
Surface Engineered PLGA Nanoparticle for Threshold Responsive
Glucose Monitoring and “Self-Programmed” Insulin Delivery
Gaurav Ranjan Dey and Arindam Saha*

Cite This: https://doi.org/10.1021/acsbiomaterials.1c00830 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: We have developed a reversible, biocompatible, “self-
programmed” PLGA [poly(lactic-co-glycolic acid)] nanoparticle-based
optical biosensor capable of sensing and continuous monitoring of
glucose above the physiologically relevant threshold value (100−125
mg/dL) as well as “on-demand” insulin delivery via an “On−Off”
technique. We have carefully surface engineered the PLGA nanoparticle
using amino dextran-fluorescein (A-DexFl) and amino-phenyl boronic
acid (A-PBA) to exploit the binding affinity of boronic acids with that of
cis-1,2 diols of dextran/glucose. Initially, the dextran chains wrap the
nanoparticle surface due to its high affinity toward A-PBA (Kb = 6.1 ×
106 M−1). The close proximity of the fluorophores with that of A-PBA
quenches the fluorescence, resulting in an “Off” state. On the addition
of glucose, it competes with A-DexFl to bind with A-PBA. Above a
certain threshold concentration of glucose, the binding affinity overcomes (Kb = 6.3 × 107 M−1) the dextran-A-PBA binding. This
opens-up the wrapped A-DexFl chains from the nanoparticle surface and results in an increased distance between the fluorophore
and A-PBA, triggering the “On” state. The activation of the On−Off state can be finely tuned in the desired range of physiologically
relevant glucose concentrations by varying the ligand ratios on the PLGA surface. The nanoparticle core has also been used as an
insulin reservoir to trigger the drug release in the “On” state. We have obtained ∼53% encapsulation efficiency and ∼20% loading
efficiency for insulin loading. Once the glucose concentration falls beyond the detection range, the dextran chains collapse on the
nanoparticle surface with a suspension in drug release. The process is solely controlled by the competition and multivalent binding
affinity between glucose, A-DexFl, and A-PBA, which allows it to be “self-programmed” and “self-regulated” with continuous
monitoring up to 8−10 cycles over a 72 h time period. A sustained drug release has been found with ∼70% of released drug over a
period of 72 h, although this release is insignificant in the absence of glucose. Several control experiments have been performed to
optimize the sensor design.
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■ INTRODUCTION

Biosensor development have achieved tremendous progress in
the last two decades in terms of both selectivity and
sensitivity.1−7 Conventional biosensors like lateral flow
immunoassay, enzyme-linked immunosorbent assay (ELISA),
fluorescent microarray, polymerase chain reaction (PCR)-
based methods, DNA microarray, surface plasmon resonance,
etc., require sophisticated technology, expensive equipment,
and trained manpower, even though they lack point-of-care
detection capability in most cases.8−12 Thus, simple, portable,
inexpensive, miniaturized, and minimally invasive sensors, with
point-of-care detection capability, are in high demand.
Research in such relevant fields is ongoing at break-neck
speeds. In the development of next generation sensors,
nanomaterial-based systems have gained remarkable success
in recent times.1−6,9,13−15 The selective and sensitive
recognition of the target molecules play a pivotal role in the
development of cutting-edge biosensors. Most of the sensors

have been developed on the basis of either optical or
electrochemical response. Even though electrochemical
response is rapid, sensitive, highly accurate, and mitigates
background signals, optical response is more favored among
scientists due to its ease of detection by the naked eye and
simplified fabrication process.1−3,13,15−22

Medical tests are often required to detect, diagnose, or
monitor various diseases and health issues throughout our life.
These include mostly blood tests and different types of
imaging. Routine blood tests are often performed as a
preventive health check-up or to diagnose and monitor
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different disease parameters. These diagnostic tests are aimed
at three common outputs: (i) identification of a target species,
with either positive or negative responses. These are usually
qualitative screening tests to identify the presence of a target
species. (ii) The quantification of a target species requires
quantitative measurements of the target analyte. The numbers
are then compared with the physiologically relevant references
of the concerned species to determine abnormalities in the
health condition or the onset of diseases. (iii) The continuous
monitoring of target analyte evaluates health conditions and
monitors a specific target with time.
Among various health issues ravaging our society, diabetes is

one of the most relevant and common diseases. It has not only
shown a rapidly increasing upward trend but also become a
socio global tragedy.23,24 According to a report, almost half a
billion people are living with diabetes, and the number is
expected to rise by 51% in 2045.25 Most people suffer from
either type 1 or type 2 diabetes. Diabetes or Diabetes mellitus
is a chronic condition that arises due to an elevated level of
blood glucose. It is caused either by a declined production of
insulin hormone from pancreas gland (type 1 diabetes) or the
body cannot use the insulin effectively (type 2 diabetes).
Diabetes has been directly linked to cardiovascular disorder,
kidney related problems, glaucoma, cancer, HIV, and several
other health concerns.26−28 Other than health concerns, it can
indirectly affect the socio-economic burden of a country.
Diabetes is not limited to specific countries; rather, it has
become a global concern with increasing urbanization and
sedentary lifestyle.29 Diabetes, however, can be controlled and
prevented/delayed by a healthy diet, physical exercise, proper
medical intervention, and regular check-ups of blood glucose
levels. Interestingly, many people are living with diabetes,
undetected as the symptoms are not often prominent.25

Regular monitoring of the blood glucose level is the key to
prevent diabetes related complications. Diabetes testing is
widely done by collecting blood and testing the sugar level in a
laboratory by enzymatic assay.30,31 This is time-consuming and
requires the collection of a blood sample every time, which
eventually hinders the rapid and continuous monitoring of
blood glucose. To solve this problem, various blood glucose
measurement kits are available commercially, which can be
easily used by the patients at home. It provides rapid detection,
ease of testing, and self-monitoring.32,33 However, almost all
these commercial test strips use glucose oxidase-based
electrochemical signaling, which is rapid but requires
calibration after every 2−3 tests. Moreover, an enzyme-based
system is expensive, lacks reusability, needs optimum storage
condition, and requires a blood sample every time to operate.
Thus, research focus has been shifted toward the development
of continuous glucose monitoring (CGM) devices. Tremen-
dous research has been initiated in the past decade, and many
invasive/minimally invasive products are commercially avail-
able.33−36 All these systems are based on an electrochemical
signal (amperometric or coulometric) of glucose oxidase-based
enzymatic assay. Although these commercial systems can
continuously monitor the glucose level, it suffers from high
cost, accuracy, low shelf life, calibration issues, etc.37−39

