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ABSTRACT: Implantable and wearable biosensors that enable SYYY 4 O

monitoring of biophysical and biochemical parameters over long j’%\—;j\ PolymeI'izationz'.‘ii\'-—T.--&i;\‘<
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durations are highly attractive for early and presymptomatic diagnosis s
of pathological conditions and timely clinical intervention. Poor PEleationl %,
stability of antibodies used as biorecognition elements and the lack of 20T e WYYy, G-

SDS SDS

effective methods to refresh the biosensors upon demand without ’,’}kfﬁi‘:,' S = —C
severely compromising the functionality of the biosensor remain

significant challenges in realizing protein biosensors for long-term ]Analyte Ana[ytel i SH-PEG
monitoring. Here, we introduce a novel method involving organosilica %#2 0 Y Biorecognition element
encapsulation of antibodies for preserving their biorecognition oerin A5 .;\‘u:_k(. 9

capability under harsh conditions, typically encountered during the Akt plshmeyy © Analyte

sensor refreshing process, and elevated temperature. Specifically, a

simple aqueous rinsing step using sodium dodecyl sulfate (SDS) solution refreshes the biosensor by dissociating the antibody—
antigen interactions. Encapsulation of the antibodies with an organosilica layer is shown to preserve the biorecognition capability of
otherwise unstable antibodies during the SDS treatment, thus ultimately facilitating the refreshability of the biosensor over multiple
cycles. Harnessing this method, we demonstrate the refreshability of plasmonic biosensors for anti-IgG (model bioanalyte) and
neutrophil gelatinase-associated lipocalin (NGAL) (a biomarker for acute and chronic kidney injury). The novel encapsulation
approach demonstrated can be easily extended to other transduction platforms to realize refreshable biosensors for monitoring of
protein biomarkers over long durations.
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H INTRODUCTION biosensors are limited, and once saturated with target analytes,
it becomes insensitive to further changes in the concentration
of the analyte as the analyte—recognition element interactions
(especially antibody—antigen interactions) are virtually irre-
versible under normal conditions. Additionally, the long-term
usage of the biosensor is limited by the poor stability of
antibodies. A possible approach to overcome these problems is
to design a strategy to preserve the biorecognition elements
and refresh the sensor without compromising the sensitivity

Wearable and implantable biosensors have attracted extensive
attention owing to their ability to provide continuous
monitoring of biophysical and biochemical parameters in
biofluids such as sweat, saliva, interstitial fluid, and tears.'™ In
the past few years, the frontiers and the possible applications of
such devices are rapidly advancing from tracking physical
activity and biophysical parameters to continuous monitoring
of target molecular biomarkers at physiological and patho-

logical concentrations. While there have been significant efforts and specificity of the biorecognition elements. As a proof-of-
in realizing wearable and implantable biosensors, there are still concept, in this study, we employed plasmonic nanostructures
significant challenges that need to be overcome before such as a transduction platform. Owing to their high refractive index
classes of biosensors can be widely used for making timely sensitivity, plasmonic nanostructures are able to transduce
clinical interventions in pathological conditions that can biomolecular binding events (capture/release of the analyte)
rapidly manifest into life-threating events or chronic into measurable shift in the localized surface plasmon
conditions. In fact, to date, only minimally invasive glucose
monitoring devices have some commercial presence.’ Received: September 26, 2019

Biosensors designed for continuous monitoring of bio- Accepted: January 8, 2020
chemical analytes should be able to detect and quantify the Published: January 8, 2020

target analyte (e.g, biomarker) for an extended duration.
However, the number of analyte binding sites in most
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Figure 1. (A) Representative TEM image of AuNRs used as plasmonic nanotransducers. (B) Normalized vis-NIR extinction spectra of AuNR and
AuNR conjugated with IgG, depicting an ~8 nm red shift in the LSPR wavelength. (C) Representative atomic force microscopy (AFM) image
showing uniform distribution of AuNR—IgG bioconjugates on a glass substrate. (D) Schematic illustration of steps involved in the fabrication of
the refreshable sensor. (E) Extinction spectra of AuNR—IgG bioconjugates obtained after each fabrication step shown in (D). The inset shows
zoomed-in spectra highlighting the shifts in the LSPR wavelength. (F) LSPR shifts corresponding to biodetection and sensor refreshing. (G) LSPR
shift upon exposure of plasmonic biochips to different concentrations of anti-IgG before (black) and after sodium dodecyl sulfate (SDS) (red)
treatment. Error bars represent standard deviations from three different samples.

