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ABSTRACT: The monitoring of biopharmaceutical critical quality
attributes in-process, at both the process development and
manufacturing stages, is necessary for the implementation of
process analytical technology and quality-by-design principles.
Among these attributes, it is important to monitor and control
protein aggregation during the manufacturing of biological
therapeutics to prevent adverse immunogenic responses and
minimize negative impacts on drug deliverability. In this work,
we explore hydrogel-encapsulated, label-free fluorescent nano-
sensors for the characterization of protein aggregation. A mathematical model is used to describe the diffusion and binding of a series
of stressed pharmaceutical samples to such sensors, describing their dynamic response. We use mathematical modeling to map the
influence of hydrogel properties on the separation performance, given the composition of UV-stressed IgG1 samples. Using this
modified model, the compositions of light-stressed IgG1 samples were fit to experimental data and correlated with size-exclusion
chromatography data. The results demonstrate the ability to detect the presence of high-molecular-weight protein species at a
concentration as low as 1%. This work represents a significant step toward the development and deployment of rapid process
analytical technologies for biopharmaceutical characterization.

KEYWORDS: single-walled carbon nanotube, SWCNT, biosensor, nanosensor, biopharmaceutical characterization,
biopharmaceutical aggregation

The monitoring of biopharmaceutical critical quality
attributes (CQAs) in-process, at both the process

development and manufacturing stages, is necessary for the
implementation of process analytical technology (PAT) and
quality-by-design (QbD) principles.1−4 Macromolecular ther-
apeutics are much more challenging to characterize than
traditional small-molecule drugs, as each analytical technique
deployed provides a limited snapshot of the molecule’s
physical/chemical structure and function.5 In addition, there
remains limited first-principles understanding of the complex
bioprocesses taking place during biopharmaceutical manufac-
turing, including how critical process parameters ultimately
influence the properties of the final product.1 Over the last 20
years, a great deal of research effort has focused on
transitioning biopharmaceutical manufacturing processes
from batch-based to continuous.6−8 This shift has the potential
to significantly reduce the footprint of manufacturing facilities
while enabling a more modular process design that provides
more flexibility for manufacturers. However, the realization of
continuous manufacturing, in addition to the real-time release,
requires rapid analytical technologies that can enable the
implementation of process-control strategies and evaluate the
quality of the produced drug on-line, in-line, or at-line.1,9 Here,
we report the development of a novel nanosensor platform

consisting of hydrogel-encapsulated near-infrared (nIR)-
fluorescent nanoparticles for the rapid (<20 min) character-
ization of protein aggregation. This tunable hydrogel influences
the diffusion of the analyte to the sensors, allowing us to
identify the presence of aggregate species through changes in
the sensor response dynamics.
The aggregation state of protein therapeutics is a CQA that

must be monitored and controlled throughout the manufactur-
ing process as well as during storage.10,11 Proteins exhibit
limited stability in solution and can undergo aggregation in
response to various stressors including temperature, light,
shear, and changes in solution conditions (e.g., ionic strength,
pH).10,12−15 In addition to influencing the viscosity of the
protein formulation,16,17 protein aggregates may induce
immunogenic responses upon administration in patients18−20

and negatively impact drug deliverability.21 As a result, the
concentration of microscopically visible and subvisible particles
must be carefully monitored, and protein formulations must be

Received: August 16, 2019
Accepted: January 9, 2020

Articlepubs.acs.org/acssensors

© XXXX American Chemical Society
A

https://dx.doi.org/10.1021/acssensors.9b01586
ACS Sens. XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 O

F 
G

O
T

H
E

N
B

U
R

G
 o

n 
Ja

nu
ar

y 
30

, 2
02

0 
at

 0
9:

34
:2

8 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Daniel+P.+Salem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xun+Gong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Heejin+Lee"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alicia+Zeng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gang+Xue"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jeff+Schacherl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Scott+Gibson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+S.+Strano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+S.+Strano"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acssensors.9b01586&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01586?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01586?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01586?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01586?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.9b01586?fig=abs1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acssensors.9b01586?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf
https://pubs.acs.org/acssensors?ref=pdf


designed to limit the extent of protein aggregation when
properly stored.
Proteins can undergo aggregation via a series of different

reaction mechanisms, which ultimately determine the size and
shape of the resulting particles.11,16 The reaction mechanism
that dominates within a particular system is influenced by the
protein itself as well as the stressors at play.11,12,15 In general,
physical aggregation involves a series of reversible and
irreversible steps that include the unfolding of protein regions
and the formation of noncovalent protein bonds via the
interaction of hydrophobic sections of amino acids.12 The
resulting size distribution is a product of competing reactions
ranging from monomer−monomer nucleation to aggregate−
aggregate coalescence, where aggregate particles can range
from 10 nm to greater than 10 μm.16