Although enzyme-based electrochemical glucose detection is
fast, selective, and sensitive, optical methods are being widely
explored due to several advantages, like selectivity, easy read-
out, cost-effective, easy fabrication, avoids repeated calibration,
etc. Several optical methods are available for selective and
sensitive glucose recognition, including (a) enzymatic

detection approach, which undergo changes in their intrinsic
optical properties or changes in the labeled fluorophore signal;
the recognition of glucose is also possible by the metabolites
formed or consumed during reaction of glucose with certain
enzymes (e.g., glucose oxidase);40−43 (b) detection by the
interaction with organic or supramolecular boronic acid ligands
and associated optical changes;44−59 (c) specific interaction of
glucose with concanavalin A, which undergoes optical changes
of labeled fluorophore;60−62 and (d) interaction with glucose
binding proteins and apo-enzymes.63,64 Among these methods,
boronic-acid-based optical detection of glucose and other diols
has already attained incredible attention. Various boronic-acid-
based molecular architectures have been developed to optimize
the sensitivity, selectivity as well as the response time of
glucose detection. Multiboronic acid scaffolds, boronic acid
modified polymers, self-assembled boronic acid architectures,
and boronic acid functionalized nanomaterials have already
been widely explored with improved selectivity toward glucose,
sensitivity in physiologically important ranges, and fast
response time. The major advantages of this system are (a)
cost-effective, (b) optical signal readout, (c) easy to control the
design and architecture of the scaffold, and (d) reusability of
the systems.
Next generation biosensors require the sensing of target

biomolecules in the clinically relevant range, typically above
the physiologically relevant threshold value (100−125 mg/dL)
via an “On−Off” approach by optical means. This minimizes
the requirement of digital signal output and frequent
calibration and mitigates the cost of enzymatic assay along
with the additional advantage of reusability. Thus, the glucose
sensor should respond above the physiological threshold value:
typically, above 110 mg/dL, i.e., “On” state where the optical
signal output can be monitored. Once it is below the threshold
value, the sensor will be in the Off state. This response should
be specific, fast, and sensitive to the desired glucose level.
Moreover, the sensor should be integrated with a “self-
programmed” drug reservoir, which can deliver drug only
above the threshold glucose level and restrain the release below
the threshold level. This On−Off response along with
programmed drug release must be continuous within the
specific time frame. Various nanomaterials including gra-
phene,65,66 noble metal nanoparticles,67,68 silica,69−71 hydro-
gels,65,66,72−76 polymeric nanoparticles,77−80 and micelles81−86

have been exploited in the development of glucose responsive
drug delivery. However, they lack threshold glucose responsive
drug release, continuous monitoring, and reversibility. Among
these nanoparticles, we have used PLGA [poly(lactic-co-
glycolic acid)]-based polymeric nanoparticles due to its
biocompatibility, tailored biodegradability, and micellar
structure, which can act as a drug reservoir.87−91

Here, in this work, we have developed a functionalized
PLGA (FPLGA)-based smart and self-programmed biosensor
for glucose detection above the physiologically relevant
threshold value and simultaneous drug delivery application.
We have taken advantage of the competition between dextran
and glucose to bind with PBA. We have functionalized the
PLGA nanoparticles with amino phenylboronic acid (A-PBA)
and amino-dextran fluorescein (A-DexFl) in an optimized ratio
via competitive conjugation approach.92−94 The Off state is
achieved via the quenching of fluorescence due to close
proximity between boronic acid groups and the fluorophore.
The surface modification is tuned in such a way that the On
state is achieved only when there is glucose above the
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physiologically relevant threshold value (typically above 115
mg/dL) and can compete with dextran for binding with PBA.
This results in a considerable distance between the fluorophore
and boronic acid moiety. As a result, the fluorescence reverts
back, achieving the On state. This On−Off state can be
achieved repeatedly, allowing for continuous glucose monitor-
ing. A detailed binding constant study has been performed to
support this On−Off response. We have also incorporated
insulin inside the PLGA nanoparticle core, which acts as a drug
reservoir. We have achieved ∼53% encapsulation efficiency and
∼20% loading efficiency. The self-programmed release of the
loaded drug can be activated in the On state due to opening up
of the caged structure and subsequently deactivated in the Off
state due to wrapping up of the caged structure. Several tests
have been performed to corroborate the self-programmed drug
release with the threshold glucose sensing, thus making it a
smart biosensor. We have performed various control tests to
achieve the selectivity and sensitivity of the sensor.

■ EXPERIMENTAL SECTION
Materials and Methods. Poly(D,L-lactide-co-glycolide) (PLGA),

pluronic F-127, fluorescein-N-hydroxysuccinamide (Fluorescein-
NHS), fluorescamine, N-hydroxysuccinamide (NHS), 1-ethyl-3-(3-
(dimethylamino)propyl)carbodiimide (EDC), 4-aminophenylboronic
acid hydrochloride (A-PBA), rhodamine B isothiocyanate, insulin
from bovine pancreas, D-glucose, D-mannose, D-galactose, fructose,
dopamine, sialic acid, glucose oxidase, and cellulose membrane
(MWCO ∼ 14 000 Da) were obtained from Sigma and used as
received. Amino dextran (MW = 70 000 Da) and dextran (MW =
70 000 Da) were obtained from Invitrogen and used as received.
Ethanol, acetone, dichloromethane (DCM), and dimethylformamide
(DMF) were obtained from Merck and used as received. Buffer
solutions were prepared using buffer capsules (Sigma) following the
appropriate method.
Synthesis of Amino Dextran Fluorescein (A-DexFl). Amino

dextran (∼5.2 mg, ∼0.075 μM, MW 70 000 Da) was dissolved in 2.5
mL of phosphate buffer (pH 7.4) solution. The solution was then
mixed with 300 μL of fluorescein-NHS derivative (∼10 mM prepared
in DMF) under mild basic conditions. The final volume was made 3
mL. Fluorescein-NHS derivative was 1.5 times the primary amine
concentrations on amino dextran. The mixture was stirred overnight
under dark at ∼4 °C. To obtain the A-DexFl, the reaction mixture was
mixed with 3.5 mL of ethanol and sonnicated until the solution
became colorless. The greenish precipitate was collected and washed
further with ethanol to remove any unreacted reactants. Finally, the
precipitate was dissolved in 3 mL of buffer solution (PBS, pH 7.4)
and used as a stock solution.
Test for Primary Amine on A-DexFl. Primary amine test was

performed by fluorescamine titration. In brief, a calibration curve was

prepared by using standard primary amine solution prepared from
glycine in the range 0.1−0.8 mM. Next, 100 μL of A-DexFl stock
solution was diluted with water and mixed with 400 μL of freshly
prepared fluorescamine solution in acetone. The emission was
recorded by exciting at 400 nm. In the case of fluorescein tagged
amino-dextran, the emission spectrum was deconvoluted to obtain the
contribution from primary amine.

