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Responsive fluorescent microgels, that can selectively, reversibly, and rapidly convert the fluctuation in
intracellular glucose level into fluorescence signal, have the potential use for intracellular glucometry to
promote the understanding of physiology. Herein, we report one-pot synthesis of such a responsive
fluorescent composite microgels, which is made of a representative apo-enzyme, apo-glucose oxidase
(apo-GOx), interpenetrated in a composite gel network that is comprised of ZnO quantum dots
covalently bonded onto crosslinked poly(ethylene glycol) dimethacrylate. The key of this one-pot
synthesis is applying a high-temperature short-time heating (HTST) method, so that the naturally
dynamic profile of apo-GOx can be maintained and harnessed on the composite microgels to allow the
highly selective response to glucose over a glucose concentration range of 0-20 mM. While the
composite microgels can undergo volume phase transitions and convert both an increase and
a decrease in glucose concentration into fluorescence signal shortly (<1 s), the changes in average
hydrodynamic diameter and fluorescence of the composite microgels can be fully reversible even after
twenty cycles of adding/removing glucose, indicating a reversible and rapid time response to the
glucose concentration variations. With the composite microgels as biosensors, the fluorescence of the

composite microgels embedded in the model cancer cells B16F10 can be modulated in response to

Received 15th May 2020 . o . . . Lo
Accepted 10th July 2020 intracellular glucose level variations, which are derived from a change in glucose concentration in the
culture medium by an external supply, or that can be triggered by biochemical reactions (with the B-

DOI: 10.1039/d0ra43399 galactosidase catalysed hydrolysis of lactose as a model reaction for achieving increased glucose levels,

rsc.li/rsc-advances and the GOx catalysed oxidation of glucose for achieving decreased glucose levels).

Open Access Article. Published on 15 July 2020. Downloaded on 4/8/2026 6:04:56 PM.

(cc)

Introduction

Stimuli responsiveness in material design is burgeoning and is
providing the basis for diversely novel and advanced systems.'™®
Bioresponsive materials focus particular attention because they
can mimic natural biofeedback-controlled systems, by changing
their structure and function on receiving an external stimuli
that is derived from a fine change in their surrounding envi-
ronment. Glucose-responsive materials, which can adapt to the
fluctuation in the glucose concentration in milieu, pioneer this
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area with the promising challenging applications in biology and
medicine.**® While an irregular concentration of glucose in
human blood or urine is known to imply a biological dysfunc-
tion, the changes in the glucose level within the cells are
indicative of many cellular processes.'”** For instance, glucose
plays a key role in energy metabolism and biosynthesis in the
cells of most mammalians and could thus potentially be used in
cancer therapy to restrict cancer-cell growth.”* Yet how cells
sense and adapt to changes in the glucose level is not well
understood so far. Traditionally, intracellular glucose levels
have predominantly been determined using destructive assays,
including enzymatic assays and mass spectrometry; such assays
can only provide dynamic information when carried out with
the parallel samples and have a limited temporal resolu-
tion.?***** Alternatively, isotopes have been used to monitor
glucose transport activity, but they cannot measure glucose
uptake in a few living cells and have a limited spatial resolu-
tion."”**** In this respect, the ability to routinely monitor the
changes of intracellular glucose level is quite limited. The
challenge of preparing the cell internalizable and remotely
interrogatable biosensors that can provide dynamic informa-
tion of intracellular glucose level remains to be solved, and

This journal is © The Royal Society of Chemistry 2020
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glucose-responsive materials hold great potential of providing
a structural and functional basis for such a system.

Materials with glucose-responsive fluorescent properties hold
exceptional promise for the use in intracellular glucometry.”>”
With appropriate choice of optical labels, fluorescent biosensors
can in theory be excited and the emission interrogated externally.
Frommer's group is possibly the first one to develop fluorescent
biosensors for measuring intracellular glucose level.'*?*3' In
a typical biosensor developed, the glucose-binding protein (GBP)
is terminally coupled with a cyan version of green fluorescent
protein (GFP) and a yellow version of GFP. Such a fluorescent
biosensor detected the glucose-induced conformational change
in GBP via the fluorescence resonance energy transfer (FRET)
between two fluorescent protein variants. An analog fluorescent
biosensor was developed later by replacing GBP with a glucose
indicator protein, which was synthesized by the site-directed
mutagenesis of GBP at its 16™ amino acid residues.”> With
those fluorescent proteins as biosensors for intracellular gluc-
ometry, the image acquisition parameters are needed to be
optimized to obtain highest possible data quality.**** Although
even at low signal-to-noise levels (using little excitation) qualita-
tive data can be obtained, quantitative analysis requires the
highest possible signal-to-noise ratio (using high excitation).
However, too-high excitation can lead to photobleaching of
organic fluorophores. As the two fluorophores can have differ-
ential photobleaching sensitivity, the change in their ratio might
be misinterpreted as a FRET change caused by a glucose level
change. In comparison with organic fluorophores, the advan-
tages of inorganic quantum dots (QDs), including continuous
absorption, tunable emission, and stability, are significant.*
Recent work functionalized QDs with small molecular phenyl-
boronic acids, which can bind to both 1,2-cis- and 5,6-cis-diols of
glucose to form the five-/six-membered boronic cyclic ester;** the
use of QDs in intracellular glucometry involved glucose-mediated
assembly and that QD fluorescence was modulated via the
reversible covalent bonding of glucose to phenylboronic acids on
the surface of the QDs.*” Unfortunately, the non-glucose induced
aggregation (e.g., self-aggregation, and polysaccharides/proteins
induced aggregation) of QDs is inevitable, which often leads to
the additional changes in fluorescence during glucose moni-
toring and therefore a rapid decay in sensing abilities.

Polymer microgels, colloidal particles having a gel structure
internally, offer several advantages over the others to immobilize
optical labels: structurally stable, dispersible, tunable dimension,
fast response kinetics, and unique physical properties common to
living tissues (e.g:, a soft and rubbery consistency, and a low
interfacial tension with water or biological fluids).**** Different
methods have been developed to synthesize glucose-responsive
fluorescent microgels by integrating the poly(phenylboronic acid)
gels with optical labels: (i) physical wrapping dyes or inorganic
QDs with microgels; (ii) covalent bonding organic fluorophores or
the ligands capped on QDs to polymer chains of microgels; (iii) in
situ growth and physical confine of QDs inside already synthesized
polymer microgels.*~***>*” While the optical labels exhibit unique
optical properties,* the poly(phenylboronic acid) gels can bind to
glucose and undergo volume phase transitions in response to
changes in glucose concentration in milieu,*** to modify the
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physicochemical environment of the optical labels immobilized
inside. Thus, these composite microgels with the optical labels
immobilized in the poly(phenylboronic acid) gels, combining the
properties from both optical labels and responsive polymer gels,
should offer possibilities for external switching and manipulation.
No doubt substantial progress has been made, and the composite
microgels as biosensors have been reported for the fluorescent
detection of glucose, but very much centered on the macrorealm
use.*'™*%>>7 Only a recent work employed the composite microgels
in the intracellular glucometry.”® These composite microgels were
comprised of ZnO QDs covalently bonded to a loosely-crosslinked
poly(acrylamide), which was interpenetrated in a highly-
crosslinked poly(phenylboronic acid). Chemically covalent
bonding of QDs directly to polymers can suppress the instability of
the resultant composite microgels to achieve long-term cycling
even under extreme environments.’>*® While the second scale
response time has been determined for an individual composite
microgel particle at an increasing glucose concentration,**®
unfortunately, it typically took a long time for the composite
microgels to reach deswelling equilibrium with a decreasing
glucose concentration,” making it potential use in monitoring
changes of intracellular glucose levels in an increase manner, but
difficult for that in a decrease manner. In addition, although
phenylboronic acid is widely referred in literature as the best
synthetic ligand identified for binding of glucose in aqueous
media, it would preferentially bind to non-glucose saccharides (in
particular, the stereoisomers of glucose, including fructose,
galactose and mannose) that also contain the cis-diols, leading to
poor glucose selectivity.””** Clearly, in order to meet the criteria of
the respective applications in cells ultimately, it is crucial to exploit
new systems of the selective, reversible, and rapid trigger modes as
close to the physiological conditions as possible.