Many analytical techniques are used to characterize protein
aggregation22 with differing levels of complexity and assay time
including size-exclusion chromatography,23,24 capillary electro-
phoresis,25,26 and dynamic light scattering.25,27,28 These
techniques vary in the amount and resolution of structural
and size information that they provide, with no single analytical
technique being capable of fully elucidating the protein size
distribution.5,12,29 Nevertheless, there remains a need for new
analytical technologies capable of rapid and/or continuous
monitoring of protein aggregation for deployment within the
biopharmaceutical manufacturing process in-line, on-line, or at-
line. Such technologies would assist in the understanding and
development of new bioprocesses, in addition to enabling
feedback process-control techniques to be implemented at the
manufacturing level.1,9

Single-walled carbon nanotube (SWCNT)-based optical
sensors are a promising approach toward rapid, label-free
biopharmaceutical characterization and have been developed
for glycoprotein characterization,30−32 biomarker detection,33

and characterization of protein-binding interactions.34 Their
optical readout is well suited for sensor multiplexing, which
was recently demonstrated by our group, in which nanosensor
arrays were fabricated and characterized for protein detec-
tion.35 Moreover, SWCNT nIR fluorescence does not
photobleach over time, enabling the deployment of reversible
sensors within continuous processes. Previously, our group
reported the detection of human immunoglobulin G (IgG)
using protein A-functionalized sensors embedded in a hydrogel
matrix.34 We found that protein A−IgG binding deviates from
a simple monovalent kinetic model due to the multivalency of
the binding interaction, resulting in an effective dissociation
constant, KD,eff, which varies with the protein concentration.
Moreover, we formulated a bivalent binding model that could
describe this phenomenon while comparing this result with the
1:1 binding observed between recombinant human growth
hormone and its receptor.34

In this work, we report the development of an SWCNT-
based sensor platform for the rapid detection of IgG1
aggregation using protein A-functionalized sensors coupled
with a tunable hydrogel matrix. Using a combination of
modeling and experiment, we demonstrate the ability to
control protein diffusion through the hydrogel matrix to the
nanosensors and predict how protein diffusion is influenced by
hydrogel properties. Experiments were performed using human
IgG1 that underwent UV light stress for varying lengths of time
(3−74 h) and were characterized using size-exclusion ultra-
high-performance liquid chromatography (SE-UPLC) and
nanoparticle tracking analysis. We developed a mathematical

model that is able to describe the experimental data generated
from stressed IgG1 samples, allowing us to extract composi-
tional information from the sensor binding curves including
the mole fraction of high-molecular-weight protein aggregates.
Moreover, we find that the fitted compositions correlate with
the data output by SE-UPLC, enabling the detection of high-
molecular-weight species at concentrations as low as one
percent on a molar basis. This work demonstrates that
SWCNT-based optical sensors are a promising emerging
technology for the rapid characterization of biopharmaceutical
aggregation.

■ MATERIALS AND METHODS
Materials. All materials were purchased from Sigma-Aldrich unless

stated otherwise. Highly purified CoMoCAT (6,5)-enriched
SWCNTs were used for all experiments and were provided to us by
Chasm Advanced Materials. Tissue culture-treated well plates were
purchased from Genesee Scientific. Molecular biology agarose was
purchased from Bio-Rad and recombinant Protein A (rPA, His-tagged
at N-terminus) was purchased from Abcam. Human IgG1
(conatumumab36) samples were provided to us by Amgen. IgG1
samples were provided in a formulation buffer containing 10 mM
sodium acetate and 9% sucrose, at a pH of 5.2.

Preparation and Characterization of SWCNT Dispersions.
Approximately 1 mg of purified CoMoCAT SWCNTs was mixed with
15 mL of a 0.25 wt % chitosan solution in 1 vol % acetic acid. This
solution was tip sonicated (Qsonica Q125) using a 0.25 in. probe for
40 min in an ice bath at 10 W. The crude SWCNT dispersion was
centrifuged twice at 16 000g for 90 min, in which the top 80% of the
supernatant was collected each time. The concentration of the
purified SWCNT dispersion was approximated by collecting the
absorption spectrum, which is provided in Supporting Information
(Cary 5000, Agilent Technologies).

Sensor Fabrication and Functionalization. Sensors were
fabricated using the same method as that outlined by Nelson et
al.34 Briefly, a 0.2% agarose solution was prepared in water and heated
until the agarose had completely melted. Once the solution had
cooled to about 50 °C, 50 μL aliquots were deposited on the bottom
of a 96-well plate and allowed to cure in a humidified environment at
room temperature for 45 min. Approximately 15 μL of 1 mg/L
chitosan−SWCNT solution was added atop each gel and the well
plate was placed in a humidified chamber at 38 °C for 45 min to
promote the diffusion of SWCNTs into the hydrogel matrix. The well
plate was later allowed to cool at room temperature for at least 10 min
before washing each well with 150 μL of water to remove unbound
SWCNTs.