Preparation of PLGA Nanoparticle. PLGA nanoparticle was
prepared via an oil-in-water emulsion technique by adapting the
literature procedure.95 PLGA-COOH (∼50 mg) was dissolved in 2
mL of DCM, followed by the dropwise addition (1 mL/min) of the
mixture to a solution of pluronic F-127 (200 mg dissolved in 20 mL of
water) under sonication. After the complete addition of pluronic F-
127, the mixture was further sonnicated for 30 min to yield a milky
white solution. The mixture was stirred overnight to remove DCM
completely from the solution. The as-prepared nanoparticles were
purified by dialysis using a cellulose membrane (MWCO ∼ 14 000
KD). The dialyzed solution was collected and stored for further
functionalization.

Functionalization of PLGA Nanoparticle. For functionaliza-
tion, 2 mL of PLGA nanoparticles was diluted to 3 mL with PBS
buffer (pH 7.4). To this solution, 3 mg of EDC was mixed (1 mg/
mL) under constant stirring followed by 3 mg of NHS (1 mg/mL).
After an hour of reaction, the solution was mixed with 200 μL of A-
DexFl (0.007 mM) and 1 mM amino phenyl boronic acid (A-PBA)
under constant stirring in the dark. The A-PBA amount was varied
according to Table 1. The final volume was kept at 3.5 mL. The
reaction was continued overnight and finally dialyzed (cellulose
membrane, MWCO ∼ 140 00 KD) against distilled water to remove
all the unreacted chemicals. The final volume of the solution was kept
at 5 mL.

Test for Glucose with FPLGA Nanoparticle. Nine hundred
microliters of the functionalized PLGA (FPLGA) nanoparticle of
choice was mixed with 200 μL of glucose solutions (with appropriate
dilution), and the final volume was made up to 2 mL. Different
glucose concentrations were tested with different FPLGA nano-
particles to maintain a range relevant to the physiologically relevant
glucose level (Table 2). After adding glucose, the mixture was
incubated for 2−4 h followed by the measurement of fluorescence
spectra. Recovered fluorescence was recorded and analyzed.

Continuous On−Off Glucose Detection Test. For this test, 900
μL of FPLGA-75 nanoparticles was mixed with 200 μL of glucose
solutions (final concentration: 150 mg/dL), and the final volume was
made up to 2 mL. After 2 h of incubation, fluorescence spectra were
recorded to obtain the recovered fluorescence. Next, 100 μL of
glucose oxidase was added to the solution to oxidize the added
glucose. After 30 min of incubation, the nanoparticle solution was
centrifuged at 8000 rpm and the precipitate was redispersed in an
appropriate amount of buffer solution to keep the dilution factor the
same. In this condition, the fluorescence was recorded. This process
of alternate addition of glucose and glucose oxidase was repeated 12
times, and on each occasion, fluorescence spectra were recorded.

Table 1. Monomer Ratio Used to Derive Various Functionalized Nanoparticles (FPLGA) along with Their DLS Size and ζ
Potential Values

sample name molar ratio A-PBA/A-DexFl concentration of A-PBA (M) concentration of A-DexFl (M) DLS size (nm) ζ potential (mV)

FPLGA-25 25:1 10−5 4 × 10−7 ∼250−300 −40.2
FPLGA-50 50:1 2 × 10−5 4 × 10−7 ∼250−350 −38.6
FPLGA-75 75:1 3 × 10−5 4 × 10−7 ∼300−400 −31.6
FPLGA-100 100:1 4 × 10−5 4 × 10−7 ∼300−450 −25.8
FPLGA-125 125:1 5 × 10−5 4 × 10−7 ∼350−450 −19.4

Table 2. Ranges of Glucose Concentrations That Were Tested with Various FPLGA Nanoparticles and the Ranges of Glucose
Detection Have Been Evaluated

sample name FPLGA-25 FPLGA-50 FPLGA-75 FPLGA-100 FPLGA-125

glucose concentration tested (mg/dL) 5−100 50−200 80−300 150−400 300−600
glucose concentration detected (mg/dL) 20−80 75−150 110−240 220−350 330−550
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In an alternative approach, no glucose oxidase was used. Only
centrifugation was performed at 15 000 rpm, which removes most of
the unbound/weakly bound glucose molecules. Then, a similar On−
Off study was repeated 12 times.
Control Tests for Glucose Detection. For this test, 900 μL of

functionalized PLGA nanoparticles was mixed with 100 μL of
different biologically relevant salts and small interfering molecules,
resulting in final concentrations of 1 and 10 mM respectively. The
sample was stirred for 2 h followed by the measurement of
fluorescence spectra. The cations tested are NH4

+, Na+, Cu2+, Ca2+,
K+, Fe2+, and Zn2+ along with the anions Cl−, SO4

2−, NO3
−, and

CO3
2−. The small molecules tested are galactose, mannose, fructose,

dopamine, and sialic acid. We also studied the control test with a
mixture of glucose and fructose, glucose and galactose, and glucose
and mannose at various concentrations.
Insulin Loading. For insulin loading, we tagged the insulin with

rhodamine B dye to calculate the loading efficiency and monitor the
release profile. This tagging was performed by well-known coupling
chemistry between the primary amine of insulin and the
isothiocyanate of RhB.
To load hydrophilic insulin-RhB to the PLGA nanoparticles, we