resonance (LSPR) wavelength.”~'" The refractive index
sensitivity of plasmonic nanostructures has been harnessed to
realize various chemical and biological sensors.''~"* Plasmonic
biosensors relying on antibodies as recognition elements are
highly promising as lab-on-chip devices for label-free protein
detection in point-of-care and resource-limited settings.lé_lg

In most immunosensors, antigens are recognized and
captured by antibodies via noncovalent interactions such as
hydrogen bonds, van der Waals forces, electrostatic and
hydrophobic interactions.”*™>’ These interactions can be
disrupted by extremes of pH, high salt concentrations and
surfactants.”® Under these harsh conditions, natural antibodies
are unstable and are prone to lose their biorecognition
capability owing to their poor chemical and environmental
stability.”* >’ We and others have reported various methods to
preserve the biorecognition capability of antibodies under
harsh conditions, which include encapsulation of immobilized
antibodies with metallic—organic frameworks, *™'® silk,*® and
sucrose,” or addition of other preservatives.’”*" While these
strategies successfully preserve the biorecognition capability of
biodiagnostic reagents immobilized on plasmonic nano-
transducers against harsh environmental conditions during
storage and transportation, they do not protect the antibodies
during sensor operation or during sensor refreshing.

In this report, we demonstrate the encapsulation of
antibodies immobilized on plasmonic nanostructures with an
organosilica layer, which renders refreshability to the
biosensors by preserving the antibody biorecognition ability
upon subjecting them to harsh chemical treatment for

5421

dissociating the antibody—antigen interactions. This novel
method overcomes the challenges associated with poor
stability of immobilized antibodies under harsh conditions
and opens up opportunities for realizing wearable and
implantable biosensors for continuous monitoring of protein
biomarkers over long durations.

B RESULTS AND DISCUSSION

AuNR-IgG-Based Biosensor. We employed rabbit IgG
and goat anti-rabbit IgG as a model of the antibody—antigen
pair and gold nanorods (AuNRs) as plasmonic nano-
transducers. We synthesized AuNRs using the seed-mediated
method.” Transmission electron micrograph (TEM) images
revealed the length and diameter of the AuNRs as 57.5 + 2.1
and 19.7 + 2.6 nm, respectively (Figure 1A). The antibodies
were conjugated to a bifunctional poly(ethylene %chol)
(COOH-PEG-SH) chain to obtain IgG-PEG-SH.'*>**
Subsequently, IgG-PEG-SH was anchored to the AuNR
surface via a Au—S linkage. Poly(ethylene glycol) (PEG)
chains offer two important advantages: (i) increased
accessibility of IgG to target biomolecules by acting as a
flexible linker’* and (i) minimization of nonspecific binding
owing to their high hydrophilicity."” The immobilization of
IgG-PEG-SH on AuNRs in solution resulted in an ~8 nm red
shift in the longitudinal LSPR wavelength of AuNRs,
corresponding to an increase in the refractive index of the
medium surrounding AuNRs (Figure 1B). To realize
plasmonic biosensors, the AuNR—IgG bioconjugates were
uniformly adsorbed onto the 3-mercaptopropyl-trimethoxysi-
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Figure 2. (A) Schematic illustration of the steps involved in the organosilica-based biopreservation of bioconjugates to realize refreshable
biosensors. (B) Representative AFM image of AuNR—IgG bioconjugates on the glass substrate before (top) and after (bottom) polymer
encapsulation with optimum monomer concentration (0.8 mg/mL). (C) Surface-enhanced Raman scattering spectra of AuNR—IgG bioconjugates
before and after polymerization. (D) Biorecognition capability corresponding to different monomer concentrations, which determines the polymer
thickness. (E) Retained biorecognition capability of AuNR—IgG bioconjugates corresponding to different monomer concentrations, after SDS
treatment. (F) LSPR shift of the polymer-encapsulated biosensor after treatment with human serum albumin (HSA) and anti-IgG. Error bars

represent standard deviations from three different samples.