In this work, we aim to develop a class of glucose-responsive
composite microgels using natural dynamic protein apo-
enzyme as the glucose-recognition moiety. Apo-enzyme is an
inactive (not metabolizing) form of an enzyme with the coen-
zyme being removed. Apo-enzyme is still able to bind the
substrate, but not transform it; the binding of substrate could
result in enzymatic conformational changes.’** Herein, as
schematically depicted in Scheme 1, we commence our study by
one-pot immobilization of a representative apo-enzyme, apo-
glucose oxidase (apo-GOx), in a chemically-crosslinked ZnO@-
polymer network made from a organometallic precursor zinc
methacrylate (Zn(MAA),) and a crosslinker poly(ethylene glycol)
dimethacrylate (PEGDMA). The use of apo-GOx as the glucose-
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Scheme 1 |llustration for the synthesis of the ZnO@apo-enzyme
composite microgels.
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recognition moiety can offer at least two advantages: apo-GOx is
highly selective to B-p-glucose, and the non-covalent bindings
(involving charge-dipole and hydrogen-bond interactions) of
apo-GOx to glucose should make the association/dissociation
fully reversible in the normally physiological relevant range of
0-20 mM, making it suitable for monitoring the physiological
glucose concentrations.*® However, with organometallic
precursor as a reactant in one-pot synthesis, the harsh synthetic
conditions reported previously (hydrolysis of organometallic
moieties using organic solvents, or thermolysis for hours at =60
°C)**7* have certain limitation in exploiting the natural dynamic
proteins to generate the responsive composite microgels,
because those proteins suffer from instabilities in the synthesis
owing to the denaturation issue when subjected to the non-
physiological concentrations of most organic solvents, or
exposed long-time to elevated temperature, resulting in a loss of
responsiveness. We overcome this problem in one-pot synthesis
of the as proposed ZnO@apo-enzyme composite microgels in
water, by applying a high-temperature short-time heating
(HTST) method. The HTST method is known to be a key
development in food industry. For instance, most milk today is
pasteurized by the HTST method. While the heat might affect
the taste of the milk, HTST treatment seems to well retain
protein profile with the protein patterns of HTST-treated milk
similar to the raw milk, indicating a negligible denaturation of
the proteins.”>”® Under this rational design, the integration of
apo-GOx should make the ZnO@apo-enzyme composite
microgels responsive to glucose. We show that while ZnO QDs
as the optical labels can provide fluorescence, the proposed
composite microgels can adapt to a surrounding medium of
varied glucose concentrations, convent the fluctuation in
glucose concentration into fluorescent signals. This feature
should underlie potential of the composite microgels as glucose
biosensors for prospective applications.

Experimental
Materials

Human serum albumin (HSA) was purchased from TCI (Tokyo
Chemical Industry), and other chemicals were purchased from
Aldrich. PEGDMA (M,, ~ 550 g mol ') was purified from neutral
AlL,O;, and 2,2-azobisisobutyronitrile (AIBN) was purified by
recrystallization from ethanol. HSA, Zn(MAA),, o(+)-glucose, B-o-
lactose, o(—)-fructose, p(+)-mannose, o(+)-galactose, dextran (M, ~
6000), dextran (M, ~ 40 000), dextran (M; ~ 100 000), ribonuclease
B (RNase B) from bovine pancreas (13 700 dalton), GOx from
Aspergillus niger, B-galactosidase from Escherichia coli, and 3-fluoro-
1,2-phenylene bis(3-hydroxybenzoate) 3-hydroxy-benzoic acid 1,1’-
(3-fluoro-1,2-phenylene) ester (WZB117; glucose transporter
inhibitor IV) were used as received without further purification.
The water used in all experiments was of Millipore Milli-Q grade.

Preparation of apo-GOx

The pH of an ammonium sulfate solution (saturated, 25%) was
adjusted to ca. 1.4 by using H,SO,. A GOx solution (containing
50.0 mg GOx in 5.0 mL of 2.5 mol L' sodium acetate) was
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added drop-wisely to the acidified ammonium sulfate solution
(5.0 mL) in an ice bath. After 2 h of stirring, the coenzyme (flavin
adenine dinucleotide, FAD) can be split off from the enzyme
GOx, and the yellow supernatant was removed after centrifu-
gation (13 000 rpm, 15 min, and 4 °C) (Thermo Electron Co.
SORVALL® RC-6 PLUS centrifuge; the same below).**** The
precipitate was re-dissolved and then neutralized by adding
sodium acetate. The neutralized solution was subjected three
more cycles of acidified salt treatment, centrifugation and
neutralization. Finally, the protein was washed three times by
using the sodium phosphate solution (10.0 mM, pH = 6.8). The
apo-GOx was redispersed in the sodium phosphate solution
(20.0 mL; to yield 2.500 g L") and storaged in at 0 °C.

Microgels synthesis

Zn(MAA), (1.00 mmol), apo-GOx (10.00 mmol) and PEGDMA
(0.20 mmol) was dissolved in water (25.0 mL) in a 100 mL flask
equipped with a stirrer, a nitrogen gas inlet, a thermometer, and
a condenser, in an ice-water bath of ca. 4.0 °C. The mixture was
stirred, and AIBN (0.41 mmol) was added. After stirring for
5 min, the water bath of 4.0 °C was quickly replaced by another
water bath of 70.0 °C (pre-heating), under otherwise the same
conditions (the flask kept unmoved); after heating for 1 min,
NaOH (50.0 puL; 5.00 M in water) was added into the reaction
system and reacted for another 1 min. Then, the water bath of
70.0 °C was quickly replaced by the water bath of 4.0 °C, to cool
the reaction system for 5 min; subsequently, the water bath of
4.0 °C was quickly replaced by the water bath of 70.0 °C, to heat
the reaction system for 1 min. After another 29 cycles of cooling
(4.0 °C; 5 min) and heating (70.0 °C; 1 min), the reaction system
was cooled rapidly to room temperature (ca. 25 °C). The product
was purified by centrifugation (20 000 rpm, 30 min, and 25 °C),
and dialysis (Spectra/Por® molecularporous membrane tubing,
cutoff 12 000-14 000) against water.

Laser light scattering (LLS) studies

Standard Laser Light Scattering (LLS) spectrometer (BI-200SM)
equipped with a BI-9000 AT digital time correlator (Brookhaven
Instruments, Inc.) and a Mini-L30 diode laser (30 mW, 637 nm) as
the light source was used. All measurements were made in the
5.0 mM phosphate buffer solutions (PBS) of pH = 7.4. The very
dilute composite microgel dispersions (10.0 ug mL~") were passed
through the Millipore Millex-HV filters (pore size 0.80 um) to
remove dust before LLS measurements. In Dynamic LLS (DLS), the
Laplace inversion of each measured intensity-intensity time
correlation function in a dilute dispersion can lead to a line-width
distribution G(I'). For a purely diffusive relaxation, I is related to
the translational diffusion coefficient D by (I'/g*)c—0,4—0 = D, S0
that G(I') can be converted to a translational diffusion coefficient
distribution and the average hydrodynamic diameter ((Dy))
distribution by using the Stokes-Einstein equation, (Dy) = (kg7/
31n)/D, where kg, T, and 7 are the Boltzmann constant, absolute
temperature, and solvent viscosity, respectively.”

