Figure 7: Schematic representation of the cross-linked glucose-responsive

fluorescent hydrogel (not in scale).
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The as-prepared hydrogel appears to be pale yellow in color to naked eye under
white light (Figure 8-A), while it displays a high green fluorescence under UV-light

of 365 nm wavelength (Figure 8-B).

Figure 8: (A) An optical image of the as-prepared hydrogel under white light; (B) A
fluorescence image of the as-prepared hydrogel under 365 nm UV light.
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Chapter 3

Results and Discussion

3.1 pH-dependent fluorescence of fluorescein-o-acrylate

Fluorescein and many of its derivatives exhibit multiple, pH-dependent ionic
equilibria. It has been proven that fluorescein is a pH-responsive fluorophore. In
present work fluorescein-o-acrylate was used and then its pH-dependent
fluorescence was investigated first. Solution based emission and absorption
spectra of fluorescein-o-acrylate were collected and presented in Figure 9. One
can see that the absorption and emission peaks of FOA were observed at 489 nm
and 512 nm, respectively. With the increase of pH from pH 5.8 to pH 8.2, both the
absorption peak intensity and emission peak intensity increase, showing a pH-
dependent behavior. This study indicates that FOA can also be employed as a

reporter to local pH change.
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Figure 9: UV-vis absorption (A) and emission (B) spectra of FOA in different pH

buffer solution (1ex=489 nm).

In a basic medium an open structure of FOA is observed as shown in Figure 10.
With the increase of acid concentration, a spiro structure or lactone structure of
FOA is observed, resulting in the reduced fluorescence. Therefore, to lower the pH

results in the “turn-off’ of its fluorescence.

high pH

Figure 10: The mechanism for pH-dependent fluorescence of FOA.
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3.2 pH-dependent fluorescence of the as-prepared hydrogel

1600 WD 15.8mm 10m UCOMNN SEM WD 15.5mm 10pem

D 15.5mm 10pm

Figure 11: SEM images of lyophilized PEG-FOA hydrogel (A,C) and PEG-FOA-

GOx (B,D) in high (A,B) and low (C,D) magnification.
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The morphology of hydrogel was first evaluated using Jeol Field emission scanning
electron microscope (JSM-6335F Thermo Electron Corporation). PEG-FOA
hydrogel and PEG-FOA-GOx hydrogel were firstly prepared at room temperature
and then subject to lyophilization. Figure 11 shows the corresponding SEM images
of lyophilized hydrogels. As can be seen, both hydrogels show highly porous
structures with pore size less than 10 um. The incorporation of GOy in hydrogel
(Figure 11, B and D) resulted in the hydrogel scaffold consisting of smaller

particles.

To investigate the pH-dependence of the fluorescence of as-prepared hydrogel,
hydrogel was first prepared in multi-well plate with a volume of 150 uL/well. The
same recipe described in Chapter 2 was used to prepare hydrogel in multi-well
plate. Once the hydrogel was formed, fluorescence measurement was taken and
the fluorescence of each hydrogel is almost same. Hydrogel in each well was then
treated with 200 pL of 20 mM sodium phosphate buffer solution with pH value of
pH 5.8, pH 6.6, pH 7.4 and pH 8.0, respectively. After 45 min interaction,
fluorescence measurements were conducted in situ by taking the readings from a
micro-plate reader. All experiments were carried out in triplicate. As shown in
Figure 12, the fluorescence of the hydrogel decreases with pH decrease from 8.2
to 5.8. The observed trend is in good agreement with pH-dependent fluorescence

of FOA in solution (Figure 11B).
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Figure 12: Fluorescence response of the as-prepared hydrogels upon the addition
of 20 mM sodium phosphate buffer solution with different pH value (pH 5.8, pH
6.6, pH 7.4 and pH 8.2). (1ex=489 nm and Aem=512 nm).