lane (MPTMS)-functionalized glass substrates. Atomic force
microscopy (AMF) images of the modified glass substrates
revealed uniform distribution of AuNR—IgG bioconjugates
with no signs of aggregation or patchiness (Figures 1C and
S1). To minimize nonspecific binding, glass substrates with
AuNR-IgG bioconjugates were exposed to thiol-terminated
poly(ethylene glycol) (SH-PEG), which is expected to graft to
the exposed regions of AuNRs and serve as a blocking layer.
To investigate their biosensing performance, we exposed these
plasmonic biochips to different concentrations of anti-IgG,
which binds specifically to the IgG immobilized on the AuNR:s.
Consistent with our previous studies, the LSPR wavelength of
AuNR exhibited a monotonic red shift with an increase in the
concentration of anti-IgG (Figure S$2).'”?* The limit of
detection (LOD defined as: mean + 3 & of the blank) of
these biochips was found to be 240 pg/mL.

Refreshability of the AuNR-IgG Biosensor. As
mentioned above, antigens (anti-IgG in this case) are
recognized and captured by antibodies (IgG conjugated to
AuNRs in the present case) through noncovalent interactions,
which can be disrupted by subjecting them to extreme pH or
high concentrations of salt or surfactants.””*> We used sodium
dodecyl sulfate (SDS), an anionic surfactant frequently used in
cleaning and hygiene products (e.g, toothpaste and mouth-
wash), as a chemical agent to disrupt the antigen—antibody
interactions. SDS, known to disrupt protein conformation,
binds relatively uniformly along the protein chain with its
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hydrophobic tail conferring net charge on proteins and thus
exposing (unfolding) the otherwise buried regions of the
protein.”>**™** We posited that exposure of the bound
antibody—antigen pair to SDS results in electrostatic repulsion
between the antibody and antigen, thus overcoming the
noncovalent interactions between them. Dissociation of the
antibody—antigen pair essentially refreshes the binding sites
and enables the reuse of the biosensor. We have harnessed the
refractive index sensitivity of the AuNRs to monitor each step
along this process (Figure 1D). Extinction spectra (Figure 1E)
and the LSPR wavelength of AuNR (Figure 1F) were obtained
following each step in the procedure: immobilization of
AuNR-IgG bioconjugates on glass substrates (step 1);
PEGylation of AuNR—IgG bioconjugates to minimize non-
specific binding (step 2); binding of anti-IgG to IgG (step 3);
exposure to SDS solution (step 4); and rebinding of anti-IgG
to IgG (step S).

The LSPR wavelength of AuNR exhibited a ~20 nm red
shift after exposure to 24 ug/mL anti-IgG (Figure 1E,F). After
exposure to SDS, we observed a ~21 nm blue shift suggesting
complete removal of anti-IgG and thus leaving behind AuNR—
IgG bioconjugates on the plasmonic biochip, ready for another
cycle of antigen detection (Figure 1E,F). However, when SDS-
treated plasmonic biochips were exposed to the same
concentration of anti-IgG, we observed that the biochip lost
~50% sensitivity as evident from only a ~10 nm red shift as
opposed to ~20 nm observed in the pristine biochip (Figure
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1E,F). The nearly 50% loss in biorecognition capability after
SDS treatment was consistent over a broad range of anti-IgG
concentration (Figure 1G). This is not surprising because in
the process of dissociating anti-IgG:IgG complex, SDS partially
denatures the immobilized IgG and thus results in the loss of
its biorecognition capability. Consequently, with every cycle of
SDS washing, we noted a progressive degradation in the
biorecognition capability and by fourth cycle the plasmonic
biochips exhibited only ~10% sensitivity compared to that in
the pristine condition (Figure S3). Thus, this challenge of
antibody denaturation and subsequent loss in biorecognition
capability needs to be overcome to realize the refreshable
sensor. Toward this goal, we explored antibody encapsulation
as a strategy hypothesized to render protection against harsh
and potentially denaturing conditions and ultimately leads to
refreshable biosensors.