This journal is © The Royal Society of Chemistry 2020
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Adsorption experiments

Adsorption of HSA, dextran and RNase B on ZnO@apo-enzyme
composite microgels was carried out by mixing HSA, dextran
and RNase B in PBS (5.0 mM, pH = 7.4) (V= 5.0 mL) at a given
concentration (C, = 44.0 g L") to mass (Mmicrogels = 50.0 mg) of
the composite microgels in tubes at 37.0 °C. After maintained
for 24 h to reach equilibrium, the mixture was centrifuged
(20 000 rpm, 37 °C, and 30 min) and washed by water for twice.
The HSA/dextran/RNase B-microgel complexes were collected
and redispersed in PBS (5.0 mL) for analysing effect of
adsorption of HSA/dextran/RNase B on the composite micro-
gels. Moreover, the HSA/dextran/RNase B concentration in the
supernatant, Cg, was determined by using UV-vis absorption,
based on a linear calibration curve (R* > 0.99) measured using
the solutions with the known concentrations under the same
conditions, for the calculation of surface density d of the
protein:

<Dh>(C0 - CE) meicrogels

6mmicrogcls

d=

(1)

where pmicrogels and (Dy) are the density and the hydrodynamic
diameter, respectively, of the composite microgels. The
Pmicrogels Value was ca. 0.01 g em~? for the swollen microgels,
and ca. 0.08-0.27 g cm ™ for collapsed microgels.”® For the
glucose-dependent tests, PBS solutions containing different
glucose concentrations were used.

Photoluminescence (PL) properties

ZnO@apo-enzyme composite microgel dispersion was adjusted
to an appropriate concentration of 10.0 ug mL ™" for measure-
ments. To study glucose-responsive optical properties, PL
spectra were recorded in 5.0 mM PBS of pH = 7.4 at 37.0 °C and
at different glucose concentrations ([Glu]). The experiments
were repeated for five times at each glucose concentration, and
the average PL intensity at 546 nm (I) and emission maximum
position (1) were used for constructing model. For the inter-
ference tests, different interferents at appropriate amounts were
mixed into the glucose solutions.

Kinetics measurements

The glucose-responsive kinetics measurements were measured
from changes in PL intensity at 546 nm on a spectrofluorometer
(Jobin Yvon Co. FluoroMax®-4) equipped with a magnetic
stirrer, a thermoelectric temperature controller (LFI-3751), and
a syringe pump. Typically, a scheduled amount of glucose
solution was injected and mixed with the composite microgel
dispersion (3.0 mL). The change in PL intensity of the mixture
was recorded as time evolved, with the interval set to 0.02 s. To
study the effect of the particle concentration on the character-
istic response time Teensing, Kinetic measurements were carried
out for the composite microgels of the concentration in the
range of 5-200 pug mL™'. Each kinetic curve represents an
average of at least five consecutive mixing trials.

This journal is © The Royal Society of Chemistry 2020
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Cell internalization and intracellular glucometry

Glass base dishes (35 mm) were treated with 0.1% poly-L-lysine
in 100 mM PBS for 60 min. The solution was aspirated and the
dishes were washed with PBS three times. The mouse mela-
noma B16F10 cells (2 x 10° cells per dish) were plated on glass
coverslips at 80% confluence in sugar-free Dulbecco’s Modified
Eagle's Medium (DMEM) containing 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin. Next day the composite
microgels was diluted in serum/sugar free media (200.0 pL
sample plus 1.6 mL serum free media). The cells were incubated
with the composite microgels in the following two manners: (1)
incubated for 2 h and sugar-free DMEM (200 pL) was added; (2)
incubated for 2 h and DMEM (200.0 pL) of different glucose
concentrations were added. The finial concentration of the
composite microgels for cell culture is ca. 10.0 pg mL~". After
the addition, the sample was incubated for another 4 h. Control
dish contained 2.0 mL of serum/sugar free media. After the
incubation, the samples were washed with serum/sugar free
media for cellular imaging.

In a preliminary study, the PL intensity was monitored, and
the experiment was conducted by replacing the serum/sugar
free media with fresh DMEM (2.0 mL, containing 1.0 mM
glucose) in a glass dish containing the composite microgels
stained cells; then, the media was replace with fresh sugar-free
DMEM (2.0 mL); finally, the media was replace with fresh
DMEM (2.0 mL, containing 1.0 mM glucose and 60.0 uM
WZB117). Control dish contained 2.0 mL of DMEM without
WZB117 in the last step.

To simulate an environment of increase glucose concentra-
tion, the biochemical stimulus was conducted by quickly
replacing the serum/sugar free media with fresh sugar-free
DMEM (1.8 mL), lactose solution (100.0 pL; in sugar-free
DMEM), and B-galactosidase solution (100.0 uL; in sugar-free
DMEM) in a glass dish containing the composite microgels
stained B16F10 cells. The temperature of the culture medium
was maintained at 37.0 °C during the experiment. Control
dishes contained the composite microgels stained B16F10 cells
plus lactose (plus 100.0 pL sugar-free DMEM), the composite
microgels stained B16F10 cells plus B-galactosidase (plus 100.0
pL sugar-free DMEM), and the composite microgels stained
B16F10 cells plus galactose (plus 100.0 uL sugar-free DMEM),
respectively. To simulate an environment of decrease glucose
concentration, the serum/sugar free media was replaced with
the fresh sugar-free DMEM (1.8 mL), glucose solution (100.0 pL;
in sugar-free DMEM), and GOx solution (100.0 pL; in sugar-free
DMEM) in a glass dish containing the composite microgels
stained B16F10 cells; control dishes contained the composite
microgels stained B16F10 cells plus glucose (plus 100.0 pL
sugar-free DMEM), the composite microgels stained B16F10
cells plus GOx (plus 100.0 pL sugar-free DMEM), and the
composite microgels stained B16F10 cells plus gluconic acid
(plus 100 pL sugar-free DMEM), respectively.

Live cell imaging was performed on a confocal laser scan-
ning microscopy (LEICA TCS SP2 AOBS™) equipped with a HC
PL APO CS 20x 0.7 DRY len, and a Linkam THMS 600 stage. A
UV (405 nm) light was used as the light source. Laser power at
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the sample plane was 10 mW for all experiments at 37.0 °C. A
high-resolution Hamamatsu C9100-02 CCD camera was used
for acquiring cell images. For PL intensity change, the fluores-
cence signal was obtained from fluorescence images by
summing the PL intensities of all the pixels within a single cell
(n = 5, mean + s.d.); while for the change on emission
maximum position, the fluorescence signal was readed from
microscope by creating the lambda series and analysing the
spectra by using the standard LCS software through a stack
dialog window.
The glucose resolution (3[Glu]..;;) was evaluated by:*®

8[Glu}ce” = (Z_;C) 610::11 (2)
where dx/dy and 3l represent the inverse of the slope in the
Iee-[Glu]cen plot and the standard deviation of the PL intensity
I.en, respectively. The dx/dy was obtained by differentiating the
fitting from the I..;—[Glu]cen plot, and d1.; was calculated with
the following eqn (3) as the averaged difference between I..;; and
the PL intensity experimentally acquired:

Z|Icell - Icell.i|
Mo = = 3
) . ©)
where n and I.; imply the cell number and the emission
position of each cell at a [Glu]..;, respectively.

