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ABSTRACT: Bone regeneration has attracted extensive attention @

in the field of regenerative medicine. The influence of biomaterial o e 4

on the extracellular environment is important for regulating the UZ(D ]—» ‘
biological functions of cells for tissue regeneration. Among the reSathane somtiv pe
various influencing factors, we had previously demonstrated that E l

the extracellular pH value in the local microenvironment during o
biomaterial degradation affected the balance of bone formation M;p:ﬁﬂ:ﬂ;ﬁ;l
and resorption. However, there is a lack of techniques for riamse _rioa ricaimss _pioa  ricasnss
conveniently detecting the pH of the extracellular environment. In

light of the development of fluorescent pH-sensing probes, herein,
we fabricated a novel ratiometric fluorescent microgel (F-MG) for
real-time and spatiotemporal monitoring of microenvironment pH. F-MGs were prepared from polyurethane with a size of around
75 um by loading with pH-sensitive bovine serum albumin nanoparticles (BNPs) and pH-insensitive Nile red as a reference. The pH
probes exhibited reversible fluorescence response to pH change and worked in a linear range of 6—10. F-MGs were biocompatible
and could be used for long-term pH detection. It could be used to map interfacial pH on biomaterials during their degradation
through pseudocolored images formed by the fluorescence intensity ratio between the green fluorescence of BNPs and the red

fluorescence of Nile red. This study provided a useful tool for studying the influence of biomaterial microenvironment on biological
functions of surrounding cells.
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images
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1. INTRODUCTION previous studies showed that the interfacial pH of biomaterials
during their degradation was different from the physiological
pH value (7.4)."”"° A number of methods, such as
microelectrodes, *'P NMR spectroscopy, and optical micros-
copy, have been used to measure pH.'* However, the
interfacial pH of biomaterials and its influence on the
surrounding cells at the microscale were usually hard to detect.

The development of fluorescent probes for measuring
intracellular pH has recently attracted extensive attentions for
the high sensitivity and unrivaled spatiotemporal resolu-
tion.'”'® Various fluorescent pH probes have been developed
such as fluorescent dyes, proteins, and nanoscale particles.'” ™"
It is technically mature and easily applied in fluorescence
microscopy and flow cytometry for living cell imaging.*’
Intracellular pH was usually quantified by the fluctuation of
fluorescence intensity and fluorescence lifetime induced by

Bone regeneration has attracted extensive attentions in the
field of regenerative medicine." Repair of large bone defects
that resulted from fractures, osteitis, osteotomies, arthrodesis
trauma, and tumors remains a clinical challenge. For
overcoming the limitations of autograft and allograft, various
artificial bone grafts and scaffolds based on biomaterials have
been developed to enhance the healing response, but the
clinical efficacy of these materials is still unsatisfied.”” As we
know, the biophysical properties of biomaterials could regulate
the biological functions of cells and influence tissue
regeneration.4 Therefore, investigation of the influence of the
biomaterial on the extracellular environment is important for
tissue regeneration.

Among the various influencing factors, the extracellular pH
value in the local microenvironment during material
degradation was important to balance bone formation and

resorption.”” Bioglass could release alkaline ions to stimulate Received:  June 2, 2020
the nucleation of calcium phosphates and promote prolifer- Accepted:  July 17, 2020
ation of osteoblasts.” However, poly(lactide-co-glycolide) Published: July 31, 2020

(PLGA) degradation releases acidic products, which would
delay bone healing.” Although the microenvironment pH is
thought to be constantly buffered by the body fluid in vivo, our
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pH.>"** However, the signal was often interfered by probe
concentration, instrumental efficiency, and environmental
conditions. The appearance of ratiometric fluorescent probes
further increased the reliability of pH measurement through
ratiometric self-calibration of the two emission bands.”>** The
application of these probes was mainly for intracellular studies,
and there is a lack of ratiometric fluorescent probes for
monitoring the extracellular environment. Extracellular pH is
very important for investigating the influence of biomaterials
on cellular biological function. Efforts have been made for
developing extracellular pH gradient detection.”””° Besides,
many of these fluorescent probes have low solubility and
biocompatibility. Incorporation of ratiometric fluorescent pH
probes into microspheres provides a feasible strategy for
realizing extracellular pH detection with spatial and temporal
resolution, also avoiding being flushed by blood/tissue fluid
circulation.”” ™%’