Sensors were functionalized using a similar procedure as that
reported previously.30,33,34 First, a solution of 5 mg/mL succinic
anhydride in 25× PBS was added atop the sensors to convert the
primary amine groups into carboxylic acids. This reaction was allowed
to proceed overnight. After washing the sensor gels two times with
150 μL of water, the carboxylic acid groups were activated by a
solution of 20 mg/mL 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) and 60 mg/mL N-hydroxysuccinimide (NHS)
in MES buffer for 2 h. Following this activation step, the sensors were
washed two times with 150 μL of water and reacted with a solution of
approximately 14 mM Cu(II) chelated by Nα,Nα-bis(carboxymethyl)-
L-lysine hydrate (Cu−NTA).

To create the Cu−NTA solution, 37 mg of Nα,Nα-bis-
(carboxymethyl)-L-lysine hydrate (NTA) was combined with 170.5
mg of CuCl2·2H2O and 10 mL of 0.5× PBS. To precipitate out the
excess, unchelated Cu(II) ions, the solution pH was increased to 7.5
via the addition of approximately 600 μL of 3 M NaOH. This solution
was centrifuged at 1200 rpm for 7 min, after which the supernatant
was used for reaction with the EDC/NHS-activated sensors.

Preparation of Stressed IgG1 Samples. Stressed IgG1 samples
were prepared by exposing 100 mg/mL solutions of IgG1 to UV light
for varying periods of time including 3, 7, 26, 45, and 74 h. UV
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exposure was performed in a stability chamber equipped with a UVA
lamp (wavelength range 320−400 nm) operating at a power of 22 W/
m2 at ambient temperature.
SWCNT Near-Infrared Fluorescence Measurements.

SWCNT fluorescence measurements were collected using a single-
channel nIR photodetector (ThorLabs, PDF10C).34 Sensors were
excited at 565 nm using a high-powered LED (ThorLabs, M565L3)
and fluorescence was collected between 950 and 1050 nm using a 950
nm long-pass filter and a 1050 nm short-pass filter. Cu−NTA
functionalized sensors were loaded with rPA at a concentration of 200
μg/mL in PBS for at least 15 min. After loading, the unbound protein
was removed by washing the well with 150 μL of PBS. To remove
artifacts associated with analyte mixing, IgG1 solution was added
directly atop the sensor hydrogels at a concentration of 10 mg/mL.
For experiments involving an extra tunable hydrogel layer above

the sensors (Figure 1C), the hydrogel layer was added directly atop
the washed sensor gel after rPA loading. The pore size and thickness
of the tunable layer were controlled by modifying the agarose
concentration and volume of agarose solution added atop the sensors,
respectively. The agarose solution used for the tunable layer was kept
at a constant temperature of 55 °C and was used the same day that it
was prepared. Once the tunable hydrogel layer was added, it was
allowed to cure at room temperature for at least 30 min before
conducting an experiment. IgG1-binding experiments involving a
tunable hydrogel layer were conducted in the same way as outlined
above, where an IgG1 solution at a concentration of 10 mg/mL was
added directly atop the hydrogel.
Nanoparticle Tracking Analysis. Nanoparticle tracking analysis

was performed using a NanoSight Model LM10 manufactured by
Malvern Instruments. IgG1 samples were tested at a nominal
concentration of 200 μg/mL and 20 videos were collected at 30 s
per video. Analysis of the extracted particle trajectories was completed
using a recently developed Bayesian model implemented in Matlab.37

■ RESULTS AND DISCUSSION

Sensor Development. An overview of the sensor
detection mechanism is shown in Figure 1A and has been
previously studied by our group.34 Briefly, a series of
functionalization reactions are performed to tether Cu−NTA
groups to the chitosan wrapping, where the Cu(II) ion
functions as a proximity quencher for SWCNT fluores-

cence.34,38 The addition of hexahistidine-tagged recombinant
protein A (rPA) causes a quenching response as the rPA binds
to the Cu(II) ions, indicating that the entire complex moves
closer to the SWCNT surface (Figure S2). This is consistent
with previous work showing that protein A adsorbs to the
surface of SWCNTs.39 Upon IgG1 binding to the Cu(II)/rPA
complex, the sensors exhibit a turn-on fluorescence response as
the Cu(II)−SWCNT distance increases.
SWCNT sensors were fabricated in a 96-well plate and

measured using a custom-built nIR-fluorescence instrument
shown in Figure 1B. Given that purified (6,5) SWCNTs were
used for all experiments, sensors were excited at 565 nm using
a high-powered LED to maximize the signal. Fluorescence was
collected using a single-channel nIR photodetector.
Our approach to detect the presence of protein aggregates is

shown in Figure 1C, in which a tunable hydrogel layer was
added atop a sensor hydrogel layer to modulate the diffusion of
the analyte. We hypothesized that as a greater fraction of a
protein sample contained high-molecular-weight species, the
transient sensor response may be delayed and exhibit different
kinetics. To demonstrate this idea, we measured the sensor
response to 10 mg/mL of human IgG1 with and without a
tunable layer containing 30 μL of 0.2% agarose. We define the
sensor response, R, as the normalized change in SWCNT
fluorescence, as defined by eq 1, where I(t) is the fluorescence
at time t and I0 is the initial fluorescence intensity.