Other characterizations

pH values were measured on a Mettler Toledo SevenEasy pH
meter. UV-vis absorption spectra were recorded on a Varian
Cary 5000 UV-vis-NIR spectroscopy. IR spectra were recorded on
a Thermo Electron Corporation Nicolet 380 Fourier transform
infrared spectrometer. TEM images were taken on a JEOL JEM-
2100 transmission electron microscope at an accelerating
voltage of 200 kv.

Results and discussion

Our strategy to the one-pot synthesis of the ZnO@apo-enzyme
composite microgels involves free radical copolymerization of
a organometallic precursor Zn(MAA), with a oligomer cross-
linker PEGDMA in the presence of apo-GOx, which simulta-
neously involves in situ growth of ZnO QDs. The one-pot
synthesis of ZnO@polymer nanoparticles with ZnO QDs cova-
lently bonded to polymers, such as poly(methacrylate)-co-
poly(ethylene glycol) methyl ether methacrylate, has been
established by the in situ polymerization and ZnO formation
from Zn(MAA),.*” Recently, the temperature-responsive ZnO@-
polymer composite microgels were synthesized by in situ poly-
merization and ZnO formation from Zn(MAA),, PEGDMA, and
oligo(ethylene glycol) methyl ether methacrylate; in addition,
metallic Au was further growth into these composite microgels
to integrate fluorescence of ZnO, surface plasmon resonance of
Au, and thermosensitivity of the microgel into a single nano-
object.®® Different from the synthesis conditions for ZnO@pol-
ymer composites reported in previously that employ continuous
heating at for hours at =60 °C, the HTST method is used in the
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one-pot synthesis of the ZnO@apo-enzyme composite micro-
gels. To the best of our knowledge, the HTST method is barely
used in the synthesis of polymers. The HTST method is better
known in the flow synthesis of inorganic nanoparticles, where
an aqueous metal salt stream is mixed with another preheated
reactant streams for the fast initial heating, followed by rapid
heating of reactant streams to allow ripening of the nano-
particles in a reactor before finally quenching the reaction by
cooling.””® In this context, we realize the potential use of the
HTST method in the one-pot synthesis of responsive composite
microgels from organometallic precursors and natural dynamic
proteins. We monitored the whole synthesis process using
dynamic light scattering (DLS). As shown in Fig. 1a, two stages
can be observed after addition of the initiator into the reaction
mixture: (i) DLS intensity kept nearly the same in the first ca.
6 min, and then (ii) increased gradually and reached stable
within the reaction time of 187 min (the proposed ZnO@apo-
enzyme composite microgels were harvested at this time; the
prolongation in the reaction time shown in Fig. 1 just is used to
confirm the fact that the reaction can be completed in the
reaction time of 187 min). It is possible that after initiating the
free radical copolymerization and forming polymer-bonded
ZnO at 70.0 °C, ZnO@poly(PEGDMA-co-MAA) fragments
formed at the early stage of reaction would form very tiny nuclei;
with the reaction proceeded subsequently, more ZnO@poly(-
PEGDMA-co-MAA) fragments were added onto the initially
formed nuclei, leading to continuous growth in size of the
microgel until the reaction was completed.®*® Based on the
evolution of the DLS intensity, the apparent rate constant k of
1.83 x 107> min~" was derived from the fitting of the second-
stage of the time-domain DLS intensity with an exponential
growth (1st-order kinetic). The kinetic evolution was substan-
tiated by DLS study on the average hydrodynamic diameter,
(Dn), vs. the reaction time (Fig. 1a). The (Dy,) for the ZnO@apo-
enzyme composite microgels was approximately 112 nm, as
measured at 37.0 °C (Fig. 1b). The DLS size distribution shows
only a single peak for the narrowly distributed microgels, with
polydispersity index u,/(I')> = 0.005. Moreover, typical TEM
images shown in Fig. 2 indicate a sphere-like morphology of the
composite microgels.
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Fig. 1 (a) Kinetic curves of formation of the composite microgels,

measured from DLS intensity (ll) and size distribution (O) studies.
Solid line: 1st-order kinetic fit on time-domain DLS intensity. The
sampling was done by using a step-motor-driven loop that connected
the reactor with the DLS testing cell. (b) DLS size distributions of
ZnO@apo-enzyme composite microgels before (M) and after 3 days’
dialysis (@) and 3 months’ storage at room temperature (A). DLS
measurements were made at 37.0 °C.
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UV-vis absorbance spectral comparison between the purified
GOx, apo-GOx, and the ZnO@apo-enzyme composite microgels
was used to identify the composition of the samples (Fig. 3a). In
a typical UV-vis absorbance spectrum of GOx, the characteristic
profile displays a peak centred at ca. 278 nm (due to the
aromatic amino acid residues of apo-enzyme), together with
another two characteristic humps at ca. 380 nm and ca. 452 nm
(due to the coenzyme FAD).**** In the absorbance spectra of
apo-GOx and the ZnO@apo-enzyme composite microgels, the
absorption at ca. 278 nm from the aromatic amino acid residues
is well inherited, whereas the absorption at 330-500 nm
disappears, indicating that FAD has been removed. The
successful integration of ZnO QDs manifests as new hump at ca.
328 nm in the absorbance spectrum of the ZnO@apo-enzyme
composite microgels. As the size of ZnO QDs is directly
related to the excitonic peak in the UV-vis absorption spectrum,
the size of ZnO QDs immobilized in the composite microgels
can be estimated by the empirical function reported by Meu-
lenkamp.” The typical 4,,, of ZnO QDs (Fig. 3a), the wavelength
at which UV-vis absorption is 50% of that at the excitonic peak
(or shoulder), is determined as ca. 349 nm for the composite
microgels, from which the average size of ZnO QDs was calcu-
lated to be ca. 3.6 nm. Since the polymer chains occupy more
than 80% of the dried particle volume and TEM image is a 2D
projection for a 3D distribution of ZnO QDs inside the
composite microgels, the structure of the immobilized QDs
cannot be seen clearly (Fig. 2). The formation of ZnO QDs is also
confirmed by XRD (Fig. S1 in ESI}). Moreover, in IR spectrum of
the composite microgels (Fig. 3b), the characteristic bands for
those bridging coordination modes of acetate group with Zn
appears at ca. 1600 cm~ ' (C=0) and 1443 cm™ ' (C-0),*"%®
indicating that ZnO QDs were tethered to the gel network chains
via covalent bonds. The signal at ca. 1723 cm™ " is assigned for
the -COOR groups, and the broad band at 1090 cm ™" (C-0-C) is
associated with the PEGDMA chains. The characteristic amide I
band of apo-GOx at ca. 1655 cm™* is consistent with that for a-
helix-rich structure of apo-enzyme in GOx.**”®*”® The composite
microgels showed good stability, with the DLS size distribution
kept nearly the same before and after 3 days' dialysis, or after
dialysis and then 3 months' storage at room temperature
(Fig. 1b; also see below). More importantly, only a marginal
change was detected in the 1, of ZnO QDs (Fig. S2 in ESI}),
implying that the size of QDs remained unchanged and the
aggregate/leaching of QDs can be negligible. The good stability

(a)

»
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° .
Fig. 2 Typical TEM images of ZnO@apo-enzyme composite
microgels.
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Fig. 3 Typical (a) UV-vis and (b) IR spectra of ZnO@apo-enzyme
composite microgels. The results for GOx and apo-GOx are also
shown for comparison.

of the ZnO@apo-enzyme composite microgels is a key param-
eter in the following study of glucose response.