followed the double emulsion technique. In brief, 25 mg of PLGA was
dissolved in 4 mL of DCM followed by the dropwise addition of 200
μL of insulin-RhB under vigorous sonication in ice cold conditions.
The sonication was continued until a stable emulsion was formed.
The resultant emulsion was added dropwise to a 2 mL pluronic F127
solution (20 mg/mL) under sonication to form the double emulsion.
This solution was further added to a 8 mL pluronic F127 solution (20
mg/mL) under vigorous sonication in ice cold conditions. The
sonication continued until a stable emulsion was obtained. The final
volume was made up to 12 mL by adding water. The solution was
kept stirring overnight to completely remove DCM. The final solution
was centrifuged at 8000 rpm to remove any free insulin-RhB and
surfactants. Finally, the precipitate was dispersed in an equal amount
of buffer (pH 7.4). The centrifuge−redispersion was carried out until
no emission was found from the supernatant. The drug loaded
FPLGA nanoparticles were functionalized using the similar protocol
as described above.
Insulin Release Study from FPLGA Nanoparticles. To obtain

the drug release profile, insulin loaded FPLGA-75 was treated with
glucose solution (150 mg/dL) separately. Each sample was incubated
for different time periods starting from 1 to 96 h. After a desired time
interval, the drug loaded sample was centrifuged at 8000 rpm and the

supernatant was collected. Drug release was observed by fluorescence
measurement of the supernatant collected at different time intervals.
For a control study, a similar experiment was performed without
adding any glucose solution. The drug release profile was also
analyzed by varying the glucose concentrations. We used 120, 135,
165, and 180 mg/dL for this study.

On−Off Drug Release Study in Accordance with On−Off
Glucose Sensing. For this experiment, we used pure dextran instead
of fluorescein tagged dextran to minimize the background emission,
keeping all other reaction parameters unchanged. To trigger the drug
release, the FPLGA-75 (without tagged fluorescein) was treated with
glucose solution (150 mg/dL). After 2 h of incubation, the solution
was centrifuged and the supernatant was collected for fluorescence
measurement. The precipitate was redissolved and incubated with
glucose oxidase for 30 min followed by centrifugation to remove
glucose oxidase. The sample thus obtained was further treated with
glucose solution. This On−Off process was repeated 10 times before
the fluorescence in the supernatant died out.

Control Experiments for Drug Release Study. In a control
study, insulin loaded FPLGA-75 was treated with 5 mM galactose,
fructose, and mannose separately, and the drug release study was
performed at different time intervals. Drug release was studied by
photoluminescence measurement of the samples.

In another control study, FPLGA-75 was treated with 100 and 250
mg/dL glucose solution separately. The drug release study was
performed via photoluminescence measurement at different time
intervals.

Instrumentation. A transmission electron microscopy (TEM)
study was performed in a Tecnai G2 30ST (FEI) high resolution
transmission electron microscope operating at a voltage of 300 kV.
The particle size and ζ potential were measured in a Horiba (SZ-100)
analyzer. The photoluminescence properties of the nanoparticles were
studied on a steady state spectrofluorometer (QM-40, Photon
Technology International, Pvt) using a 150 W xenon lamp. The
UV−visible absorbance spectroscopies were performed on an UV−
vis-near-IR spectrophotometer (SHIMADZU UV-3600). Fourier
transform infrared (FTIR) spectra were performed between 4000
and 400 cm−1 on a NICOLET 380 FTIR spectrometer (Thermo
Scientific) using a KBr pellet.

Scheme 1. Preparation of PLGA Nanoparticles, Their Surface Functionalization, and Threshold Responsive Reversible
Glucose Sensing via an On−Off-Based Optical Read Out
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■ RESULTS

Synthesis of PLGA Nanoparticles. PLGA nanoparticles
were synthesized via an oil-in-water micro emulsion-evapo-
ration technique by adapting the literature method.96−98 Here,
we used acid terminated polylactide-co-glycolide polymers
(PLGA) having a molecular weight ∼7000−17 000 Da and
50/50 lactide/glycolide ratio as the starting material. Initially
the hydrophobic polymer was dispersed in a water immiscible
solvent, typically DCM, by vigorous stirring. This solution was
mixed with a large volume of water containing stabilizer
molecules in a dropwise manner under vigorous sonication.
Once the polymer solution interacts with the water, micelle
formation initiates with a cloudy appearance. The cloudy
solution was further sonnicated for 30 min followed by the
evaporation of DCM via overnight stirring (Scheme 1). The
final solution was purified via centrifugation followed by
dialysis against fresh water with a cellulose membrane
(MWCO ∼ 14 000 KD). F-127 (2%) was used as stabilizer
to obtain stable nanoparticle with further functionalization
ability with the help of surface anchored acid groups of the
starting polymer.
Synthesis of Amino Dextran-Fluorescein (A-DexFl).

Amino dextran was tagged with fluorescein molecules to study
the On−Off performance as well as the binding phenomenon
between the carbohydrate molecules and boronic acid groups.
Typical amine-NHS conjugation chemistry was adapted to
conjugate amino dextran and fluorescein-NHS (Scheme S1)
under mild basic conditions in aprotic solvent DMF. The ratio
of amino dextran and fluorescein-NHS was kept 2:1 for the
conjugation reaction. Free fluorescein molecules, if any, were
separated via an ethanol-based precipitation technique, which
forcefully precipitates out the dextran molecules from the
solution. Optical spectra were obtained to confirm the tagging
(Figure S1a). UV−visible spectra clearly indicate the
absorption peak at ∼480 nm, whereas the photoluminescence
spectra indicate strong emission at ∼530 nm; both are
characteristics of fluorescein tagging. We also tested the tagged
amino-dextran to confirm the presence of free amine via
fluorescamine titration (Figure S1b). Fluorescamine binds to
primary amines selectively and generates strong emission in the
bluish green region. We obtained a broad spectrum, which
after deconvolution demonstrates two separate peaks. The
peak at ∼490 nm originates from the fluorescamine test and
confirms the presence of free primary amine. The other peak at
∼530 nm originates from the fluorescein tagging. From the
fluorescamine titration, we calculated the number of free
amines per dextran molecules as well as the percent of tagging
(Figures S2 and S3). We found that around 55% of tagging,
i.e., around 15 amines per dextran molecule, were tagged with
fluorescein. To further confirm the conjugation, we performed
the NMR of the conjugated dextran molecules (Figure S4),
which provides the characteristic peaks for conjugation.
Functionalization of PLGA Nanoparticles. Acid termi-

nated PLGA nanoparticles were functionalized with amino
phenyl boronic acid (A-PBA) and amino dextran fluorescein
(A-DexFl) via EDC/NHS coupling chemistry (Scheme 1).
Here, we took advantage of the competitive coupling chemistry
mentioned elsewhere.92−94 A-DexFl concentration was kept
fixed (0.4 μM), whereas the A-PBA concentration was varied
to obtain various functionalized PLGA (FPLGA) nanoparticles
(Table 1). Both A-DexFl and A-PBA were prepared separately
in the desired concentration followed by the quick addition to

the nanoparticle solution. The functionalized PLGA nano-
particle was purified via extensive dialysis. Free A-DexFl was
separated by treating with ethanol, which initiates the
precipitation of free A-DexFl. Among the various function-
alized nanoparticles, we chose FPLGA-50, FPLGA-75,
FPLGA-100, and FPLGA-125 for the glucose monitoring
study.