Polymer Encapsulation Strategy to Achieve Refresh-
ability. In a previous report, we have demonstrated an in situ
polymerization technique for preserving the activity of enzyme,
immobilized on plasmonic nanostructures, subjected to harsh
conditions such as proteases and high temperature.’ Inspired
by this biopreservation method, we posited that encapsulation
of immobilized antibodies with an in situ formed polymer layer
can preserve its biorecognition capability against SDS washing
(Figure 2A). Following the immobilization of AuNR-IgG
bioconjugates on glass substrates, a polymer encapsulation
layer is formed through copolymerization of (3-aminopropyl)
trimethoxysilane (APTMS) and trimethoxy(propyl)silane
(TMPS) on AuNR and around immobilized IgG. The methoxy
group of TMPS and APTMS undergoes rapid hydrolysis to
form methanol and trisilanols.*>*' Hydrolysis is followed by
condensation of the silanols, which results in the formation of
an amorphous aminopropyl functional polymer layer consist-
ing of Si—O—Si bonds and functional end groups such as
hydroxyl (—OH), amine (—NH;"), and methyl (—CH;).">*’
These end groups interact noncovalently via hydrogen
bonding, hydrophobic, and electrostatic interactions with
AuNR-IgG bioconjugates resulting in the formation of a
stable organosilica layer around them. Next, bifunctional PEG
(methoxy-PEG-silane) was covalently grafted on to the free
regions of the organosilica layer. The methoxysilane group of
PEG undergoes hydrolysis followed by condensation with the
reactive silanol group present on the polymer surface, resulting
in the formation of a stable covalent siloxane bond (Si—O—Si).
PEG chains shield the functional groups present on the
polymer layer, thus minimizing nonspecific binding.*”*"*’
Biosensors with the organosilica protective layer were then
exposed to a range of concentration of anti-IgG (240 pg to 24
ug) to allow antigen—antibody binding. The plasmonic
biochips were subsequently exposed to an aqueous solution
of SDS to overcome the noncovalent interactions, dissociate
the antibody—antigen pair, and refresh the biochip. The
restored biosensor was repeatedly exposed to anti-IgG to assess
the refreshability of the biosensor.

Characterization and Optimization of the Organo-
silica Silica Layer Thickness. Formation of the polymer
encapsulation layer on AuNR-IgG bioconjugates was
confirmed by redshift in the LSPR wavelength (Figure S4)
and AFM imaging (Figure S6). The AFM image of the
polymer-encapsulated bioconjugates revealed a change in the
morphology corresponding to the formation of the organosilica
polymer layer (Figures 2B, S1 and S6). The presence of an
organosilica polymer layer on the AuNR—IgG bioconjugates
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was further confirmed by surface-enhanced Raman scattering
(SERS) spectroscopy (Figure 2C). Pristine AuNR—IgG
bioconjugates exhibited Raman bands at 852, 1031, 1230,
and 1620—40 cm™ correspondin§ to tyrosine, phenylalanine,
amide III, and amide I of IgG.3 After the formation of an
organosilica layer, we observed Raman bands at 1024, 1056,
1205, and 1230 cm™' corresponding to Si—O—R stretching,
Si—O—Si stretching, and —CH, bending.sg’%’44