A key question is then if the ZnO@apo-enzyme composite
microgels would adapt to fluctuation in glucose concentration
in milieu. As shown by the X-ray analysis and molecular
dynamics simulations analyses the glucose-binding site of GOx
(apo-GOx) is formed by Asp 584, Tyr 515, His 559 and His 516,
whilst Phe 414, Trp 426 and Asn 514 are in locations where they
might form additional contacts to glucose.” It has been docu-
mented that the binding of the natural dynamic protein apo-
GOx with glucose would not represent major changes on the
secondary structure of apo-GOx, whereas it is sufficient to
induce a general “loosening” of the tightly packed structure
with the rearrangement of the hydrogen bonding.” This
conformational change of the dynamic protein may imply
a volume change of the involved polymer gels.*® We then
examined the effect of the change in the glucose concentration
on the ZnO@apo-enzyme composite microgels by using DLS,
which is a powerful tool to in situ study volume phase transition
behavior of polymer gel particles in solution.” Fig. 4a shows the
typical DLS intensity autocorrelation functions (C(t)) for the
composite microgels dispersed in the solutions with different
glucose concentrations of [Glu] = 0.0, 5.0, and 20.0 mM. In the
absence of glucose ([Glu] = 0.0 mM), the diffusion coefficient
(D) was 4.05 x 10% em® s, corresponding to a (Dy,) of 112 nm
(Fig. 4b); interestingly, increasing the [Glu] to 5.0 and 20.0 mM
would decreased D to 2.35 x 10 % em®s ' and 1.73 x 10 ® em?
s, respectively, indicating an increase in the (Dy) to 192 nm
and 263 nm correspondingly. The increased (Dy,) at the higher
[Glu] verified the swelling of the composite microgels upon
adding glucose in milieu. The swelling ratio, in terms of (Dy)2¢.0
mm/{Dh)o.o mm, 1S approximately 2.3. Since the binding between
apo-GOx and glucose typically involves non-covalent charge-
dipole and hydrogen-bond interactions, which should make the
association/dissociation of the apo-GOx-glucose non-covalent
bond complexes reversible.”®”® As glucose is removed from the
bathing medium by dialysis against water, the breakage of the
apo-GOx-glucose non-covalent bond complexes occurs, leading
to a fully recovery of the (Dy,) (within 102% of the original basal
value) within the experimental error even after twenty cycles of
adding/removing glucose (Fig. 4b and c). A detail study further
indicate that the volume changes of the composite microgels
upon adding/removing glucose can occur over a physiologically
relevant important range (0.0-20.0 mM) at a physiological pH of
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Fig. 4 Typical (a) DLS intensity autocorrelation functions (C(z)) and (b)
size distribution for ZnO@apo-enzyme composite microgels
dispersed in the solutions with glucose concentrations [Glu] = 0.0 (M,
1), 50 (@, O), and 20.0 mM (A, A). Closed and open symbols
denote the size distribution before and after twenty cycles of adding/
removing glucose, respectively. (c) Swelling and recovery cycles upon
the repeated addition (20.0 mM) and dialysis removal of glucose (0.0
mM) in the dispersion medium of the microgels. (d) Glucose-depen-
dent (Dy,) values during the adding (H) and the removing (O) glucose
cycles, respectively. All measurements were made in 5.0 mM PBS of
pH = 7.4 at 37.0 °C.

7.4 (Fig. 4d). The good reversibility of glucose-responsive
volume phase transition is demonstrated by the perfect match
of the adding and the removing glucose curves, and the
repeatable size distribution during adding/removing glucose
cycles as well. The volume changes occurred with the glucose-
binding constant near 10 mM, which is comparable to the
dissociation constant of holoenzyme.** Therefore, these
results provide the direct proof on the successful maintaining of
the dynamic profile of apo-GOx on the composite microgels to
enable responsive volume phase transitions of the composite
microgels upon adding/removing glucose. The maintaining of
the dynamic profile of apo-GOx on the composite microgels can
be interpreted as the considerable suppression on denaturation
of apo-GOx in the synthesis by using the HTST method. The
HTST method is known to be a key development in food
industry. For instance, most milk today is pasteurized by the
HTST method. While the heat might affect the taste of the milk,
HTST treatment seems to well retain the protein profile with the
protein patterns of the HTST-treated milk similar to the raw
milk, indicating a negligible denaturation of the proteins.”>”
For GOx (apo-GOx), while it is usually referred to be thermally
instable, biochemical changes show that it largely would not
lose its biological activity and dynamic profile when subjected
shortly to heat of 70 °C.**** In an additional experiment, the
controlled composite microgels were obtained by continuous
heating at 70.0 °C under otherwise the same conditions for the
synthesis of the ZnO@apo-enzyme composite microgels;
standing in contrast against the ZnO@apo-enzyme composite
microgels that can adapt to the fluctuation in glucose concen-
tration, the controlled composite microgels were insensitive to
glucose (see Fig. S3 in ESIf).
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Since the binding affinity has not changed significantly, one
can suggest that the binding should be highly specific for
glucose. To clarify this important feature, we have checked the
potential response of the ZnO@apo-enzyme composite micro-
gels to fructose, mannose, and galactose, which are naturally
occurring key stereoisomers of glucose, over the concentration
range of 0.0-20.0 mM in 5.0 mM PBS of pH = 7.4 at 37.0 °C. As
shown in Fig. 5a (also see Fig. S4 in ESI} for DLS size distri-
bution), it seems that the swelling behavior of the composite
microgels upon adding fructose, mannose, and galactose could
still occur, however, with the swelling ratio (Dy,)20.0 mm/{Ph)o.0
mm reducing remarkably to 1.18, 1.21, and 1.10, respectively,
indicating a nearly negligible change in overall response to
these non-glucose monosaccharides. It is thus probable that
these non-glucose monosaccharides would be not the main
interferences if the composite microgels were used as glucose-
responsive materials. Indeed, the (D,)-[Glu] plots in Fig. 5b
indicate that there was ca. 0.1-20.4% variation in the glucose-
responsive (D) change in the presence of a high concentra-
tion of those non-glucose monosaccharides as high as 20.0 mM.
The smaller variation appeared at the higher [Glu], e.g., =10.1%
variation in the glucose-responsive (D) change at [Glu] =
6.0 mM, and =4.4% at [Glu] = 8.0 mM. The variation in glucose-
responsive (Dy,) change would become less pronounced in the
presence of the lower concentrations of those non-glucose
monosaccharides. With the concentration of those non-
glucose monosaccharides decrease to 10.0 mM and 5.0 mM,
respectively, the variation in the glucose-responsive (Dy,) change
of the composite microgels becomes =15.0% (Fig. 5¢) and
=9.9% (Fig. 5d). The composite microgels acting as glucose-
responsive materials seem to be free from significant interfer-
ence of =1.0 mM of fructose, galactose or mannose, as there
was negligible variation (=<2.7%; see Fig. S5 in ESI{) in glucose-
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Fig. 5 (a) Saccharide-dependent (Dy) values of ZnO@apo-enzyme