Polyurethane (PU) could be used for pH probe
encapsulation. It is known for its stability and biocompatibility
and has been widely used in medicine.’® Most importantly, it
does not have volume change in response to pH variation,
which is essential in terms of efficient dye loading and avoiding
disturbing cellular activities.””** We had developed linear PU
with controllable degradability for bone repair as previously
reported.’* Tt is very suitable for possible long-term in vivo
pH detection. Most pH fluorescent probes were fabricated
based on tetraphenylethene and cyanine (Cy) units, which
were complicated procedures.” > Cross-linking the dena-
tured bovine serum albumin (BSA) was reported as a relative
simple method to prepare the pH sensing probe, and it
presented reversible fluorescence response to pH change in
physiology range.’® Combination with pH-insensitive reference
and microsphere encapsulation, ratiometric fluorescent spheres
for extracellular pH detection could be developed.

In this study, we fabricated novel ratiometric fluorescent
microgels (F-MGs) with the loading of BSA nanoparticles
(BNPs) and Nile red in PU MGs for real-time and
spatiotemporal monitoring microenvironment pH. The F-
MGs exhibited a reversible and linear fluorescence response to
pH values in the range of 6—10. Meanwhile, they were able to
map the interfacial pH of biomaterials by the pseudocolored
fluorescence ratiometric images. This study provided a useful
tool for studying the influence of biomaterial microenviron-
ment on biological functions of surrounding cells.

2. MATERIALS AND METHODS

2.1. Materials. BSA, Nile red, glutaraldehyde, and poly(p,L-
lactide-co-glycolide) (lactide/glycolide 50:50, ester terminated,
Mw 7000—17,000) were purchased from Sigma-Aldrich.
Acetone, ethanol, toluene, and hexafluoroisopropanol were
purchased from Lingfeng Chemical Reagent Co., Ltd. (China).
A cell counting kit-8 for cell variability was obtained from
Dojindo Molecular Technologies (Japan).

2.2. Apparatus. Fluorescence spectroscopy measurements
were performed on an FS$920 fluorescence spectrometer
(Edinburgh Instruments, UK). The morphology of MGs was
observed using a Zeiss SUPRA 55 field emission scanning
electron microscope (Carl Zeiss, Germany). Fluorescence
imaging was performed on a BXS53 fluorescence microscope
(Olympus, Japan). The microenvironment pH value was
measured using a pH microelectrode with 1.7 mm tip diameter
(Inlab Nano, Mettler Toledo). Films were prepared using an
SYSC-300 spin coater (SAN-YAN, Shanghai).

2.3. Preparation of Ratiometric pH-Sensitive Fluo-
rescent Probes. Ratiometric pH-sensitive probes were
composed of pH-sensitive nanoparticles and a pH-insensitive
reference. The pH-sensitive nanoparticles were synthesized by
cross-linking of denatured BSA proteins.*® Specifically, ethanol
solution (2 mL, 75%) was added dropwise to BSA solution in
phosphate-buffered saline (PBS; pH 7.4, 1 mL, 50 mg/mL) at
room temperature with stirring. An opalescent suspension was
spontaneously formed, and glutaraldehyde (25 uL, 8% v/v)
was added for cross-linking BSA with stirring for 18 h until the
solution turned light yellow. The resulting BNP solution was
purified by centrifugation. Nile red as a pH-insensitive
reference was first dissolved in acetone (0.1 mL, 0.1 mg/
mL) and added into BNP solution (ethanol/PBS = 2:1 (v/v),
4.9 mL) with stirring for 3 h in the dark to form a uniform
fluorescent pH probe solution. The probe solution was stored
at 4 °C before use.