It is important to note that if the entire antibody, including
its antigen binding sites, is encapsulated within the polymer
layer, it will severely compromise the biorecognition capability
of IgG. On the other hand, if the encapsulation is insufficient,
then the protection against SDS and long-term stability of the
antibody will be limited. Therefore, the thickness of the
encapsulating polymer layer is critical to provide both access
for analyte binding and protection against harsh conditions.
The thickness of the organosilica layer can be controlled either
by varying the polymerization time or by changing the
concentration of the APTMS and TMPS monomers. We
varied the concentration of monomers while keeping the
polymerization time constant (10 min), as it offers better
control and repeatability over multiple batches. The red shift in
the LSPR wavelength of the AuNR corresponding to the
formation of the organosilica layer increased with an increase
in the concentration of monomers, indicating a gradual
increase in the thickness of the polymer layer (Figure S4).
Pristine plasmonic biochips with no polymer encapsulation,
which corresponds to the maximum availability of antibody
binding sites, displayed a ~20 nm red shift (treated as 100%
biorecognition capability). As the thickness of the polymer
layer was gradually increased, the plasmonic biochips exhibited
a progressive decrease in biorecognition capability (Figures 2D
and SS). Here, biorecognition capability is defined as the
percentage of the red shift upon specific binding of anti-IgG to
IgG after encapsulation with a polymer layer compared with
the red shift obtained from the same batch of biochips before
encapsulation. An increase in the thickness of the polymer
layer rendered biosensors increasingly stable against SDS
washing, thus enabling their reusability. We used the
percentage of retained biorecognition capability to quantita-
tively evaluate the preservation efficacy of the polymer
encapsulation strategy. It was calculated as the percentage of
the red shift upon specific binding of goat anti-rabbit IgG to
the rabbit IgG on a restored biochip after one or more cycles of
SDS treatment compared with the red shift obtained from the
same batch of the biosensor before SDS treatment. For
example, samples with no polymer encapsulation and before
SDS treatment exhibited ~20 nm red shift, showing 100%
biorecognition capability (Figure 2D), and after SDS treatment
displayed ~10 nm red shift corresponding to only 50%
retained biorecognition capability (Figure 2E). On the other
hand, plasmonic biochips with polymer encapsulation
corresponding to the monomer concentration of 0.8 mg/mL
exhibited a red shift of 11.5 nm before SDS treatment and red
shift of 10.5 nm following SDS treatment, corresponding to
~90% retained biorecognition capability (Figure 2E). This
significant improvement in the biorecognition capability
against SDS underscores the importance of polymer
encapsulation of the antibody for the successful refreshability
of the biosensors. By gradually changing the monomer
concentration/thickness of the polymer layer, we found a
balance between the loss of biorecognition capability and an
increase in the preservation efficacy of polymer encapsulation
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Figure 3. (A) AuNR extinction spectra corresponding to each step involved in the polymer encapsulation strategy. The inset shows zoomed-in
spectra highlighting the shifts in the LSPR wavelength. (B) LSPR shift corresponding to each step involved in the polymer encapsulation strategy.
(C) LSPR shift upon exposure of polymer-encapsulated biosensors to different concentrations of anti-IgG before (black) and after SDS (red)
treatment. (D) LSPR wavelength shift after alternate exposure to anti-IgG and SDS. (E) Retained biorecognition capability of biosensors with and
without polymer encapsulation over multiple capture/release cycles of the analyte. (F) Retained biorecognition capability of AuNR—IgG
bioconjugates with and without polymer encapsulation stored at room temperature, 40 and 60 °C for different durations. Error bars represent

standard deviations from three different samples.

of AuNR—IgG conjugates to achieve refreshability. Consider-
ing the retained biorecognition capability of ~90% for the
monomer concentration of 0.8 mg/mL, we have employed this
condition in subsequent experiments.

Specificity of the Polymer-Encapsulated AuNR—IgG
Biosensor. To determine the specificity of bioconjugates after
polymer encapsulation, we measured the shifts in the LSPR
wavelength of AuNR after the exposure of plasmonic biochips
to high concentration (S0 ug/mL) of interfering protein such
as human serum albumin (HSA) (Figures 2F and S7). We
found that the LSPR shift corresponding to the exposure of the
polymerized biosensor to 50 ug/mL HSA was only ~1 nm,
which is significantly lower than the ~10.5 nm red shift
obtained upon exposure to 24 ug/mL anti-IgG. We attribute
this low nonspecific binding to the covalently grafted PEG
chains on the free surface of the organosilica polymer layer,
which are known to resist nonspecific protein adsorption.
Further, we probed the sensing capability of the polymer-
encapsulated plasmonic biosensors by exposing them to
different concentrations of anti-IgG and monitoring the
LSPR shift of the AuNR. As expected, we observed a
monotonic increase in the LSPR wavelength with an increase
in the anti-IgG concentration (Figure S8). The limit of
detection (defined as: mean + 3 ¢ of the blank) of these
biochips was found to be 3.7 ng/mL.