R t
I t I

I
( )

( ) 0

0
=

−
(1)

In addition, we define the normalized sensor response, R/Rmax,
as the sensor response, R(t), divided by the maximum
response, Rmax. The results shown in Figure 1D demonstrate
that the addition of a tunable layer causes a time lag in the
sensor response as well as a slowing of the sensor response
dynamics. To measure the effect of the tunable layer on small-
molecule diffusion, we measured the sensor response to 10
mM EDTA. EDTA is known to cause a rapid turn-on response

Figure 1. (A) Proposed schematic of the nIR fluorescent sensor mechanism. (B) Custom-built instrument used for performing inverted
fluorescence excitation with a high-powered LED (880 mW) at 565 nm and collecting fluorescence from the underside of a standard 96-well plate
into which the sensor and hydrogel are cast for each well;34 LP and SP denote long pass and short pass, respectively. (C) Experimental design to
detect protein aggregation where a tunable hydrogel layer influences the diffusion of the analyte to the sensors. Normalized nIR fluorescence sensor
response, R/Rmax, to (D) 10 mg/mL of human IgG1 in PBS and (E) 10 mM EDTA in PBS with (blue) and without (red) an extra hydrogel layer of
0.2% agarose.
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as the EDTA outcompetes the NTA groups for the Cu(II) ions
so that they are no longer tethered near the SWCNT surface.
In the absence of a tunable layer, the addition of EDTA causes
an immediate jump in the sensor signal that remains elevated
over the course of several minutes (Figure 1E). However, as
shown in Figure 1E, the addition of the tunable hydrogel layer
causes a time lag in the sensor response and a slowing of the
response dynamics such that the sensor response levels out
only after several minutes. We note that the time scale of the
experiment in Figure 1E is on the order of the diffusive time
scale for a small molecule calculated via eq 2 below, assuming a
hydrogel thickness of approximately 500 μm.

L
D

(500 m)
1 10 cm /s

250 sD

2 2

5 2τ μ= ∼
×

=− (2)

Model-Aided Sensor Design. In an effort to guide the
design of the tunable hydrogel layer, we developed a diffusion
model to predict the diffusion of monomeric, low-molecular-
weight (LMW) and high-molecular-weight (HMW) species to
the sensors. For this analysis, we assumed that the protein
solution was dilute and the diffusion of each species in the
hydrogel was uncoupled. To estimate the diffusion coefficients,
Dg,i, of all three species through the extra hydrogel layer, one of
several different correlations can be used, all of which are
influenced by the hydrogel pore size and protein hydro-
dynamic radius.40 Given our choice of agarose as the hydrogel

material, we used Amsden’s model40,41 to estimate the
diffusion coefficients as described by eq 3 below, which is an
obstruction-based model that has been demonstrated to work
well when describing protein diffusion in agarose hydrogels.42

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅÅ

i

k
jjjjj

y

{
zzzzz

É
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ÑÑÑÑÑÑÑÑÑÑÑÑ

D

D
r r

k r
exp

2
g

0

s f

s
1/2

f

2

π
φ

= −
+

+−
(3)

In eq 3, D0 is the diffusion coefficient in solution (calculated
using the Stokes−Einstein equation), rs is the hydrodynamic
radius of the solute, rf is the radius of the polymer fiber
(estimated at 19 Å),40 φ is the volume fraction of agarose in
the gel, and ks is a hydrogel-specific scaling parameter
(assumed to be 13.75 Å for agarose).42 The volume fraction
of agarose was calculated using eq 4,42 where w is the weight
fraction of agarose in the gel, ρ is the density of dry agarose
(1.64 g/mL), and m is the mass fraction of agarose in an
agarose hydrogel fiber (0.625).42,43

w
m

φ
ρ

=
· (4)

To estimate the hydrodynamic radii of various IgG1 HMW or
LMW species, we plotted the published hydrodynamic radii of
nine different proteins (including IgG) spanning a wide range
of molecular weights and fit a linear correlation (Figure
2A).40,43 As an approximation during our preliminary

Figure 2. (A) Published hydrodynamic radii of nine different proteins (IgG shown in green) versus molecular weight40,43 fitted to a linear
correlation (R2 = 0.993). (B) Schematic of the experimental system described by the diffusion model. (C) Graphical definition of ΔCmax and tmax.
Concentration profiles at the agarose conditions of (D) 600 μm thickness, 0.2% concentration, and (E) 100 μm thickness, 3% concentration. (F)
Simulated separation performance at various agarose concentrations and thicknesses of the extra tunable hydrogel layer. (G) Simulated time of
maximum separation performance at various agarose concentrations and thicknesses.
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modeling work, we assumed that HMW species were dimers
and LMW species were 1/2 fragments. The resulting
hydrodynamic radii were approximated as 5.6, 3.6, and 9.6
nm for monomer, LMW, and HMW species, respectively.
Based on the graphic, boundary, and initial conditions

specified in Figure 2B, we formulated a one-dimensional
diffusion model. The normalized concentration of species i at
the sensors can be described by the following equation.44

i
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π

π
= − −

+
−

+

=

∞

(5)