composite microgels dispersed in PBS with fructose (ll), mannose
(@), or galactose (A). (b—d) Glucose-dependent (Dy,) values of the
composite microgels in PBS in the presence of (b) 20.0 mM, (c)
10.0 mM, and (d) 5.0 mM of fructose (), mannose (@), or galactose
(A). Glucose-dependent (Dy,) values in the absence of the non-
glucose monosaccharides ([) are given for comparison. All
measurements were made in 5.0 mM PBS of pH = 7.4 at 37.0 °C.
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responsive (Dy,) change in the presence of 1.0 mM of those non-
glucose monosaccharides. Besides the monosaccharides, we
have also checked the possible binding of the composite
microgels with dextran (M; ~ 6000), dextran (M, ~ 40 000),
dextran (M, ~ 100000), and RNase B, since those
polysaccharides/glycoproteins also contain the glycosyl resi-
dues; the composite microgels were also subjected to HSA, the
most abundant protein in human serum that is known to
undergo a slow non-enzymatic glycation and eventually can
result in the formation of Advanced Glycosylation End products
(AGE).* Fig. 6a shows that HSA, dextran and RNase B can
indeed adsorb onto the composite microgels, whereas only
a low adsorption level was recorded (with the surface density
d = 0.06 g m~ 7). HSA, dextran and RNase B are relatively large
molecules. It is possibly that they would only bind the PBA
groups located at the light penetration depth of the composite
microgels, and the initial binding of HSA, dextran and RNase B
would subsequently hinder accessibility of the PBA groups to
more HSA, dextran or RNase B molecules.* Thus it is unlikely
that those molecules would have significant impact on the
glucose-response of the composite microgels. The observed low
level adsorption of the polysaccharides/proteins to the
composite microgels only caused a slight increase in size of the
composite microgels (see Fig. S6 in ESIf for DLS size distribu-
tion) and thus a slight change in the glucose-responsive
swelling degree (Fig. 6b; 0.1-9.4% variation in glucose-
responsive (Dy,) change).

As the volume phase transitions on polymer gels, similarly
the conformational changes on oligomer/polymer chains, can
vary optical properties of chromophoric inclusions, the
response can be studied by spectroscopy.*~****~® We discovered
that changes in the yellowgreen emission of the ZnO@apo-
enzyme composite microgels indeed occurred upon adding
glucose (Fig. 7a and S7 in ESIY): (a) a continuous quenching in
PL intensity I; and (b) a significant blue shift of the emission
maximum position 2. When the [Glu] was increased to 20.0 mM,
a PL quenching as high as ca. 81% and a blue-shift of ca. 95.5
meV (22 nm) were observed. Both effects are rationalized by an
increase in the elastic tension in the expanded polymer network

e g
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Fig. 6 (a) Isothermal adsorption curves for dextran (M, ~ 6000) (H),
dextran (M, ~ 40 000) (@), dextran (M, ~ 100 000) (A), RNase B (V¥)
and HSA (@) adsorbed on the ZnO@apo-enzyme composite micro-
gels. (b) Glucose-dependent (Dy,) values of the composite microgels in
the presence of absorbed dextran (M, ~ 6000) (M), dextran (M, ~
40 000) (@), dextran (M, ~ 100 000) (A), RNase B (¥) and HSA (@).
The results in the absence of those non-glucose constituents (1) are
given for comparison. All measurements were made in 5.0 mM PBS of
pH = 7.4 at 37.0 °C.
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Fig. 7 [Glul-dependent (a) PL spectra, (b) intensity / at 546 nm, and (c)
the emission maximum position 2 of ZnO@apo-enzyme composite
microgels. (d) / and 2 values upon adding/removing 20.0 mM glucose.
All measurements were made in 5.0 mM PBS of pH = 7.4 at 37.0 °C,
and excited at 405 nm.

chains (according to the Flory-Huggins theory),** which could
stretch the polymer-QD interface and propagate the strain to the
surface of the covalently bonded QDs, and create surface states
that can quench the PL;*'~****~% the energy difference is taken as
an indication of the change in the cluster-cluster interactions
among the QDs in the composite microgels.*® Both the PL
intensity change (Fig. 7b) and the PL maximum position change
(Fig. 7¢) as a function of the [Glu] mirror that of the glucose-
responsive volume phase transition of the composite micro-
gels (Fig. 4d), correlating the PL response to the (D) response
of the composite microgels. As glucose was removed from the
bathing medium of the composite microgels by dialysis, the
composite microgels collapsed reversibly from the swelling
status back to the original deswelling status (Fig. 4d), leading to
a nearly full recovery of the PL spectral profiles upon the
removal of glucose even after twenty cycles (Fig. 7d), thus
providing a reproducible signal. In control experiments, the PL
changes for adding fructose (Fig. S8 in ESIt), mannose (Fig. S9
in ESIt), and galactose (Fig. S10 in ESIt), respectively, were
analysed but to give the weak PL response. Clearly, the variation
trend of the PL response of the composite microgels for glucose,
fructose, mannose, and galactose well agreed with the selec-
tivity order revealed by the (Dy,) response (Fig. 5). In a further
study on glucose sensing by utilizing the PL response of the
composite microgels (Fig. S11 in ESI}) in the presence of the
non-glucose monosaccharides (20.0 mM), an increase of
=17.5% (=11.3% at [Glu] = 3.0 mM, and =4.6% at [Glu] = 8.0
mM) in the glucose-induced PL quenching was observed over
glucose concentration range of 0.0 mM = [Glu] = 20.0 mM,
corresponding to a =17.5% higher apparent concentration of
glucose (=11.3% when the actual [Glu] = 3.0 mM, and =4.6% at
[Glu] = 8.0 mM); in the presence of the polysaccharides/
proteins (44.0 g L), an increase of <8.7% (=4.7% at [Glu] =
4.0 mM, and =2.1% at [Glu] = 8.0 mM) in the glucose-induced
PL quenching was observed over the range of 0.0 mM = [Glu] =
20.0 mM. Moreover, the response of the composite microgels to
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glucose was nearly independent of environmental temperature
(15-45 °C; Fig. S12 in ESIT) and pH (5.0-7.8; Fig. S13 in ESIT).
This is also an advantage because the temperature of living cells
and other biosystems may slightly increase by the thermo-
genesis of cellular events, and the local pH may be affected by
the neighbouring/internal structures and decrease by 1-2.5
units.® In addition, the influence of common metal ions (2.0 x
107 to 20.0 mM; such as K*, Na*, Ca**, Mg**, Ba**, AI**, cu™,
Zn**, Co®", and Fe**) and organic small molecules (1.0 x 10> to
0.5 mM; pyruvic acid, urea, citric acid, vitamin C, y-globulins,
lysozyme, cholesterol, and amino acids) on the glucose sensing
ability of the composite microgels was examined; the relative
error of the glucose concentration reading (0.0-20.0 mM) in the
presence of those common non-glucose constituents was within
the range of +3.1% (see Table S1 in ESIf for details) after taking
account of the experimental errors. Taken together, these
results can not only provide a further proof on the maintaining
of the dynamic profile of apo-GOx on the composite microgels
to allow a highly selective response of the composite microgels
to glucose, but also foreshadow a class of responsive materials
for glucose-to-fluorescence signal transduction.