The fluorescence images of the hydrogels before and after addition of buffer
solution with different pH values were also obtained under UV-light at 365 nm
wavelength and presented in Figure 13. One can see that lower fluorescence
intensity at acidic medium and higher fluorescence intensity in basic medium, in

good agreement with the trend obtained from multiwall plate reader in Figure 13.
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Immediately after adding pH
solutions

After 45min of adding pH
solutions
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Figure 13: The fluorescence images of the hydrogel immediately after addition of
20 mM sodium phosphate buffer solution and after 45 min of addition of 20 mM
sodium phosphate buffer solution with different pH values (pH 5.8, pH 6.6, pH 7.4
and pH 8.2) under a handheld UV-lamp (365 nm).

These studies clearly indicate that the as-prepared hydrogel possesses pH-
dependent fluorescence and can respond to local pH change, which has the
potential to be used as glucose biosensing material in conjunction with GOx-based

enzymatic conversion of glucose to gluconic acid.

3.3 Glucose response of the as-prepared PEG-FOA hydrogel and PEG-FOA-

GOx hydrogel

To test the ability of the hydrogel whether or not it responds to glucose, two wells
of PEG-FOA-GOx hydrogels (150 pL of hydrogel each well with GOx final
concentration of 10 mg/mL) and another two wells of PEG-FOA hydrogel (150 pL
of hydrogel each well without GOx) were prepared, and their fluorescence

response to the addition of 200 uL DI water in the absence or presence of 30 mM
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glucose was collected. There are four different experiments here: 1. the PEG-FOA
hydrogel exposed to 200 pyL DI water; 2. the PEG-FOA hydrogel exposed to 200
ML DI water containing 30 mM glucose; 3. the PEG-FOA-GOx hydrogel exposed to
200 uL DIl water; and 4. The PEG-FOA-GOx hydrogel exposed to 200 uL DI water

containing 30 mM glucose.

Upon the addition of solution to the microplate well, fluorescence was measured
every 15 min using a multi-well plate reader. To have a better comparison of the
fluorescence change and eliminate the very minor variation of initial fluorescence
intensity of hydrogels in different wells, normalized fluorescence intensity (I/l1o) and
normalized fluorescence intensity change, (lo-1)/lo, were used in Figure 14 and
Figure 15, respectively. lo is the initial fluorescence intensity at Aem=512 nm and |
Is the respective fluorescence reading at every 15 minutes after the addition of

solution.

31



12

1

0.8

0.6

0.4 FOA-PEG-Glucose

02 [ FOA-PEG-GOx-Water

0 —a— FOA-PEG-GO-Glucose

0 1 2 3 4 5 B 7
Time (hr)

Mormalized Fluorescence Intensity

Figure 14: Normalized fluorescence intensity vs. time for PEG-FOA hydrogel and
PEG-FOA-GOy hydrogel upon the addition of DI water with or without 30 mM
glucose. (1ex=489 nm and Aem=512 nm).

e FOA-PEG-Water

0.8 —a—FOA-PEG-Glucose

0E —— FOA-PEG-GO=-Water

o FOA-PEG-GOx-Gluco!

0.2

Mormalized Fluorescence Intansity
Changa
(=]
=Y

-0.2

3 4
Time (hr)

Figure 15: Normalized fluorescence intensity change vs. time for PEG-FOA
hydrogel and PEG-FOA-GOx hydrogel upon the addition of DI water with or without
30 mM glucose. (1ex=489 nm and Aem=512 nm).
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hydrogel with 20 mg/mL GOx prepared in buffer without 150 mM NaCl; and 2.

hydrogel with 10 mg/mL prepared in buffer with 150 mM NaCl.
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Figure 18: The time-dependent normalized fluorescence intensity of PEG-FOA-
GOx hydrogels with different GOx loading upon the addition of 30 mM glucose.
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Figure 19: The time-dependent normalized fluorescence intensity change of PEG-
FOA-GOx hydrogels with different GOx loading upon the addition of 30 mM
glucose.