To simulate the concentration profiles versus time of IgG1
samples containing a varying distribution of monomeric,
HMW, and LMW species, we used the compositional
information collected from SE-UPLC for IgG1 samples that
underwent different levels of stress via UV light. UV light has
been shown to induce both physical and chemical aggregation
through the formation of chemical cross-links,45−47 conforma-
tional changes in the protein structure,45,48 and oxidation of
methionine and other residues.46,48,49 IgG1 samples were
stressed at a concentration of 100 mg/mL for 3−74 h and the
measured mass fractions of monomeric (main peak), HMW,
and LMW species are presented in Table 1. To supplement the

SE-UPLC data and further elucidate the size distributions of
the stressed IgG1 material, we performed a nanoparticle
tracking analysis on the stressed samples, which can identify
aggregate species between 30 nm and 1 μm (Supporting
Information).
Using the SE-UPLC data, we could simulate the total molar

concentration profile of a given IgG1 sample as the weighted
sum of the profiles for individual protein species, as shown by
eq 7.
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In eq 7, the three αi parameters pertain to the mole fractions of
monomer (M), HMW, and LMW species calculated from
Table 1.
With the diffusion model fully developed, we defined two

performance metrics of the tunable hydrogel layer: (A) the
maximum concentration resolution and (B) the response time
as defined below:
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t C Ctime at which( )max max= Δ = Δ

A graphical definition of these two parameters is shown in
Figure 2C. Criteria A was chosen because the maximum
concentration difference on the temporal curves directly
correlates with the maximum potential sensor signal.
Similarly, for practical reasons, users would prefer that the
detection time be minimized for more real-time purposes.
While the definition of ΔCmax is somewhat arbitrary regarding
which two samples are being compared, we chose to use the
45-h stressed material as a reference, given that the
concentration of LMW species in the 74-h stressed sample
was anomalously high relative to the other samples (Table 1).
In addition, using less stressed material as a reference sample
would yield the same overall trends, albeit different values of
ΔCmax and tmax.
In the case of choosing agarose as the hydrogel material, the

two hydrogel properties that influence analyte diffusion are the
concentration (i.e., pore size) and the thickness. As a result, we
systematically varied these hydrogel properties, simulated
concentration profiles over the course of 1 h, and generated
maps of separation performance, as shown in Figure 2F,G. The
results indicate that separation performance, on a concen-
tration basis, is optimized when using tunable hydrogel layers
of high agarose concentration and low thickness. Figure 2D,E
shows the concentration profiles of the various stressed
samples under the conditions represented by the numbers 1
and 2 in Figure 2F, respectively. Note that the results shown in
Figure 2F,G are influenced by the fact that we simulated the
concentrations for up to 1 h. Thus, the ΔCmax values plotted
indicate the maximum separation over the course of an hour,
not the maximum separation possible at a given set of agarose
pore size and thickness.
While the preceding results indicate that a thin and

concentrated agarose gel would achieve optimal separation
performance in terms of the total concentration at the sensors,
the dependence observed in Figure 2F does not necessarily
correspond to maximum sensor discrimination. In the case of
SWCNT nIR fluorescent sensors, analyte diffusion must be
coupled with sensor binding at the hydrogel boundary. For this
model, we assumed a monovalent binding reaction between all
IgG1 species and our sensors (θ). Moreover, we assumed that
the sensors did not consume enough analyte to modify the
analyte concentration profile and further aggregation did not
take place in the hydrogel. This results in the binding reaction
given below.

IgG IgG
k

k

r

fθ θ+ −V

The concentration of each bound IgG1 species can be
described by eq 8.

t
k k

d IgG
d

IgG ( IgG ) ( IgG )f T r
θ

θ θ θ
[ − ]

= [ ] − [ − ] − [ − ]

(7)

Table 1. SE-UPLC Data from UV Light-Stressed IgG1
Samples Providing the Fraction of Unaffected Sample
(monomer), High-Molecular-Weight Aggregates (HMW),
and Low-Molecular-Weight Fragments

mass fraction

stress duration (h) monomer HMW LMW

0 0.973 0.0037 0.0232
3 0.9535 0.0241 0.0225
7 0.9391 0.0389 0.022
26 0.8584 0.1214 0.0203
45 0.7764 0.2036 0.02
74 0.6483 0.3065 0.0452
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Figure 3. (A) Dynamic sensor binding data for 10 mg/mL unstressed IgG1 collected without an extra hydrogel layer, along with a fit to a 1:1 sensor
binding model. (B) Equilibrium sensor response data without an extra hydrogel layer at different IgG1 concentrations, along with a fit to a 1:1
binding model. Error bars represent the standard deviations from three replicates. (C) Graphical definition of ΔRmax and tR,max. Simulated sensor
responses at the agarose conditions of (D) 600 μm thickness, 0.2% concentration, and (E) 100 μm thickness, 3% concentration. (F) Simulated
sensor response separation performance at various agarose concentrations and thicknesses of the extra tunable hydrogel layer. (G) Simulated time
of the maximum sensor response separation performance at various agarose concentrations and thicknesses.