Characterization of the Nanoparticles. The nano-
particle size was extensively studied by TEM and DLS study.
TEM measurement revealed the nanoparticle size ∼50−125
nm with a wider size distribution (Figure 1a−d) and spherical

shape. The histogram in the inset of Figure 1a shows the
overall size distribution of the PLGA nanoparticles as observed
in TEM. After functionalization, PLGA nanoparticles retain
their shape and size, as observed in TEM (Figure 2a,b). DLS
study showed the hydrodynamic diameter of the bare PLGA
nanoparticle in the range ∼200−250 nm, whereas function-
alized nanoparticles (FPLGA) show a larger size distribution in
the range ∼250−450 nm (Figure 3). This wide size
distribution is due to the less controlled emulsification method
involved in the nanoparticle synthesis. The ζ potential study
revealed a high negative surface charge for PLGA nanoparticles
(−50 mV), which arises due to terminal acid groups. However,
after functionalization, the value gradually decreased to −19.4
mV in FPLGA-125 due to the nonavailability of the acid
groups.
The surface characterization of the PLGA and FPLGA

nanoparticles was studied by FTIR spectroscopy (Figure 4).
Due to the similarities of surface functional groups, both the
FTIR spectra provide almost similar characteristics. The strong
peak at 3452 cm−1 arises from the OH stretching frequency
of the PLGA nanoparticles, which further enhances after
functionalization due to dextran molecules. The major peak at
2930 cm−1 arises due CH symmetric stretching, which is
found in both spectra. The small peak at 2992 cm−1 is due to

Figure 1. (a−d) TEM images of PLGA nanoparticles in different
magnification. The average size varies between ∼50 and 125 nm. The
histogram in the inset of (a) shows the average size distribution of the
nanoparticles.
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CH asymmetric stretching, which is observed in PLGA
nanoparticles. The strong peak at 1770 cm−1 arises because of
the CO stretching vibration of the PLGA nanoparticles,
which is sharper in functionalized nanoparticles due to the
amide I contribution from the amino dextran molecules. The
peak at 1620 cm−1 contributes toward COO stretching
frequency in both cases. The weak peak at 1384 cm−1 arises
due to CH deformation in PLGA nanoparticles, which is
strong and sharp in the case of functionalized nanoparticles
due to boronate ester formation. The peaks at 1200 and 1132
cm−1 arise due to CH3 skeletal vibration and CO
stretching vibration, respectively, in both cases. The peaks
below 1000 cm−1 arise mostly due to CO rocking vibration
and CH3CO skeletal vibration of the surfactants, which is less
prominent in FPLGA nanoparticles due to functionalization.
However, a sharp peak was observed at 657 cm−1 for FPLGA
nanoparticles, which is attributed to the BO stretching of
the boronate esters.99 This peak is absent in the case of PLGA
nanoparticles.
Fluorescence spectra analysis of the functionalized PLGA

nanoparticles reveals the quenching of fluorescence in all the
samples (Figure 5). The quenching is in the order of 100 in
almost all the cases except FPLGA-25, where the quenching is
the least. Control fluorescence obtained from A-DexFl
functionalized PLGA nanoparticles, without adding any A-
PBA. The digital images of the samples do not show any
indicative emission as observed by naked eye (Figure 5a)
compared to the control sample.
Glucose Detection Tests. We optimized FPLGA-25,

FPLGA-50, FPLGA-75, FPLGA-100, and FPLGA-125 after
several experiments. We tested the samples with different
amounts of biologically relevant glucose concentrations, and
after the optimization process, we attained a range of glucose

concentration that were detected by these FPLGA nano-
particles (Figure 6 and Table 2) via fluorescence On−Off
technique. We observed that FPLGA-25 successfully recovers
the quenched fluorescence when treated with glucose solutions
in the concentration range 20−80 mg/dL, much lower than
the physiologically relevant threshold value. FPLGA-50 and
FPLGA-75 responses to the glucose concentration range
between 75 and 150 and 115 and 240 mg/dL, respectively.
Similarly, FPLGA-100 and FPLGA-125 effectively recover the
quenched fluorescence in the ranges 220−350 and 330−550
mg/dL glucose concentration, respectively. However, this
fluorescence recovery does not follow any linear trend. Initially,
it increases gradually and attains peaks at a certain glucose
concentration followed by a gradual decrease in PL intensity.
The digital images of all the samples for recovered fluorescence
were studied. It has been observed that no visible fluorescence
was detected beyond the specific ranges of FPLGA, as
mentioned in Table 2.
For control study, we tested galactose, mannose, fructose,

sialic acid, and dopamine among the small biologically
interfering molecules (Figure S5a). We observed no significant
recovered fluorescence in all the cases compared to glucose.
Among the salts, we tested NH4

+, Na+, Cu2+, Ca2+, K+, Fe2+,
and Zn2+ as the cations and Cl−, SO4

2−, NO3
−, and CO3

2− as
the anions since they are physiologically relevant. Here also, we
did not observed any significant fluorescence recovery (Figure
S5b) compared to glucose. In each case, we incubated the
FPLGA-75 nanoparticles with the sample for 4 h and
centrifuged, followed by fluorescence measurement. To
understand the interference of other cis-diols of interest, we
further studied the glucose detection with a mixture of cis-
diols. Here, we studied the recovered fluorescence of a mixture
of glucose−fructose, glucose−galactose, and glucose−mannose
at various concentrations (Figure S5c).

Binding Constant Study. To evaluate the binding
constant between boronic acid and glucose molecules as well
as dextran molecules, we treated the functionalized PLGA
(FPLGA-75) nanoparticles with varying concentrations of
glucose (typically between 115 and 125 mg/dL) separately
followed by 3 h of incubation. After centrifugation, the
supernatant was studied for the recovered fluorescence (Figure
S6). Similarly, to find the binding constant between dextran
and PBA molecules, we functionalized the PLGA nanoparticles
by varying the A-DexFl concentration and studied the
quenching of Dex-Fl via fluorescence measurement. In both
the cases, we adapted a 1:1 ligand binding model to calculate
the binding constant values (Figure S7). It is observed that the
binding constant between glucose and PBA molecules (6.3 ×
107 M−1) is almost 10 times higher than the binding constant
between PBA and dextran molecules (6.1 × 106 M−1) under
the measured range of study. Each sample was tested five
times, and the relative standard deviation was measured
between 1 and 3%.