3.5 Glucose detection

3.5.1. Glucose sensing using PEG-FOA-GOx hydrogel prepared with 20 mM

pH 7.4 sodium phosphate buffer (GOx loading of 20 mg/mL)

The real-time fluorescence detection of glucose was carried out by injection of
different glucose solution (0 to 50 mM) onto the as-prepared hydrogel in microplate
wells. Right after the injection of solution, the fluorescence readings were recorded
as the initial fluorescence values and then the fluorescence change of each

hydrogel was recorded over time. The corresponding results were shown in Figure
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12 and Figure 20. The injection of water barely caused any change in the
fluorescence of hydrogel. With the injection of glucose, the normalized
fluorescence intensity gradually decreases over time. The injection of glucose with
higher concentration results in the fluorescence quench much faster and finally
caused a lower saturated fluorescence when compared to the ones injected with
low glucose concentration. The normalized fluorescence intensity change (Figure
19) increases with the time when glucose concentration is fixed. In addition, at the
same reaction time, higher glucose concentration results in a higher fluorescence
change as expected. After 7 hours, the glucose solutions with 30 mM and 50 mM
glucose can almost fully quench the fluorescence of hydrogel. This study indicates
that the fluorescence of as-prepared hydrogel show concentration-dependent
behavior toward glucose injection, which provides an excellent biosensing platform

for glucose monitoring.
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Figure 20: The time-dependent normalized fluorescence intensity of PEG-FOA-
GOx hydrogels prepared with 20 mM pH 7.4 sodium phosphate buffer (GOx
loading=20 mg/mL) upon the addition of glucose solutions with different

concentrations.
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Figure 21: The time-dependent normalized fluorescence intensity change of PEG-
FOA-GOx hydrogels prepared with 20 mM pH 7.4 sodium phosphate buffer (GOx
loading=20 mg/mL) upon the addition of glucose solutions with different

concentrations.
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Figure 22: The fluorescence images of PEG-FOA-GOx hydrogels prepared using
20 mM pH 7.4 sodium phosphate buffer under UV-light at 365 nm immediately and
after 7hrs addition of glucose solutions with different concentrations.

Besides the fluorescence readings using microplate reader, the fluorescence
images of the hydrogel immediately and after 7 hours addition of different glucose
solution (0 mM glucose to 50 mM glucose) were also obtained under UV-light at
365 nm wavelength and presented in Figure 22. One can see that the initial
fluorescence of hydrogels is relatively uniform. Upon the addition of water, there is

no obvious fluorescence difference in the hydrogels, but the addition of glucose
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solution causes prominent fluorescence decrease of hydrogels. In addition, a
decrease in fluorescence intensity was accompanied with increase in glucose
concentrations added to the hydrogels. The decrease of fluorescence also shows
concentration-dependent behavior, in good agreement with the observation from

the microplate reader.

3.5.2. Glucose sensing using PEG-FOA-GOx hydrogel prepared with 20 mM
pH 7.4 sodium phosphate buffer containing 150 mM NaCl (GOx loading of 10

mg/mL)

Similar glucose detection experiments were also conducted using PEG-FOA-GOx
hydrogel prepared with 20 mM sodium phosphate buffer containing 150 mM NacCl.
As previous study also shows that 10 mg/mL GOx loading also possesses good
response to glucose, a lower GOx loading (10 mg/mL) was used in this hydrogel in
order to reduce the cost of GOx. As shown in Figure 23, one can see that the
reduced loading of GOx does not change the response pattern too much compared
to the one using 20 mg/mL, indicating that good glucose response can also be
achieved with low GOx loading (low cost) in the presence of physiological level of
NaCl. The corresponding time-depended normalized fluorescence intensity
change is presented in Figure 24. The fluorescence images of the hydrogel
immediately and after 7 hours addition of different glucose solution were also
obtained under UV-light at 365 nm wavelength and presented in Figure 25.