To estimate the response time of the glucose-to-fluorescence
signal transduction that is potentially achievable, we monitored
the response kinetics in terms of changes in PL intensity of the
ZnO@apo-enzyme composite microgels (10.0 pug mL™" in
5.0 mM PBS of pH = 7.4). As shown in Fig. 8a, the PL intensity
change can reach maximum shortly upon adding glucose (e.g.,
<1 s from 0.0 mM to 20.0 mM). The PL intensity change can be
described by a single-exponential function, to give character-
istic response time Tgenging (€.8., ¢a. 0.16 £ 0.04 s from 0.0 mM to
20.0 mM).*® The tgensing reflects essential feature of an indi-
vidual composite microgel particle, because the engaged
particle concentration is below the critical value of ca. 10> wt%
(i.e., so-called dynamic contact concentration) and the inter-
particle interactions can be completely ignored, as predicted
by a concept of the screening length.*®** This can be confirmed
by the additional experiments that the Tensing is nearly inde-
pendent of the concentration of the composite microgels in the
range of 5-90 ug mL ™" (Fig. 8b). After equilibrium at 20.0 mM,
the composite microgels were separated (by centrifugation) and
then quickly mixed again with PBS; the PL intensity change can
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Fig. 8 (a) Kinetics of ZnO@apo-enzyme composite microgels at
increasing (from 0.0 to 20.0 mM; M) and decreasing (from 20.0 to
approach 0.0 mM; @) glucose concentration. Solid lines: theoretical
fits with a single-exponential function. (b) The effect of the concen-
tration of the composite microgels on the characteristic response time
Tsensing COrrespondingly. All measurements were made in 5.0 mM PBS
of pH =74 at 37.0 °C.
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also reach (another) equilibrium rapidly (e.g., <1 s from
20.0 mM to ca. 0.0 mM). These results (also see below) indicate
a fast response time of the composite microgels both at the
increasing and the decreasing glucose concentrations, different
from those poly(phenylboronic acid) (micro)gels that exhibit
a fast response time at increasing glucose concentrations but
take a long time to reach equilibrium at decreasing glucose
concentrations.*>**® Considering a general procedure of glucose-
to-fluorescence signal transduction process on a microgel based
biosensor, several steps relate to the subtle physical chemistry,
including diffusion of glucose molecules, adsorption/
desorption and partitioning/departioning of glucose at the
solution—-microgel interface, complexing of glucose with its
binding sites, structural rearrangements inside microgel, and
finally a change of the local optical electric field at the QD
surface, are known to influence the response time.*>*® While
one or several of the steps in tandem can lead to the fast
response time of the composite microgels at decreasing glucose
concentrations, the essentially non-covalent character of the
binding of apo-GOx with glucose that makes it possible for the
fast dissociation should be a key.”®”® The fast response time is
a desirable feature of a biosensor for monitoring dynamic
changes.

In order to further demonstrate the high glucose selectivity
and reversibly rapid response of the ZnO®@apo-enzyme
composite microgels, we have tested the glucose sensing
performance with the composite microgels as biosensors in
a real biosystem, mouse melanoma cell B16F10, in view of the
potential biological and/or biomedical applications. The small
sized PEG-based particles are low toxic (Fig. S14 in ESIT) and can
attain deeper penetration into the poorly permeable tumor
cells.”” The living cells treated with the composite microgels
were highly luminescent, with the fluorescence seen primarily
in the cytoplasm (Fig. 9a).*® A cross-sectional Z scan confirmed
the entry of the composite microgels into the cells (Fig. S15 in
ESIT). The composite microgels in the cells can produce a bright
color, and the PL intensity can be retained during a continuous
irradiation (Fig. 9b; also see Fig. S16 in ESI} for the confocal
images even after a continuous irradiation for 60 min), indi-
cating photostability of the composite microgels in cells. Those
cells were grown in sugar-free DMEM. It can be seen in Fig. 9b
that the subsequent addition of glucose (20.0 mM) into the
culture medium can provoke fluorescence quenching, while
replacing of the culture medium with fresh sugar-free DMEM
can provoke fluorescence enhancement. It is known that
glucose utilization by a cell depends on its transport and/or
metabolism, and most mammalian cells transport hexoses in/
out of cytosol, as mediated by a family of monosaccharide
facilitators.””*® Almost all cancer cells upregulate the glucose
transport and the aerobic glycolysis regardless of the oxygen
status, and thereby the cancer cells were found to be addicted to
glucose and sensitive to the change in glucose concentration.*
Such an increased glucose transport in cancer cells has been
attributed primarily to the upregulation of the glucose trans-
porter 1 (Glut1).”” Under this consideration, underlying the
observed PL intensity changes should be transport of glucose
externally supplied in culture medium into the cells, and then
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Fig. 9 (a) Scanning confocal fluorescence (left), transmission (centre),

and overlaid images (right) of B16F10 cells incubated with ZnO@apo-
enzyme composite microgels (10.0 pg mL™Y). (b) Response curves in
terms of changes in the PL intensity /o Of the composite microgels at
increasing (from 0.0 to 20.0 mM in the culture medium) and
decreasing (to approach 0.0 mM in the culture medium) glucose
concentration, with WZB117 () or no WZB117 (O) being added at
30 min. The data was acquired at an interval of 20 s. (c) [Glu]-
dependent PL intensity /.y (@t 546 nm; M) and emission maximum
position A (@). The total PL properties of a single cell (n = 5, mean
+ s.d.) was adopted as the glucose-dependent parameter by the
composite microgels embedded in the cells at 37.0 °C, and excited at
405 nm.

intracellular glucose induces variations in the physical proper-
ties of the composite microgels within the cells. This can be
supported by applying WZB117, a Glutl inhibitor that could
competitively inhibit Glutl-mediated glucose transport in
cells.®” As shown in Fig. 9b, if replaced culture medium with
DMEM simultaneous containing glucose (20.0 mM) and
WZB117 (60.0 puM), the Glutl inhibitor WZB117 can be effective
in hindering the transport of glucose from the culture medium
into the cells, and the PL intensity remained largely unchanged,
making the composite microgels embedded in the cells seem
insensitive to the glucose externally supplied in culture
medium; in contrast, a quenching in the PL was observed if
replaced the culture medium with DMEM containing glucose
but no WZB117. Local analysis of the overall PL of the
composite microgels embedded in a single cell (n = 5, mean
+ s.d.) should indicate the difference in intracellular glucose
levels ([Glu]een).****7*** In the detail study when different
amounts of glucose were fed with an external supply of 1.0-
20.0 mM glucose in the culture medium ([Glu]e,), the cells
labelled with the composite microgels can be optically differ-
entiated. As shown in Fig. 9c, the PL property changes of the
composite microgels embedded in cells mirror that of the
composite microgels in PBS (Fig. 7). Meanwhile, two effects
were observed: (a) at [Glu]ex = 0.0 mM, the emission maximum
position appeared at ca. 543.0 nm; and (b) when 1.0 < [Glu]ex =
20.0 mM, neither the glucose-induced PL intensity quenching
degree nor emission position blue-shift degree for the
composite microgels embedded in cells is identical to that for
the composite microgels in PBS, reflecting that the [Glu] is

This journal is © The Royal Society of Chemistry 2020
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different from the [Glu].,. Since it is generally thought that the
emission maximum position of an insensitive optical label may
not be altered (or too small to be neglectable) before and after
its entering cells,'®**3*3% the emission maximum position of the
composite microgels may be served as a frame of reference for
the quantificational analysis. If this is the case, with Fig. 7c as
a calibration reference, it can be speculated that: (a) at [Glu]ex =
0.0 mM, the emission maximum position at ca. 543.0 nm
indicates an initial [Glu]eey; of ca. 1.4 mM; (b) at 1.0 =< [Glu]ex =
20.0 mM, the increment in the [Glu]eey is ca. 46-69% of the
externally supplied [Glu]., (Fig. 10a). Both these two findings are
in accord with the observations reported in previous arts by
using the fluorescent proteins and other biosensors,'®?*3%3%
suggesting the feasibility of using the emission maximum
position as a reference for calibration. It is reasonable that
glucose enters into cells by facilitated diffusion, a form of
passive transport requiring no energy but requiring trans-
membrane proteins.”*® Combining the results of the I .-
[Glu]ex (Fig. 9¢) and the [Glu]ee-[Glulex (Fig. 10a) plots, the
relationship between the [Glu]..; and the PL intensity of the
composite microgels in cells (I ep; to simplify analysis, the Iy is
normalized with the initial PL intensity without any externally
supplied saccharides, which is set as 1) can be given in Fig. 10b,
and the glucose resolution was estimated to be 0.1-0.2 mM over
the [Glu]e range of 1.0-20.0 mM. Now, in comparison with the
I/I,-[Glu] plot constructed in PBS (Fig. 7b and S17 in ESIT), the
Iee-[Glu]een plot revealed nearly the same trend towards the
change in glucose concentration. Besides providing additional
proofs on glucose-responsive ability of the composite microgels,
these results also suggest the possibility of cell internalization
of the composite microgels for intracellular glucometry.