Continuous Glucose Monitoring Study. For continuous
glucose monitoring, we used two different methods. In the first
method, we used glucose oxidase to oxidize glucose molecules,
once the positive response was detected. The treated sample
was centrifuged thoroughly followed by fluorescence measure-
ment, which reflects the Off state. Again, the sample was
treated with an appropriate amount of glucose to trigger the
On state further. This On−Off phenomenon was repeated for
12 times in a 72 h period to confirm its effectiveness for a
longer duration (Figure 7). In the figure, the Off state is shown

Figure 2. (a and b) TEM images of functionalized PLGA
nanoparticles (FPLGA) in two different magnifications. The average
size varies between ∼50 and 125 nm, which indicates no appreciable
size change after functionalization. (c and d) TEM size distribution of
insulin loaded FPLGA nanoparticles. The size ranges from ∼150 to
300 nm with some smaller PLGA nanoparticles. The larger size is due
to the double emulsion synthesis technique.
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to have no green emission whereas the On state has visible
green emission under UV irradiation. However, the On state is
not uniform as clearly observed from the graph. The digital
image in every step further confirms this On−Off response. In
another method, we only centrifuged the solution at 15 000
rpm once the On state was reached without adding any
enzyme. The precipitate was collected and fluorescence was
measured, which represents the Off state. Although here the
Off state is less prominent compared to the previous method
(Figure S8), the On−Off response can still be detected under
UV irradiation.
Drug Loading and Release Study. To study the drug

loading and the “On-demand” drug release study, we
incorporated insulin in the core of FPLGA nanoparticles via
a double emulsion technique (Figure 2c,d and Figure S9). To
track the colorless drug for loading and releasing purpose, we
tagged it with rhodamine B via amine-isothiocyanate coupling

(Ins-RhB) and used it instead of pure insulin (Scheme S2).
The tagging was confirmed via optical study (Figure S10).
Drug loading was studied via UV−visible spectroscopy and it
was found at almost 53% encapsulation efficiency, whereas the
loading capacity was obtained at ∼20% (Figure 8a, Figure
S11). In the UV−visible spectra, the absorbance observed at
∼550 nm in the drug loaded sample is due to the tagged
insulin loaded inside the nanoparticle.
To perform the drug release study, insulin loaded PLGA

nanoparticle was functionalized according to FPLGA-75,
where we used untagged amino dextran molecules instead of
fluorescein tagged ones (Scheme S2). Drug release was
performed in the presence of glucose and in the absence of
glucose. In presence of glucose, samples were collected at
different time intervals of 3, 6, 12, 24, 36, 48, and 72 h,
respectively. The percent release was plotted against time and
found to have a sustained release up to 48 h, which gets

Figure 3. Hydrodynamic size of the (a) PLGA and (b−e) FPLGA nanoparticles were studied via DLS measurement. PLGA nanoparticles exhibited
∼200−250 nm sizes, whereas FPLGA nanoparticles exhibited sizes in the range ∼250−450 nm depending on the surface functionalization. (f)
Insulin loaded FPLGA75 nanoparticles exhibited sizes in the range ∼500−600 nm. The mean size of each DLS plot along with its PDI value is
mentioned in each graph.
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saturated over a 72 h time period (Figure 8b). Whereas a
similar study was performed without adding glucose, so no
significant drug release was obtained. As a control, we also
studied the drug release by adding fructose, mannose, and
galactose separately at similar concentrations as glucose
(Figure S12a); however, no detectable drug release was
found. In another control experiment, drug release was
performed under lower and higher glucose concentration
than the optimum range of detection to optimize the drug
release performance. In this case, we studied the release of
FPLGA-75 with 100 mg/dL glucose and 250 mg/dL glucose,
which demonstrates insignificant drug release (Figure S12b).
“On-Demand” Drug Release Study. The release study

was performed using insulin loaded FPLGA-75 where the
functionalization uses amino-dextran instead of A-DexFl. This
study was performed exactly the same way it was performed for

the On−Off glucose responsive study. The sample was treated
with 150 mg/dL glucose and incubated for 3 h followed by
centrifugation. The supernatant was collected, and fluores-
cence spectra were measured to obtain the amount of released
drug. This corresponds to the On state. The precipitate was
treated with glucose oxidase followed by centrifugation. The
supernatant was collected, and fluorescence was recorded. This
corresponds to the Off state. We repeated the cycle five times
over a period of 48 h, following which, drug release was
insignificant (Figure 9). The digital images (Figure 9) exhibit
this On−Off drug release in the presence of an optimum
amount of glucose.

■ DISCUSSION

We intended to develop a “self-operating” smart nanosensor
for glucose, which can switch on above the physiologically
relevant threshold blood glucose level (110−125 mg/dL) and
switch off automatically once the level is out of the sensing
range. Moreover, we intended to associate this On−Off
response with the release of insulin in a self-programmed
manner. Whenever the blood glucose level is elevated, the
sensor system will trigger the drug release automatically and
suspend release once the level falls below the threshold level.
For this purpose, we adapted the very well-known concept of
multivalent-interaction and competitive binding.86,87 It is well-
studied that boronic acids and aryl boronic acids along with
their counterparts have a high affinity toward cis-1,2- and 1,3-
diols, which have specific advantages for monosaccharide
detection and monitoring.58,59 This concept has been widely
used, and many studies have been performed. However, it lacks
(i) self-monitoring capability, (ii) threshold responsiveness via
On−Off output, (iii) self-programmed insulin release, and (iv)
reversible but sustained insulin delivery (Table S1). Another
challenge is to make this sensing feasible under physiological
pH (7.4), as the pKa of boronic acid-diol reaction falls above
8.0.
In our study, we used conventional PLGA nanoparticles

since they are biocompatible and biodegradable nanoparticles,
approved by the FDA.81−85 The PLGA nanoparticles,
synthesized via a microemulsion technique, are spherical in
shape and have a size distribution in the range ∼50−125 nm.
These PLGA nanoparticles, synthesized using acid terminated
monomers, render free acid groups on its surface, which have
been further exploited for competitive conjugation. We have
developed and extensively studied competitive conjugation,
which can control the ligand density of a target ligand of choice
on a nanoparticle surface.92−94 Here, we used two different