Refreshability of the Polymer-Encapsulated AuNR—
IgG Biosensor. Next, we set out to investigate the
refreshability of the polymer-encapsulated biosensors. Figure
3A shows the extinction spectra obtained after: immobilization
of AuNR—IgG; formation of the organosilica layer; specific
binding of anti-IgG (24 pug/mL) to IgG, which resulted in a
~10.5 nm red shift; refreshing the plasmonic biochip by SDS
washing, which resulted in ~10.5 nm blue shift suggesting the
dissociation of the anti-IgG:IgG pair; reuse of the refreshed
biosensor by exposing it again to 24 yg/mL anti-IgG resulting
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in a ~10 nm red shift, thus depicting the refreshability of
biosensors. All of the biosensors after polymerization and prior
to exposure to the analyte were PEGylated. The PEGylation
step after polymer encapsulation resulted in a small (~0.5 nm)
red shift, which is not shown in Figure 3A. Figure 3B depicts
sequential LSPR shifts obtained following each of the
aforementioned steps suggesting that the polymer encapsula-
tion strategy provides the ability to reuse the biosensors
without significantly compromising the biorecognition capa-
bility. Similar results were observed for different concentrations
of anti-IgG suggesting stability and refreshability of the
biosensors over a large range of concentrations (Figure 3C).

We investigated the reusability of polymer-encapsulated
plasmonic biochips over multiple cycles by subjecting the
plasmonic biochips to repeated cycles of capture (exposure to
anti-IgG) and release (exposure to SDS). Anti-IgG captured by
the polymer-encapsulated AuNR—IgG conjugates was com-
pletely released with SDS treatment as confirmed by the LSPR
blue shift, identical to the red shift observed during capture
(Figure 3D). The refreshed biosensor was exposed to a fresh
batch of anti-IgG (24 ug/mL) each time, resulting in a ~10
nm red shift suggesting the near-complete preservation of
biorecognition capability of bioconjugates. The polymer-
encapsulated AuNR—IgG preserved ~80% of biorecognition
capability even after 16 cycles of SDS treatment (Figure 3E).
On the other hand, biosensors without polymer encapsulation
exhibited <40% of biorecognition capability after the second
cycle and ~10% after the fourth cycle (Figure 3E). These
results underscore the importance of a polymer encapsulation
strategy to achieve refreshability without significantly com-
promising the biorecognition capability.

Long-Term Usability of the Polymer-Encapsulated
AuNR-IgG Biosensor. Another important aspect of deploy-
ing a refreshable biosensor over a long duration of time is the
long-term stability of the biorecognition element under
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Figure 4. (A) (%) Retained biorecognition capability of pristine and polymer-encapsulated AuNR—IgG-based biosensors after these had been
subjected to different conditions of proteolytic degradation at room temperature. The LSPR wavelength shift after alternate exposure of polymer-
encapsulated biosensors to anti-IgG and NaOH (B), PA (C), and glycine buffer (D). The error bar represents the standard deviation from three

independent samples.

ambient and even harsh conditions. Therefore, we tested the
efficacy of polymer encapsulation to preserve the biorecogni-
tion capability of AuNR—IgG bioconjugates against harsh
conditions that, without polymer encapsulation, would lead to
protein denaturation and consequent loss in biorecognition
capability.”*™*” The plasmonic biosensors with and without
polymer encapsulation were stored at room temperature, 40
and 60 °C for different times (1 and S h and 1, 2, 3, and 7
days) to monitor the changes in the biorecognition capabilities
of the antibodies (Figure 3F). After storage, plasmonic
biochips were exposed to anti-IgG (24 pg/mL). Biochips
with polymer encapsulation exhibited ~70% retention of
biorecognition capability after storage at room temperature (25
°C) for 1 week compared to an almost complete loss in
biorecognition capability for biochips without polymer
encapsulation. Significantly, the biochips with polymer
encapsulation retained ~60% of biorecognition capability
even after storage at higher temperatures (40 and 60 °C) for
a week. In contrast, pristine biochips lost more than 50% of
biorecognition capability within 1 day and ~90% after 1 week.
The remarkable stability of the polymer-encapsulated AuNR—
IgG bioconjugates possibly stems from the restricted mobility
of the biomolecules, and thus impeding protein denaturation
even under extreme conditions.”®"* In other words, the
noncovalent interactions between bioconjugates and organo-
silica layer impose steric hindrance on the antibodies, and thus
restricting them from undergoing changes in secondary and
tertiary structures (unfold).”

