide crosslinker in the presence
of a reducing agent (DTT).

During degradation, an increase in resonance frequency indicates mass loss, and the change
in dissipation provides information about the degradation mechanism. For surface eroding
gels, the sensor will lose mass without exhibiting a substantial change in dissipation (i.e.,
neither more viscous nor elastic). On the other hand, bulk-eroding gels will increase

in viscosity (i.e., due to loss of crosslinks and subsequent swelling). An increase in
resonance frequency (i.e., mass loss) may or may not accompany this change in viscosity,
as polymer loss is simultaneous with water uptake. Frequency and dissipation data for the
non-degradable and degradable nanogels in the presence of a reducing agent (10 mM DTT
in PBS, pH = 7.4) are given in Figure 5.

Non degradable nanogels [Figure 5(a)] increased in adsorbed mass slightly (Af = -4.15 Hz,
Am = 73 ng/cm?) while also exhibiting a slight increase in dissipation (AD = 3.2 x 107%),
indicating that the nanogels swelled slightly in the reducing medium. No mass loss was
observed following 40 min exposure to 10 mM DTT. On the other hand, the degradable
nanogels lost mass rapidly in 10 mM DTT, which was accompanied with an increase in
dissipation, consistent with a bulk degradation mechanism. The majority of the nanogel
degradation was observed within the first 3 min, with complete degradation observed in 15
min. Following 40 min exposure to 10 mM DTT, the total mass loss was 832 ng/cm?, which
was a 32% reduction, relative to the initial bound mass. As shown in Figure 5(c), this mass
remainder is because many of the linear poly(acrylamide-co-methacrylic acid) chains remain
covalently immobilized following degradation of the crosslinks. When each polymer-coated
sensor was transitioned from 1 to 0.1x PBS, the non-degradable nanogels imbibed water
but the degraded nanogels lost mass. This suggested that the non-degradable nanogels were
still acting as an environmentally responsive nanogel, whereas the degraded nanogels were
acting as a polymer brush.

Protocol Validation and Discussion

Nanogel swelling results were consistent with our pH-responsive swelling data (via DLS)
shown in Figure S1 in Supporting Information. The pH-responsive swelling transition

was sharper in DLS measurements, but the observed pH critical point was similar via

both DLS and QCM. Previous studies looking at lysozyme adsorption to poly(acrylamide-
co-methacrylic acid-co-diethylaminoethyl methacrylate) microgels estimated a dissociation
constant of 0.80 % 0.18 pM.22 Our measured dissociation constant from QCM-D for similar
poly(acrylamide-co-methacrylic acid) nanogels was 15.5 uM, which is of a similar order of
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magnitude. Further, it is reasonable that additional electrostatic and hydrophobic interactions
between lysozyme and the terpolymer synthesized by Culver et a/.,2° as opposed to the
copolymer in the present work, would lead to an increase in affinity.

Our degradation kinetics via QCM was more rapid than those measured by DLS (Figure

S3 in Supporting Information). The nanogels degraded to 50% of the initial count rate in
6.75 min (DLS), as compared to 50% of the total mass loss (QCM) in 2.25 min. Complete
degradation was achieved in approximately 30 min (DLS) as opposed to 15 min (QCM).
However, this was be expected, as the DLS experiment was static (i.e., no fluid flow, no
mixing, and no exchange of fresh buffer) whereas in QCM, the flow module was continually
flushed with fresh buffer at 0.2 mL/min. Further, in the DLS experiment, linear polymers
were retained in the cuvette, whereas in QCM the released linear and branched fragments
were continually removed.

Finally, it is worth noting that we were able to directly apply the Sauerbrey equation in

our analyses because of the thickness (80 nm) and relative homogeneity of our nanogel
layer. However, for larger species, such as hydrogel microparticles, these assumptions would
not be valid. In order to properly study these thick, viscoelastic films with QCM-D,25:32

one would need to apply a continuum mechanics model that includes viscous and elastic
contributions, such as the Voigt model.33

In summary, the QCM-D method reveals both the magnitude and kinetics of physical gel
transitions, association/dissociation of ligands, and decomposition of the nanogel layer. The
results collected are of similar magnitude to other widely accepted techniques, but QCM-D
has the added benefit of being able to conduct the diverse physical tests in series, within

a single experiment. Therefore, it is a useful platform for comparing a limited number

of formulations (as shown here with degradable and non-degradable nanogels of similar
composition) with a high degree of precision and biological rigor.