Figure 4. FTIR spectra of PLGA nanoparticles (black) and FPLGA
nanoparticles (red) with characteristic peaks. The strong peak at 3452
cm−1 arises from the OH stretching frequency of PLGA
nanoparticles, which further enhances after functionalization due to
dextran molecules. The major peak at 2930 cm−1 arises due to C
H symmetric stretching, which is found in both spectra. The strong
peak at 1770 cm−1 arises because of the CO stretching vibration
of the PLGA nanoparticles, which is sharper in functionalized
nanoparticles due to the amide I contribution from the amino dextran
molecules. The peak at 1620 cm−1 contributes toward COO
stretching frequency in both cases. The weak peak at 1384 cm−1 arises
due to CH deformation in PLGA nanoparticles, which is strong
and sharp in the case of functionalized nanoparticles due to boronate
ester formation. The peaks at 1200 and 1132 cm−1 arise due to 
CH3 skeletal vibration and CO stretching vibration, respectively,
in both cases. The peak at ∼657 cm−1 in FPLGA is the distinctive
characteristics of boronate ester, which is absent in PLGA
nanoparticles.

Figure 5. (a) Photoluminescence spectra of the functionalized PLGA nanoparticles having various ratios of A-DexFl and A-PBA. Here, control
spectra represent FPLGA without adding A-PBA. The bracketed portion in (a) is enlarged in graph (b). The spectra clearly represent the
fluorescence quenching of the functionalized samples. The inset images of (a) represent the digital photograph of the control sample (i) and
FPLGA-75 (ii) under UV light.
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ligands, amino phenyl boronic acid (A-PBA) and amino
dextran-fluorescein (A-DexFl). EDC/NHS coupling chemistry
was adopted for the conjugation of the ligands. This controlled
functionalization allowed for placing A-PBA and A-DexFl in
such a way that the cis-diol groups of the dextran get attached
with the diols of the A-PBA in a selective manner. As a
consequence, the FPLGA nanoparticle gets wrapped with

dextran molecules and the attached fluorophore comes in close
proximity with the A-PBA leading to the quenching of
fluorescence (Figure 5). This dextran−PBA interaction has
several advantages toward the threshold glucose sensing: (1)
the boronate ester formed between dextran and PBA and
brings down the pKa value for the glucose−PBA interaction,
and thus, the sensing can be operated under a physiological
pH. (2) This multivalent interaction has a higher binding
affinity compared to single glucose−PBA binding, which helps
in keeping the binding intact until and unless there is sufficient
glucose concentration to overcome the binding affinity. (3)
This interaction also quenches the fluorescence of the tagged
fluorophore, facilitating the On−Off response.
When glucose solution is added to the FPLGA solution, the

glucose molecules start a competition with the dextran
molecules to bind with the PBA moieties. But, due to a higher
binding affinity (multivalency) between dextran and PBA,
glucose binding is unsuccessful. The binding affinity between
dextran and PBA was calculated to be 6.1 × 106 M−1. If we
keep on increasing the glucose concentration, after a certain
concentration (threshold concentration), there is sufficient
glucose molecules and the binding affinity between glucose and
PBA (6.3 × 107 M−1) just overcomes the affinity between
dextran and PBA. Thus, the dextran molecule gets released,
and due to this increased distance between tagged fluorophore
and PBA molecules, the fluorescence reverts back, which
indicates the On state (Figure 6). The release of dextran

Figure 6. Recovered PL spectra of the various functionalized PLGA nanoparticles upon glucose treatment. (a) Recovered PL of FPLGA-50 upon
treatment with 50−200 mg/dL glucose solution, (b) FPLGA-75 upon treatment with 80−300 mg/dL glucose solution, (c) FPLGA-100 upon
treatment with 150−400 mg/dL glucose solution, and (d) FPLGA-125 upon treatment with 300−600 mg/dL glucose solution. The digital images
in the insets of (b−d) demonstrate the recovered fluorescence under UV light, visible via the naked eye. The inset digital image of (b) indicates
recovered fluorescence upon treatment with 120 (i), 200 (ii), and 300 mg/dL (iii) glucose, respectively. Similarly, the digital images in the inset of
(c) represent the recovered fluorescence upon treatment with 250 (i), 350 (ii), and 400 mg/dL (iii) glucose, respectively. In (d), the inset digital
images represent recovered fluorescence upon treatment with 400 (i), 500 (ii), and 600 mg/dL (iii) glucose, respectively.

Figure 7. Threshold glucose responsive fluorescence On−Off study.
The study has been conducted using FPLGA-75 in the presence of
150 mg/dL glucose. In presence of glucose, recovered fluorescence
corresponds to the On state. The Off state is triggered using glucose
oxidase. This On−Off cycle was repeated six times during a 72 h
period. In each step, a digital image was recorded to support the
observed data. The relative standard deviation was found to be ∼3−
5%.
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molecules from the nanoparticle surface can be detected via
DLS measurement. An increase in hydrodynamic diameter
(∼900−1000 nm) was found due to opening up the wrapped
structure (Figure S13). In both the bindings, multivalent
interaction plays the pivotal role.
Although, the dextran gets detached from the PBA, it is still

attached with the nanoparticle via covalent linkage, which in
turn provides the reversibility in the system. Once the glucose
concentration falls below the threshold limit, the binding
affinity between dextran and PBA become stronger again and
thus brings back the Off state. If we carefully observe the
recovered fluorescence (Figure 6), it has been found that, after
the threshold limit, the recovered fluorescence starts to
increase with increasing glucose concentration, although this
increase is not linear over the entire range (Figure S14). This
can be explained by the competitive binding phenomenon
between A-DexFl and glucose for PBA. Since after threshold
concentration, glucose−PBA binding constant overcomes the