2.4. Fabrication of Ratiometric pH-Sensitive F-MGs.
PU MGs were chosen as a carrier for pH-detecting probes. The
linear PU with controllable degradability was synthesized and
characterized as described in our previous study.’”*” Probes
loaded with fluorescent PU MGs were prepared by an
emulsion solvent evaporation method. Briefly, the prepared
fluorescent pH probe solution (100 L) as mentioned above
was added to toluene (1 mL) containing 0.1 g of PU in an
ultrasonic bath at 40 °C for 30 min. The obtained solution was
then emulsified in 100 mL of distilled water containing 1%
Tween-20 (Sigma) by adding dropwise and stirred overnight
to evaporate the organic solvent, thereby solidifying the MGs.
The MGs with diameters between 70 and 100 ym were
isolated by filtration through cell strainers (Falcon, 70, 100
um) and dialysis in distilled water for three days. The
morphology of MGs was observed by scanning electron
microscopy (SEM), and size distribution was analyzed using
Image] software.

2.5. Spectrophotometric Characterizations. The fluo-
rescence response of probes to pH was investigated at pH
values ranging from 3 to 12. The probe solution containing
BNPs and Nile red was mixed with the buffer (1:10, v/v), and
the fluorescence spectra were recorded on a fluorescence
spectrometer (Edinburgh Instruments FS$920) with excitations
at 490 and 580 nm, respectively. The reversibility of the
fluorescence response of the pH probe was examined between
pH 6 and pH 10 for five circles. For the interference study,
diverse interference substances (Na*, K, NH,*, Cl~, NO;~,
Ca*, Cu**, Mg*, Sr**, CO,*", SO,*, Fe*", BSA, HAS, Cys,
and Ser) were mixed with the pH-sensitive fluorescent probe
(pH = 7.0). The concentration of interference substances was
1 mM. Besides, fluorescence responses of the probe with
different temperatures (4, 25, 37, and 50 °C) were recorded on
a fluorescence spectrometer.

2.6. Microscopic Imaging. The fluorescence imaging of
ratiometric pH-sensitive F-MGs was performed on a
fluorescence microscope (Olympus BXS3). The green
emission was collected from 510 to 550 nm for BNPs (A, =
488 nm). The red emission was collected from 575 to 650 nm
for Nile red (1, = 561 nm). Pseudocolored images were
constructed using the fluorescence ratio between the green
fluorescence of BNPs (Igreen) and the red fluorescence of Nile
red (I,.q) using OLYMPUS CellSens Dimension software.

2.7. Fluorescence Stability and Biocompatibility. The
fluorescence stability of pH probes in solutions and MGs was
investigated. The probe solution of BNPs and Nile red was
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Figure 1. Fluoresence response of ratiometric probes to pH fluctuation. (A) pH-dependent fluorescence response curves of BNPs/Nile red
solution with excitation at 490 and 580 nm, respectively. (B) pH response curve of BNPs/Nile red probes calculated from the ratio of fluorescence
intensities at 525 and 630 nm (pH 3—12). (C) Reversible fluorescence changes in BNPs between pH 6 and pH 10. (D) pH calibration plot of
BNPs/Nile red probes calculated from the ratio of fluorescence intensities at 525 and 630 nm. (E) Fluorescence responses of the pH-sensitive
probe with diverse interference substance solution (1 mM, pH = 7.0): (1) blank, (2) Na*, (3) K, (4) NH,*, (5) CI', (6) NO;~, (7) Ca**, (8)
Cu?, (9) Mg*, (10) Sr*, (11) CO5>, (12) SO,>, (13) Fe*, (14) BSA, (15) HAS, (16) Cys, and (17) Ser. (F) Fluorescence responses of the
pH-sensitive probe at different temperatures (pH = 7.0): (1) 4, (2) 25, (3) 37, and (4) 50 °C.

stored in the dark at 37 °C, and the fluorescence intensity was
measured on a fluorescence spectrometer at determined times
for 2 months. Each value was averaged from six independent
experiments. Because it was not able to directly detect the
fluorescence intensity of probes in PU MGs, the fluorescence
images were taken and the pseudocolored images were
constructed.