Compared the hydrogel without NaCl, this hydrogel’s initial fluorescence is slightly
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weaker, which may be ascribed to the quench from higher ionic concentration.
Similar as previous discussion, a concentration-dependent fluorescence was

observed, which matches the fluorescence readings data very well.
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Figure 23: The time-dependent normalized fluorescence intensity of PEG-FOA-
GOx hydrogels prepared with 20 mM pH 7.4 sodium phosphate buffer containing
150 mM NacCl (GOx loading=10 mg/mL) upon the addition of glucose solutions with

different concentrations.
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Figure 24: The time-dependent normalized fluorescence intensity change of PEG-
FOA-GOx hydrogels prepared with 20 mM pH 7.4 sodium phosphate buffer
containing 150 mM NaCl (GOx loading=10 mg/mL) upon the addition of glucose

solutions with different concentrations.

45



Glucose Oxidase 10 mg/mL (NaCl Buffer)

Immediately after adding After 7hrs of adding
glucose glucose

-- Glucose 0.5 mM

-- Glucose 5 mM

Figure 25: The fluorescence images of PEG-FOA-GOy hydrogels prepared using
20 mM pH 7.4 sodium phosphate buffer containing 150 mM NaCl under UV-light
at 365 nm immediately and after 7hrs addition of glucose solution with different

concentrations.

3.5.3. Glucose sensing using PEG-FOA-GOx hydrogel fiber (GOx loading of

20 mg/mL)

Inspiring from the high performance of the as-prepared hydrogel in glucose
monitoring we have come up with a hydrogel fiber to improvise its response time.
To form a hydrogel fiber the same procedure of forming hydrogel gel is followed
where fluorescein-o-acrylate (FOA) and polyethylene diacrylate (PEGDA) mixture

containing GOx was polymerized with TEMED and APS as accelerator and
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initiator, respectively. 10% SDS solution is used to rinse the tubing first in order to
reduce the friction between the fiber and the walls of the tube during extrusion
process later. Before the mixture gets polymerized it is thoroughly mixed and
loaded into a PVC tube of diameter 1/32 inches with the help of a syringe. Chemical
polymerization initiated by APS (initiator) and TEMED (accelerator) which
accelerates the formation of free radicals from persulfate catalyzes and
polymerization takes place in the tube. The elongating polymer chains are
randomly crosslinked by PEGDA (also serving as crosslinker), resulting in a
hydrogel fiber in tubing. After the formation of hydrogel, the hydrogel fiber was
extruded from the tubing and the as-prepared glucose-responsive fluorescent

hydrogel fiber provides an excellent biosensing platform for glucose monitoring.

Figure 26A and 26C explains the similar fluorescence intensity irrespective of
forming a hydrogel or hydrogel fiber, when observed under UV-light of 365 nm

wavelength.
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Figure 26. (A) Hydrogel formed in an eppendrof tube, (B) hydrogel fiber inside
PVC tube of inner diameter 1/32 inches, and (C) hydrogel fiber after extrusion

from the PVC tube and placed on a glass slide.

Similar glucose detection experiments were also conducted using PEG-FOA-GOx
hydrogel fiber prepared with 20 mM sodium phosphate. As previous study shows
that 10 mg/mL GOx loading possesses good response to glucose in a hydrogel,
similar GOx loading was used in the prepration of hydrogel fiber. FigureAs shown
in Figure 27, three hydrogel fibers are treated in water, 20 mM glucose solution
and 100 mM glucose solution, respectively. Within 5 min we could see a clear
fluorescence decrease in the hydrogel fiber treated with 100 mM glucose. A similar
fluorescence decrease is expected in the hydrogel fiber that is treated with 20 mM

glucose, but since the fluorescence change is small when compared to sample
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(©), it is not obvious to naked eye. This experiment indicated that hydrogel fiber
shows much faster response upon the injection of glucose, which can be attributed

to fast diffusion of glucose into hydrogel because of its small diameter.