dextran−PBA binding, most of the dextran detaches from the
PBA simultaneously and thus a linear response is not obtained
for the entire range. However, the fluorescence is increased
with increasing glucose concentration as more and more
dextran gets detached due to a lowering of binding affinity until
a maximum is reached. Surprisingly, after the maxima,
fluorescence starts quenching again and completely quenches
above a certain upper limit (Figure S14). To explain this, we
must keep in mind that glucose and PBA binding follows a 1:2
binding event. The 1,2- and 5,6-cis-diols of glucose in their
glucofuranose form binds with two adjacent PBA molecules.
Once the glucose concentration increases to a large extent,
glucose density into the vicinity of the PBA molecules
increases. Due to the dynamic nature of the binding, excess
glucose forces each glucose to bind with a single PBA
molecule, thus following a 1:1 binding model. This, 1:1
binding has a much lower binding affinity, and thus, dextran−
PBA binding can overcome glucose−PBA binding and return
back to the Off state.
These upper limits of detection provide great advantage for

the development of a qualitative sensor with quantitative
output. We have finely tuned the surface of PLGA nano-
particles by varying the ratio of A-PBA and A-DexFl (Table 1).
A higher multivalent interaction between PBA moiety and
dextran shifts both the lower and upper detection limits to the
higher side (Table 2). We have developed four different such
sensor nanostructures by controlled surface modification,
which operate in an On−Off manner in different detection
ranges. This alleviates the need of quantitative measurement by
a digital signal as the qualitative range of detection provides
quantitative output.
We studied this On−Off glucose detection over a period of

72 h with specific time intervals (Figure 7). To create the Off
state in vitro, we used glucose oxidase, which oxidizes glucose
to glucono-1,5-lactone and thus has no binding preference
toward PBA. Glucose oxidase also exhibits green emission. To
remove the excess enzyme as well as the generated hydrogen
peroxide, the sample was centrifuged. The FPLGA precipitates
out, which was thoroughly washed before proceeding to the
next cycle. After 6−8 cycles, the FPLGA nanoparticles lose
their stability due to repeated washing and redispersion.
To observe the reversible and glucose responsive On−Off

drug release, we incorporated insulin drug into the FPLGA

Figure 8. (a) Drug loading was identified by comparing the UV−visible spectra of the FPLGA nanoparticles and drug loaded nanoparticles. Insulin
was tagged with rhodamine B, which shows prominent absorption at 560 nm. (b) Drug release profile was obtained by treating the drug loaded
FPLGA-75 with 150 mg/dL glucose solution and incubated for a desired time interval separately. The released drug was plotted against time, which
exhibits saturation in a released drug at about 72 h. For the control, drug release was also performed without adding any glucose, which exhibits
∼20% drug release.

Figure 9. Threshold glucose responsive self-programmed drug release
study using RhB tagged insulin as a drug. FPLGA-75 was taken as the
nanoparticle under study, which was treated with 150 mg/dL glucose.
Released drug was separated and quantified as On state. The sample
was treated with glucose oxidase to induce the Off state. The same
sample was further treated with a desired amount of glucose, and the
released drug was quantified. The cycle continued for five times over a
48 h period. All the digital images were collected from the supernatant
after centrifuging out the drug loaded FPLGA nanoparticles.
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nanoparticle via a double emulsion technique. Since, insulin is
colorless, we tagged insulin with rhodamine B isothiocyanate
via covalent conjugation. The tagging was confirmed and
quantified via optical spectra (Figures S10 and S11). This will
help to quantify and observe the loading and release profile of
the drug. Calculation reveals the ∼3.5 rhodamine B was tagged
to each insulin molecule. To functionalize this drug loaded
PLGA nanoparticle, we used the same ratio of A-PBA and A-
Dex as optimized (Table 1). However, here we used only
amino dextran of same molecular weight rather than the
fluorescein tagged one to avoid any confusion of emission
overlapping. Drug loading was estimated as ∼53% encapsula-
tion efficiency and ∼20% loading efficiency (Figure S11).
Loading efficiency was optimized after performing several
experiments. The addition of a higher amount of drug initiates
instability in the emulsion formation and thus lowers the
encapsulation efficiency. A lower loading efficiency is due to a
higher molecular weight of the PLGA nanoparticles, which
minimizes the amount of drug per milligram of sample. Drug
release was performed in the presence and absence of optimum
glucose solution. In presence of glucose, the nanoparticles
achieved sustained drug release and saturated over 72 h with
∼70% drug release. This is important, as the rapid release of
drug above the threshold glucose level may cause physiological
issues. This saturation is obtained when the dextran wrapping
remains open for 72 h continuously. In the On−Off

experiment, drug release is much less in every consecutive
On state and depends on the period the gate has been open.
The longer the gate remains open, the more drug would
release and interact with the elevated glucose level. This is
particularly important in the self-programmed bio sensor,
which avoids the manual intervention. It has also been
observed that drug release is insignificant above (∼20%) and
below (∼15%) the optimum range of operation (Figure S12b).
In the absence of glucose, this release has been found to be as
low as ∼20%. We also tested the release with other
carbohydrates, where drug release was found irrelevant (Figure
S12a). We also studied the glucose responsive On−Off
reversible drug release, where the released drug in the On
state was found to decrease gradually with time (Figure 9).
This can be explained by the limited capacity of the reservoir,
which was exploited in the cycle. With each cycle, loaded
reserved drug gets expended, which eventually affects the
amount of dug released in the next cycle. However, this drug
release is in accordance with the glucose responsive On−Off
study and thus can be utilized in a self-regulating glucose
responsive drug delivery approach.

■ CONCLUSION
In conclusion, we have developed functionalized PLGA-based
smart nanoparticles to regulate and monitor the glucose level
above the physiological relevant level via an On−Off approach.
This approach is self-regulating, and once the glucose level
crosses the threshold value, it generates a fluorescence signal.
This triggers the release of drug, insulin, in a sustained manner.
Once the glucose level falls below the threshold value, the
signal goes back to the Off state and drug release is suspended.
This has been achieved via the competitive conjugation of A-
PBA and A-DexFl on the nanoparticle surface. The phenyl
boronic acid molecules bind with dextran molecules due to
high multivalent interaction with the quenching of fluo-
rescence. However, in the presence of sufficient glucose, PBA
tends to bind with glucose molecules once the binding affinity

with dextran is compromised. This opens up the nanoparticle
surface, leading to the recovery of fluorescence and subsequent
drug release. The process is reversible and can act as a
continuous glucose monitoring system. We believe that this
self-regulating approach can solve the shortcomings of existing
“continuous glucose monitoring” devices along with self-
regulated insulin shots without the need of digital signal
output. This biosensor is simple, cost-effective, sensitive,
selective, and tunable. Finally, this approach can be further
exploited to monitor other biological and pathological
phenomenons and have immense sensing and therapeutic
capabilities without any manual intervention.
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