Biological Stability of the AuNR-IgG Biosensor. In
addition to the remarkable thermal stability, which allows long-
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term usability, biosensors are required to be stable against
biological agents such as proteases in patient serum/urine
samples, which can lead to proteolytic degradation of
antibodies. Therefore, to probe the biological stability of
polymer-encapsulated biosensors, we subjected AuNR—IgG-
based pristine and organosilica-stabilized biosensors to differ-
ent concentrations of protease dissolved in synthetic urine for
different time periods at room temperature. We observed that
the biorecognition capability AuNR—IgG bioconjugates
decreased to ~8% for all conditions, while the polymer-
encapsulated bioconjugates retained ~90, ~83, and ~70% of
the biorecognition capability when subjected to 100 ng/mL, 1
ug/mL, and 10 pg/mL for 24 h, respectively (Figure 4A).
These results suggest that the organosilica layer significantly
lowers the accessibility of the immobilized antibody to the
protease, rendering excellent biological stability against
proteolytic digestion.

Compatibility of the Encapsulation Strategy with
Other Chemical Regeneration Agents. To further
ascertain the universality of the polymer encapsulation strategy,
we explored the compatibility of the polymer encapsulation
with different regeneration techniques. We performed multiple
capture/release cycles using the following chemical regener-
ation agents: (i) acid-mediated regeneration using 0.1 M
phosphoric acid (PA) solution;" (ii) base-mediated regener-
ation using 50 mM sodium hydroxide (NaOH);*® and (iii) 10
mM glycine/HCI buffer (pH 2.8)."” We investigated these
chemical regeneration approaches by subjecting the polymer-
encapsulated plasmonic biochips to repeated cycles of capture
(exposure to the analyte) and release (10 min exposure to
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Figure S. (A) Representative TEM image of Au nanorattles (AuNRT) used as nanotransducers. (B) LSPR shift upon exposure of AuUNRT—NGAL
antibody bioconjugates to different concentrations of NGAL before (black) and after SDS (red) treatment. (C) Extinction spectra corresponding
to each step involved in the polymer encapsulation strategy of AuNRT—NGAL antibody bioconjugates. The inset shows zoomed-in spectra
highlighting the shifts in the LSPR wavelength. (D) LSPR shift upon exposure of polymer-encapsulated AuNRT—NGAL antibody bioconjugates to
different concentrations of NGAL before (black) and after SDS (red) treatment. (E) Retained biorecognition capability of biosensors with and
without polymer encapsulation over multiple capture/release cycles of NGAL. (F) Retained biorecognition capability of AuNR—IgG bioconjugates
with and without polymer encapsulation stored at room temperature, 40 and 60 °C for different durations. The error bar represents standard

deviations from three different samples.

aforementioned regeneration agents). Figure 4B—D depicts the
LSPR wavelength shift obtained after alternate exposures of the
analyte and the regeneration agent. The polymer-encapsulated
biosensors exhibited ~85% of biorecognition capability after
treatment with different regeneration agents, including SDS,
even after multiple wash cycles. We also exposed pristine
plasmonic biosensors (i.e. unencapsulated) to these regener-
ation agents. As expected, these biosensors exhibited a
significant loss in biorecognition capability after treatment
with the aforementioned regeneration agents. These results
underscore the universality of polymer encapsulation of the
immobilized antibodies rendering stability against various
regeneration agents for achieving refreshability.