Buffer Glucose 20mM  Glucose 100mM

Immediate

After Smin

After 15min

Figure 27: Glucose detection by FOA-PEG-GOx hydrogel fiber, sample (A)
treated with water, sample (B) treated with 20 mM glucose solution and sample

(C) treated with 100 mM glucose solution.
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Chapter 4

Conclusion and Future Direction

4.1 Conclusion

Throughout this thesis, we have explored a facile approach for the synthesis of
PEG-FOA hydrogel with simultaneous entrapment of GOx. Taking the advantages
of PEG and strong fluorescence of fluorescein, we used chemical polymerization
to develop fluorescence hydrogel using PEG diacrylate and fluorescein-o-acrylate
as monomers and PEG diacrylate as crosslinkers. The addition of GOx into
polymerization solution resulted in glucose-responsive fluorescence hydrogel
(PEG-FOA-GOx). As FOA is incorporated into the backbone of hydrogel, the
leaching of fluorophore is significantly minimized, endowing the hydrogel stable
fluorescence. Two types of hydrogels were prepared using 20 mM pH 7.4 sodium
phosphate buffer with or without 150 mM NaCl. The presence of 150 mM NaCl in
hydrogel preparation has no significant effect on glucose response pattern. The
effect of GOxloading in hydrogel on biosensor response is also investigated. Then
two hydrogels biosensors (different GOx loading) were applied for glucose
detection. As glucose diffuses into the hydrogel, gluconic acid is produced due to
GOx triggered enzymatic reaction. This enzymatic product then reacts with the
fluorescein motif in the hydrogel, thus resulting in its fluorescence “turn-off’, which

can be measured and correlated with glucose concentration.
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This design of the biosensing system is efficient in glucose sensitivity and stability.
However, since the hydrogel is prepared in a 96-well plate its thickness is relatively
high for which glucose takes time to diffuse into the hydrogel. The delay in diffusing
glucose into the hydrogel delays the reaction between glucose and the enzyme,
accordingly. Though the observed quenching efficiency is relatively good, the
performance can be further improved using fluorescence hydrogel fiber. Due to the
small diameter of the hydrogel fiber (~750 um), glucose can quickly diffuse into
hydrogel fiber and thus a faster response towards glucose injection could be
observed. As PEG has well-documented biocompatibility, the as-developed
glucose-responsive fluorescent hydrogel and hydrogel fiber hold great promise in
the development of injectable glucose biosensors for continuous glucose

monitoring.

4.2 Future Direction:

As the developed glucose-responsive hydrogel shows good response to glucose,
some of future tasks are proposed. First, in vitro continuous glucose sensing can
be conducted to further evaluate the sensing performance of the developed PEG-
FOA-GOx hydrogel because glucose concentration in human body continuously
changes, thus requiring continuous monitoring. Therefore, a simulated in vitro
continuous glucose sensing can be conducted in a PDMS microfluidic system. In
this future study, the as-prepared hydrogel fiber will be fixed on glass slide first.
Standard soft lithography techniques are then applied to create

polydimethylsiloxane (PDMS) microfluidic channels. To complete the device
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fabrication the PDMS channel will be put on the top of fixed hydrogel fiber and
bonded to the glass, and then assembled with appropriate connectors (inlet and
outlet) to form a microfluidic system. Due to the transparency of PDMS and glass,
their presence would not affect taking fluorescence images of fluorescent PEG-
FOA-GOx hydrogel fiber in microfluidic channel. By regulating the perfusion rate
of glucose solution with different concentrations, real-time glucose monitoring can
be achieved through the capture of the fluorescent images of hydrogel fiber
followed by analysis using ImageJ software. The long-term stability (or lifetime) of
the developed glucose-responsive hydrogel will also be investigated by keeping
running the experiments at 37 °C. After in vitro study, in vivo study can be further
carried out using a rat subcutaneous model in conjunction with the biocompatibility

study.

Di-H20
PDMS _ < 0 Ghcose
g
\ /
Flow : \
> Glass slide
< » sy O

< P/ Y =
Waste AT g

N / Hydrogel Fifer
¥ o

Figure 28: PDMS microfluidic channel for CGM.
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