Figure 4. (A) Schematic of the experimental system where a single tunable hydrogel thickness is assumed. (B) Fit of the single-thickness model (eq
11) to experimental binding data collected for 10 mg/mL of unstressed human IgG1 using a tunable layer of 30 μL of 0.2% agarose in a 96-well
plate. (C) Schematic of the experimental system described by a two-thickness model that accounts for cracks that form within the hydrogel layer
during casting and/or heterogeneity in the hydrogel thickness. (D) Fit of the two-thickness model (eqs 11 and 12) to the same experimental data
shown in (B).
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Normalizing each term in (8) by the total sensor
concentration, θT, yields eq 9, which describes the fraction of
bound sensor sites, f. This can ultimately be related to the
sensor response, R, via eq 10, where Rmax is equal to the
maximum sensor response.

f
t

k f k f
d
d

IgG (1 )f r= [ ] − −
(8)

R R fmax= · (9)

To simulate the sensor response, eq 9 was coupled to the
analyte diffusion model and solved numerically using the
forward Euler method with a time step of one second. Based
on data collected in the absence of a tunable layer using
unstressed IgG1, we used sensor parameter values of 0.6, 130
M−1 s−1, and 8 μM for Rmax, kf, and KD, respectively (Figure
3A,B).
With the combined diffusion and sensor binding model, we

defined separation performance parameters based on the
sensor output.
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Ç
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t R RB. time at which( )R,max max= Δ = Δ

A graphical definition of these two parameters is shown in
Figure 3C. Sensor responses were simulated assuming a bulk
IgG1 concentration of 10 mg/mL. Molar concentrations of
IgG1 were calculated using the average molecular weight
approximated from the SE-UPLC data. Figure 3 shows the
simulated sensor responses at the same conditions as Figure
2D,E, respectively. The maximum separation in sensor
response is similar across many gel thicknesses and
concentrations, with the main difference being the time at
which the maximum separation is achieved (Figure 3G).
Application of the Model to Experimental Data. In

addition to using the previously developed model to guide
sensor design, we were ultimately interested in applying the
model to experimental data to extract compositional
information. Based on the results shown in Figure 3, we
decided to use the same agarose concentration in the tunable
layer as that used in the base layer (0.2%). A comparison of the
sensor binding curves obtained from different agarose
concentrations is provided in Supporting Information.
The schematic of the experimental system, shown in Figure

4A, can be described by the following solution to the diffusion
equation, where Ltot is the total thickness of the tunable and
base layers.44 The thickness of the base layer was estimated by

dividing the volume of the base layer by the cross-sectional
area of the well bottom.
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We coupled this equation to the sensor binding model
discussed previously and fit experimental data collected from
10 mg/mL of unstressed IgG1 using a tunable layer of 30 μL of
0.2% agarose. The composition of the IgG1 sample was
specified based on the SE-UPLC data and we fit the thickness
of the tunable layer, L, and the maximum sensor response,
Rmax. The experimental data and resulting fit are shown in
Figure 4B. While the coefficient of determination was
calculated to be 0.986, systematic deviations between the
experimental data and model fit can be observed. Specifically,
we found that the as-formulated model predicts a larger time
lag than was experimentally observed, in addition to faster
response dynamics after the time lag. This result was consistent
across all experiments.
To address the systematic deviations observed in Figure 4B,

we developed a revised diffusion model that accounts for
heterogeneity in the thickness of the tunable layer by
approximating the system as having two effective thicknesses
(Figure 4C). Heterogeneity in the tunable layer thickness
could be caused by several factors including the formation of a
meniscus with the well plate wall as well as the incomplete
spreading of the agarose layer due to viscosity effects. The
average concentration at the sensors could then be specified by
an additional parameter, β, according to the following
equation.
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0 0 L1 0 L2

β β= − · + ·
(11)

In eq 12, ( )C
C L10

and ( )C
C L20

pertain to concentration profiles

calculated from eq 11 using tunable layer thicknesses of L1 and
L2, respectively (Figure 4C). As shown in Figure 4D, this
revised model provides a significantly improved fit of the
experimental data (coefficient of determination equal to
0.9995). A similar set of analyses was performed on the sensor
response of a 2% agarose gel layer (Figure S5). Finally, 0.2%
was chosen for ease of fabrication due to gel thickness.