Universality of the Polymer Encapsulation Strategy.
Finally, to verify the generality of the polymer encapsulation
strategy for achieving the refreshable biosensor, we employed
gold nanorattles (AuNRT) as plasmonic nanotransducers and
neutrophil gelatinase-associated lipocalin (NGAL), a urinary
biomarker for acute and chronic kidney injury, as target
analytes.'” Figure SA shows the TEM image of AuNRTs with
an edge length of 342 + 1.3 nm. Similar to IgG, anti-NGAL
was conjugated to AuNRT and the conjugation was confirmed
by a ~10 nm red shift in the LSPR wavelength of AuNRT
(Figure S9). Subsequently, AuUNRT —anti-NGAL bioconjugates
were immobilized on MPTMS-functionalized glass substrates.
After PEGylation, the plasmonic biochips were exposed to
NGAL (5 pg/mL) resulting in a ~20 nm red shift in the LSPR
wavelength of AuNRT (Figures SB and S10). To determine
the refreshability, the biochips were treated with SDS to release
the captured NGAL from AuNRT—anti-NGAL bioconjugates.
The complete removal of NGAL was evidenced by a ~20 nm
blue shift in the LSPR wavelength. However, SDS treatment
resulted in a ~56% loss in biorecognition capability. Following
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the SDS treatment, AuNRT exhibited the LSPR shift of only
~9.5 nm upon exposure to NGAL (S pg/mL), as opposed to
~20 nm observed before the SDS treatment (Figure SI11).
This loss in the biorecognition capability was observed over a
broad range of NGAL concentrations, which is consistent with
that observed in the case of AuNR—IgG bioconjugates (Figure
SB). To overcome this loss in the biorecognition ability, we
employed polymer encapsulation as a strategy to protect
immobilized biorecognition elements against SDS treatment.
The monomer concentration was optimized to attain a balance
between biopreservation and antibody availability for the target
antigen capture (Figure S12). The polymer-encapsulated
AuNRT—-NGAL antibody bioconjugates were exposed to
different concentrations of NGAL. Although the LSPR shift
exhibited by polymer-encapsulated biosensors was ~50%
compared to those without polymer encapsulation, the
polymer-encapsulated biosensors exhibited excellent preserva-
tion of biorecognition capability after SDS treatment (Figure
SC). For instance, polymer-encapsulated AuNRT—-NGAL
antibody bioconjugates exhibited nearly a similar LSPR red
shift (~10 nm) upon exposure to NGAL (S ug/mL), both
before and after SDS treatment, suggesting excellent stability
and refreshability. Similar results were observed for different
concentrations of NGAL suggesting refreshability of the
biosensors over a large range of concentrations (Figure SD).
The polymer-encapsulated bioconjugates retained nearly 80%
of the biorecognition ability after 16 capture/release cycles,
which is in stark contrast with less than 20% retained
recognition capability of unencapsulated bioconjugates after
just three capture/release cycles (Figure SE). Finally, as for
IgG, we probed the thermal stability of these biosensors by
storing the biosensors at different temperatures (room
temperature, 40 and 60 °C) for different durations (1, 2, 3,
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and 7 days). As expected, polymer-encapsulated biosensors
retained >60% of biorecognition capability even after storage
for 7 days at 60 °C, whereas pristine biochips lost more than
80% of the biorecognition capability within 1 day (Figure SF).
These results attest to the generality of the polymer
encapsulation method in preserving and refreshing the
biorecognition capabilities of immobilized antibodies.

B CONCLUSIONS AND OUTLOOK

In summary, we have introduced a facile and universal method
based on in situ polymerization of an organosilica layer for
preserving the biorecognition capabilities of immobilized
antibodies. Polymer-encapsulated antibodies on plasmonic
nanostructures exhibited remarkable stability over multiple
capture/release cycles, and thus enabling refreshability of the
biochips. The thickness of the polymer layer, controlled by the
concentration of the monomers and the polymerization time,
plays a critical role in determining the balance between the
preservation of the recognition ability of the antibody and the
availability of the antibody binding sites for antigen capture.
Although in this study, we have employed a plasmonic
biosensor as a transduction platform and SDS treatment as a
method to overcome the antibody—antigen interaction, the
encapsulation approach can be easily extended to other
transduction platforms and other possible sensor refreshing
methods. More specifically, although the SDS-based sensor
refreshing strategy offers a rather narrow application window,
primarily limited to implantables in the oral cavity, the
polymer-based preservation method demonstrated here is
universal. The encapsulation-based preservation method
demonstrated overcomes a critical challenge in wearable and
implantable biosensors and is expected to advance the design
and implementation of wearable biosensors for long-term
monitoring of protein biomarkers.
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