CONCLUSIONS

In this work, we developed a new QCM-D assay for measuring nanogel swelling, adsorption
of ligands, and degradation, in a single experiment. By analyzing the modulation in

sensor resonance frequency and dissipation, we elucidated the extents and mechanisms of
the pH- and ionic strength-responsiveness, lysozyme affinity, and biodegradation kinetics

of poly(acrylamide-co- methacrylic acid) nanogels. Further, by detailing our practical
guidelines and lessons learned, we sought to facilitate the future development of related
QCM-D assays for quantifying the biologically relevant characteristics of other soft
nanomaterials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Schematic depiction of experimental approach. A planar gold QCM sensor was first coated

with cysteamine hydrochloride (5 mg/mL) to form an amine-terminated monolayer via
gold-thiol interactions. Nanogels were covalently immobilized onto the monolayer via
EDC-catalyzed zero-length crosslinking. The nanogels’ swelling (left), protein adsorption,
or biodegradation (right) processes were characterized through quantification of the
dynamic sensor-bound mass (resonance frequency, blue, left axis) or viscoelastic properties
(dissipation, red, right axis).
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Figure 2.

QCM-D sensor functionalization. (a) Cysteamine HCI forms a monolayer of free amines

on the planar gold sensor through gold-thiol interactions. Nanogels were coupled to the
amine monolayer via EDC-catalyzed crosslinking. The mass of nanogels coupled is linearly
related to the reduction in resonance frequency during the coupling reaction. (b) Raw

data for sensor functionalization with non-degradable poly(acrylamide-co-methacrylic acid)
nanogels. Nanogel coupling increased the sensor bound mass by 3040 ng/cm? as well as
increased the viscosity of the sensor-associated layer. (c) A total of 2580 ng/cm? degradable
nanogels was conjugated to a parallel sensor. The viscosity of the sensor-associated layer
increased in a manner similar to the non-degradable nanogels. (d) As expected, control
sensors, without nanogels, exhibited no change in resonance frequency or dissipation.
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Figure 3.
Nanogel swelling. (a) Non-degradable poly(acrylamide-co-methacrylic acid) nanogels were

swollen or collapsed in a series of phosphate buffers of varying ionic strength. The
frequency and dissipation of nanogel-conjugated quartz sensors was monitored. Reduced
resonance frequencies corresponded with increases in dissipation, consistent with the
expectation that nanogel swelling increases both the absorbed mass and the viscosity of

the nanogel coating. The fold dilution of PBS (1x = 0.162 M) is given along the x axis.
Corresponding data for the degradable nanogels are given in Figure S2 in Supporting
Information. (b) From 0.1 to 5x PBS, nanogel swelling (degradable and non-degradable)
scaled approximately linearly with the log of ionic strength. (c) Non-degradable nanogels
were also pH-responsive, swelling in basic buffers and collapsing in acidic buffers. This
swelling/hysteresis behavior is explained by protonation of the methacrylic acid moieties in
the linear polymer chains. The buffer (1x PBS) pH is given along the x axis. Corresponding
data for the degradable nanogels are given in Figure S2 in Supporting Information. (d)
Degradable and non-degradable nanogels exhibited similar pH-responsive swelling behavior.
(e) Schematic depiction of nanogel swelling, when coupled to a planar gold QCM sensor.
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Figure 4.

Lysozyme-nanogel affinity. (a) Raw data of lysozyme (Lys) adsorption to degradable or
non-degradable poly(acrylamide-co-methacrylic acid) nanogels. The values written above/
below each peak are the equilibrium lysozyme concentrations. (b) Corresponding plot of
the lysozyme adsorption isotherm. No significant differences were observed in lysozyme
adsorption between degradable and non-degradable nanogels. Substantial quantities of
lysozyme bound to both formulations, exceeding the nanogel dry weight at equilibrium.
Fit of a Langmuir isotherm estimated the dissociation constant of lysozyme for either
formulation as 15.5 uM.
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Figure5.
Nanogel degradation. (a) Non-degradable nanogels were subjected to reducing conditions

(10 mM DTT). No evidence of degradation was observed. The nanogels instead swelled
slightly, as indicated by a decrease in frequency and increase in dissipation. The nanogels
swelled further in a subsequent 0.1x PBS infusion, indicating that intact nanogels were
present. (b) The degradable nanogels rapidly lost mass and increased in viscosity when
exposed to 10 mM DTT. This indicated that the degradable nanogels were decomposing

by bulk degradation, and were simultaneously losing crosslinks and imbibing water. Upon
exposure to 0.1x PBS, the sensor further lost mass and increased in viscosity, consistent with
the behavior of a completely degraded polymer brush. (c) Schematic depiction of nanogel
degradation upon exposure to DTT. First, DTT competes with disulfide crosslinks and leads
to simultaneous leaching of linear / branched polymer and water uptake. Once degradation is
complete, a brush of covalently bound linear polymer remains.
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