Characterization of Gel Layers and Sensor Re-
sponses. The response of protein A-loaded SWCNT sensors

Figure 5. Normalized response of protein A-loaded sensors to 10 mg/mL of (A) unstressed IgG1, 3-h stressed IgG1, and 7-h stressed IgG1, and (B)
26-h stressed IgG1, 45-h stressed IgG1, and 74-h stressed IgG1. Experiments were performed without an extra tunable layer.
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to the stressed IgG1 samples was first evaluated in the absence
of an extra tunable layer. All samples were tested at a nominal
concentration of 10 mg/mL, and representative binding curves
are shown in Figure 5 for all six samples. We observed that the
sensors responded similarly to lower stressed IgG1 samples
(Figure 5A), suggesting that sensors without a tunable layer are
unable to distinguish between low levels of stress. However,
26-, 45-, and 74-h stressed samples exhibited different response
behaviors, with the sensor response decreasing at long time
periods (Figure 5B). Furthermore, the addition of the 74-h
stressed material caused an immediate, discontinuous sensor
response, followed by a smaller binding curve (Figure 5B).
While the reason for this response behavior is currently
unknown, it is likely that the highly stressed samples contain a
high concentration of oxidized species,46,49 which have been
shown to bind differently to protein A and protein G.50

Moreover, the SE-UPLC results in Table 1 indicate that the
concentration of LMW species is twice as high in the 74-h
stressed sample versus the other samples, which may have also
contributed to the anomalous sensor binding curve shown in
Figure 5B.
The results shown in Figure 5B suggest that the more highly

stressed IgG1 samples contain a distribution of oxidized and/or
higher-order aggregate species that are not accounted for in
our initial mathematical model. Additionally, the HMW
species in the UV-stressed samples are considered high as
compared to biopharmaceuticals in production lines where the
release specification for HMWs in protein therapeutics is
normally ≤ 1%. As a result, we chose to limit our analysis to
the low-stress protein material (unstressed, 3, and 7 h).
Figure 6A−C shows representative sensor responses to

unstressed, 3-h stressed, and 7-h stressed IgG1, respectively,
using a tunable layer containing 30 μL of 0.2% agarose. IgG1
samples were tested at a nominal concentration of 10 mg/mL,
and exact concentrations were measured using UV absorption
spectroscopy. Experimental data were fit to the previously
developed two-thickness model by specifying the protein
concentration and composition (from Table 1) and fitting the

values of L1, L2, β, and Rmax. The model fits are shown in
Figure 6A−C along with the experimental data. The fitted L1
and L2 values were similar across all three samples, as shown in
Figure 6D. Moreover, the L1 values were of a similar
magnitude to what would be expected based on the tunable
layer volume and the microwell cross-sectional area. The fitted
β and Rmax values were also similar across the three samples
and are provided in Supporting Information.
To extract compositional information from the experimental

data, we fit the monomer, LMW, and HMW mole fractions
using the L1 and L2 values fit from the unstressed data. The
mole fractions were fit across an entire dataset (four
replicates), while β and Rmax were fit to each individual
replicate. This was done so that the parameters β and Rmax
absorb any sensor-to-sensor variability that should not be
attributed to the sample composition. The resulting fitted mole
fractions are shown in Figure 6E. As expected, the fitted
monomer mole fraction is much larger than the mole fractions
of LMW and HMW species. Furthermore, the fitting
procedure accurately predicts an increase in the concentration
of HMW species with the stress level. The mole fraction of
LMW species remains relatively constant across all three stress
levels, which is consistent with the SE-UPLC data presented in
Table 1. To evaluate the significance of these results, we
performed one-way analysis of variance (ANOVA) across four
independent datasets (four replicates per dataset), obtaining an
F-ratio of 7.82 and a p value of 0.0107.
Extracting the mole fractions of three distinct diffusing

species from a single binding curve (or a small set of binding
curves) results in the relatively large confidence intervals
shown in Figure 6E. While these confidence intervals, and the
resulting assay resolution, can be improved by collecting more
replicates or measuring sensor responses from multiple tunable
layer designs, we investigated the implementation of a
simplified, two-species model in which we assumed that the
protein samples were composed of monomeric and HMW
species. This simplified model may be more representative of
our experimental system, given that the LMW species contain