In the next step, we conducted two series of experiments as
the proof-of-concept examples to demonstrate the feasibility of
extending the proposed ZnO@apo-enzyme composite microgels
for monitoring dynamic changes of intracellular glucose
induced by the external biochemical reactions (Scheme 2): (a)
increasing glucose levels, by using the B-galactosidase catalysed
hydrolysis reaction of lactose; (b) decreasing glucose levels, by
using the GOx catalysed oxidation reaction of glucose. That is,
in the first series of experiments, B16F10 cells labelled with the
composite microgels were fed with lactose (15.0 mM), a disac-
charide that is found most notably in milk and is thought to be

(@ — - ; (b) - —
y=1.4068+0.73157x-0.05734x°+0.00526x 1.0 y = 0.20565+1,00774*0.84851
10 -2.30188"10x"+3.86838°10°x° R?=0.99786
R?=0.99999
E .08
=]
- ®
3 5 -~ 06
e} 3
o 04 e,
0
5 10 15 20 5 10
[Glu],, / mM [Glu],, / mM
Fig. 10 (a) A comparison of glucose level in cells [Glu].ey With that in

culture medium [Glule,, Where the [Gluleey Was measured with
ZnO@apo-enzyme composite microgels by using the change in
emission maximum position. (b) Calibrated response curve for the PL
intensity change, where /.o is the PL intensity measured with the
composite microgels embedded in cells.
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Scheme 2 The model external biochemical reactions for inducing
increasing or decreasing glucose levels.

associated with cancer, and B-galactosidase (4.0 U mL ") which
plays a key role in cellular metabolism by breaking down lactose
into galactose and glucose;* in the second series of experi-
ments, cells labelled with the composite microgels were fed
with glucose (15.0 mM), and GOx (1.5 U mL™ ") that can catalyse
oxidation of B-p-glucose to p-glucono-1,5-lactone.”” Since the
response kinetics/time of the composite microgels (Fig. 7a) is
much faster than that of the two biochemical reactions (see
Fig. S18 in ESI7 for the kinetic curves of these reactions), it may
allow us to use the composite microgels in monitoring the
dynamic changes of the intracellular glucose levels. When fed
with lactose, B-galactosidase, galactose, GOXx, or p-glucono-1,5-
lactone only, neglectable change in the PL properties was
observed. The presence of both lactose and B-galactosidase, or
glucose and GOx, provoked the PL intensity quenching of the
composite microgels embedded in the cells (Fig. 11). For
instance, after the reactions proceeding for 2.5 min, a PL
intensity I..; quenching of ca. 3.6% was observed during the
hydrolysis of lactose, indicating an increasing in the intracel-
lular glucose level by an increment of 0.3 mM (from [Glu]ce) of
ca. 1.4 mM to ca. 1.7 mM,; Fig. 11a), whereas an PL intensity I.ep
enhancement of ca. 7.4% was observed during the oxidation of
glucose, indicating a decreasing in the intracellular glucose

@, = — (b)
o4 8 100 e
< y
osl \ 6= = -
5 . £ c k=1.42x107 min
« . = 2 50
=06 . AR
3 - = (]
~° L R e /
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Fig. 11 (a and c¢) Time-domain PL intensity /ey of ZnO@apo-enzyme

composite microgels embedded in cells (ll; n = 5, mean + s.d.) and
the corresponding intracellular glucose level [Glulee (O), upon the
addition of (a) lactose and B-galactosidase, or (c) glucose and GOX, to
the culture medium. (b and d) Time-dependent conversion showing
the reaction kinetics of (b) B-galactosidase catalysed hydrolysis reac-
tion of lactose, and (d) GOx catalysed oxidation reaction of glucose.
Solid lines: 1st-order kinetic fits.
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level by a decrement of 1.6 mM (from [Glu]cey of ca. 8.5 mM to
ca. 6.9 mM; Fig. 11c). The variations in [Glu]. greatly exceeded
the glucose resolution of the composite microgels embedded in
the cells. Based on the evolution of glucose level, the apparent
rate constant of the reactions can be derived from the fitting of
the time-dependent conversion, which was calculated by the
changes in the glucose level (with the initial [Glu].y 1.4 mM
being deducted) against the [Glu]..; at ¢t — o« (i.e., assuming
100% reaction, and taking into account the relationship
between the [Glu]e and the [Glu].e; as shown in Fig. 10a). As
shown in Fig. 11b and d, the conversion-t plots fitted well with
the exponential growth (k, 1st-order), which is a simplification
of the Michaelis-Menten model. Both the reactions measured
with the composite microgels embedded in cells exhibited
a similar rate constant k (1.42 x 107> min~' and 1.37 x
10" min~" for the hydrolysis reaction of lactose and the
oxidation reaction of glucose, respectively) to that reacted in
PBS under otherwise the same conditions and measured by the
standard oxygen rate method using a glucose analyzer (Fig. S18
in ESL;t 1.45 x 1072 min ' and 1.62 x 10 ' min * corre-
spondingly). This indicates that the composite microgels would
not change the mechanism of the reactions between the
enzymes and the substrates. Therefore, these results demon-
strate that the composite microgels have the potential use as
biosensor for the quantification of intracellular glucose level
variations associated with a biochemical reaction process.

Conclusions

We have developed a class of responsive fluorescent composite
microgels, with apo-GOx interpenetrated in a gel network that is
comprised of ZnO QDs covalently bonded to PEGDMA network
chains, via a one-pot synthesis strategy involving the free radical
copolymerization of a organometallic precursor Zn(MAA), with
the oligomer crosslinker PEGDMA in the presence of apo-GOx,
and simultaneously involving in situ growth of ZnO QDs. Those
newly developed composite microgels can selectively, reversibly,
and rapidly adapt to the fluctuation in glucose concentration
over the normally physiological relevant glucose concentration
range of 0-20 mM at a physiological pH of 7.4 and 37.0 °C.
While the composite microgels can undergo volume phase
transitions and convert both an increase and a decrease in
glucose concentration into fluorescence signal shortly (<1 s), the
changes in average hydrodynamic diameter and fluorescence
can be fully reversible even after twenty cycles of adding/
removing glucose, indicating a reversible and rapid time
response to the glucose concentration variations. The under-
lying mechanism for the observed glucose-response is associ-
ated with the employment of HTST in the one-pot synthesis,
such that the naturally dynamic profile of apo-GOx can be
maintained and harnessed on the composite microgels to allow
the volume phase transition and PL response to glucose.
Moreover, the composite microgels can enter the model B16F10
cells, and the fluorescence of the composite microgels
embedded in the cells can be modulated in response to intra-
cellular glucose level variations, which are derived from
a change in the glucose concentration in the culture medium by

This journal is © The Royal Society of Chemistry 2020
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an external supply, or that can be triggered by the biochemical
reactions (with the B-galactosidase catalysed hydrolysis of
lactose as a model reaction for achieving increased glucose
levels, and the GOx catalysed oxidation of glucose for decreased
glucose levels). Such a novel class of responsive fluorescent
composite microgels might find important biological and
biomedical applications. It is anticipate that this may also open
up new possibilities for design of natural protein based
responsive microgels with huge potential in a range of fields.
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