Figure 6. Sensors’ response to 10 mg/mL of (A) unstressed IgG1, (B) 3-h stressed IgG1, and (C) 7-h stressed IgG1 with a tunable hydrogel layer of
30 μL of 0.2% agarose. (D) Fitted L1 and L2 values for each dataset obtained by specifying the composition from the SE-UPLC data. Error bars
represent the standard deviation from four replicates. (E) Fitted mole fractions of monomer, LMW, and HMW species using the L1 and L2 values
fitted to the unstressed data. Error bars represent the 95% confidence intervals.
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IgG1 light chain and cleavage products that do not bind as
strongly to protein A. Similarly to Figure 6D, we fit the L1 and
L2 values for each stressed sample based on the compositional
information provided by the SE-UPLC data. For this analysis,
the monomer mole fraction was assumed to be the sum of the
monomer and LMW mole fractions calculated from Table 1.
The resulting fitted thicknesses are shown in Figure 7A and are
very similar to those shown in Figure 6D. Moreover, the
coefficients of determination were nearly identical to those
obtained from the three-species model (>0.999), indicating
that the goodness of fit was not reduced by the model
simplification.
Using the fitted L1 and L2 values from the unstressed IgG1

material, we fit the mole fractions of monomer and HMW
species to all three datasets. As shown in Figure 7B, the
simplified two-species model yields similar results as the three-
species model shown in Figure 6D, with the model accurately
fitting an increase in the HMW species concentration (and the
corresponding decrease in the monomer concentration) with
the stress level. Moreover, the 95% confidence intervals of the
resulting fits are much smaller than those shown in Figure 6E.
A one-way ANOVA analysis across four independent datasets
yielded an F-ratio of 9.2 and a p value of 0.0067, confirming
that our sensor system can distinguish between the low-
stressed samples.
To compare both models with the SE-UPLC data, we

constructed parity plots for the fitted mole fractions. Figure 7C
compares the sum of the monomer and LMW mole fractions,
while Figure 7D compares the HMW mole fractions. In both
cases, the models are well correlated with the SE-UPLC data.
While an exact 1:1 correlation is not obtained, such a
correlation would be highly unlikely, given the assumptions
of our model and the incomplete particle size distribution

information obtained from SE-UPLC. Nevertheless, these
results demonstrate the ability of our SWCNT sensor platform
to detect levels of protein aggregation as low as one percent.
We note that the current formulation of the mathematical

model describing our experimental setup assumes a very simple
particle size distribution of monomers, dimers, and 1/2
fragments. While our 2- and 3-species models are able to
well describe the experimental data, the stressed samples
contain a wide distribution of particle shapes and sizes that
span a range of diffusion coefficients within the tunable layer.
Assuming species diffuse independently, greater elucidation of
the particle size distribution is possible by simply incorporating
more diffusing species into the mathematical model. However,
as demonstrated in Figure 7C,D, extraction of compositional
information with narrow confidence intervals would most
likely require sensor multiplexing with more than one distinct
tunable layer design. Given that sensor multiplexing can be
performed in parallel, greater elucidation of the particle size
distribution is possible without an increase in the assay time.

■ CONCLUSIONS

We report the development of a rapid analytical platform for
the detection of protein aggregation using hydrogel-encapsu-
lated, nIR-fluorescent SWCNT sensors. We demonstrate the
feasibility of this approach by developing a diffusion model
describing the transport of protein species to the sensor. By
coupling the diffusion model to a sensor binding model, we are
able to predict the sensor response at a given set of hydrogel
properties and protein particle size distributions. Moreover, we
use mathematical modeling to map the influence of hydrogel
properties on the separation performance, given the
composition of UV-stressed IgG1 samples.

Figure 7. (A) Fitted L1 and L2 values for each dataset obtained by specifying the composition from SE-UPLC data, assuming a two-species system
of monomer and HMW species. Error bars represent the standard deviation from four replicates. (B) Fitted mole fractions of monomer and HMW
species using the L1 and L2 values fitted to the unstressed data. Error bars represent the 95% confidence intervals. Parity plot of (C) Monomer and
LMW species, and (D) HMW species based on the SE-UPLC data and fitted values from the 3- and 2-species models. Error bars represent the 95%
confidence intervals.
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Upon applying the mathematical model to experimental data
collected from the stressed IgG1 samples, we demonstrate that
the data are well fit by a modified two-thickness model that
accounts for heterogeneity in the thickness of the tunable
hydrogel layer. Using this modified model, the compositions of
UV-stressed IgG1 samples were fit to experimental data and
correlated with SE-UPLC data. The results demonstrate the
ability to detect the presence of high-molecular-weight protein
species at a concentration as low as 1%.
While this work represents a significant step toward the

development and deployment of rapid process analytical
technologies for biopharmaceutical characterization, several
challenges guide our ongoing work. The current model and
sensor assay do not account for the relative sizes of aggregates
at this stage. We assume that all components of aggregates
contribute equal responses. As a sensor design scheme, there
may exist some fundamental limitations based on how much
diffusion can be influenced and the sensor SNR, which would
affect the maximum resolution of the size distribution we could
discern. Also, we have yet to demonstrate the technique being
used more rapidly. Finally, further development of the current
sensor binding scheme involves testing against chemical
modifications (i.e., oxidation) of IgG as well as an extension
to other biopharmaceuticals. Lastly, while the current sensor
form factor is sufficient as an assay on the factory floor, optical
probe setups can potentially be designed to make such sensor
schemes a part of the in-line process.
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