For cytotoxicity evaluation, the MGs were sterilized using
75% ethanol and ultraviolet irradiation and then washed with
sterile PBS several times. The extracts of MGs were obtained
by incubating in a fresh culture medium at 37 °C (0.2 g/mL)
for 24 h. Mouse fibroblast cells (1L929) were seeded in 96-well
tissue culture plates (1 X 10° cells/well) and incubated in a
minimum essential medium (Gibco) supplemented with 10%
fetal bovine serum (Corning) and 100 units/mL penicillin and
streptomycin (HyClone) for 24 h. Then, the medium was
replaced with extracts and cultured for 48 h. Cell variability
was determined using the cell counting kit-8 (Dojindo),
according to the manufacturer’s instructions, and the results
were shown as the percentage of cell viability. Each value was
averaged from six independent experiments. Cells cultured in
media without extracts were used as the control.

2.8. PLGA/mBG Film Preparation. The PLGA film was
prepared by the spin-coating method. PLGA was dissolved in
hexafluoroisopropanol at a concentration of 30% (w/v). The
PLGA/mBG film was prepared by adding PLGA (15% w/v)
and 45SS bioglass microparticles (mBG, 15% w/v) in the

19798

solution. The solution was added onto the spin coater with a
speed of 1000 rpm to form a film on the glass slide. The
solvent was allowed to evaporate overnight at room temper-
ature for 24 h to form a solid film. The 45S5 bioglass was
prepared by the traditional melting method, as described
previously, and the glass particles were sieved to the size range
75—150 um."” Increasing the mBG component would
accelerate the disintegration of the film, and decreasing the
mBG component would not influence degradation pH
significantly. Therefore, an equal weight ratio of PLGA to
mBG in the film was used. Films were sterilized by UV
exposure and 75% ethanol soaking.

The composite film with interval bands was prepared by the
spin-coating method utilizing a template with 2 mm interval
bands. PLGA solution was first added on the template on the
spin coater to make the PLGA band with a width of 2 mm.
After evaporation, the template was moved for loading PLGA/
mBG solution. The solvent was allowed to evaporate overnight
at room temperature to form the interval band film. After
vacuuming for 24 h, samples were sterilized by UV exposure
and soaking in 75% ethanol for 2 h. After washing with sterile
PBS several times, the films could be used for long-term
incubation and detection.

2.9. Interfacial pH Detection of Material Films. The
interfacial pH of films was detected by F-MGs and a
microelectrode pH meter (sentron-MicroFET). The films
were cultured in a medium for 2 weeks. The F-MGs were
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added at the beginning and always soaked in the solution. The
variation of interfacial pH was monitored at the determined
time during film degradation.

2.10. Statistical Analysis. All experiments were performed
at least in three independent batches. Data were represented as
the mean standard deviation (SD). For data in the figures, the
error bars show SDs. One-way analysis of variance (ANOVA)
followed by the Bonferroni post hoc test was used to test the
statistical significance, and differences were considered statisti-
cally significant when p < 0.0S.

3. RESULTS AND DISCUSSION

3.1. Ratiometric pH-Sensitive Dye Fabrication and
Spectrophotometric Characterizations. Ratiometric pH-
sensitive fluorescent probes were fabricated using pH-sensitive
BNPs and pH-insensitive Nile red. BNPs were prepared
through cross-linking of the denatured BSA.** Compared with
other molecular fluorescent probes, BNPs were easier to
prepare and purify. The fluorescence intensity of BNPs was
sensitive to the pH value (Figure 1A). It was conceived that
BNPs could perform reversible conformation variation in
response to acid—base change and generate fluorescence
intensity variation.”””" Glutaraldehyde as the cross-linker of
BAS to form nanoparticles may also contribute to the
fluorescence formation.’” It has been found that glutaralde-
hyde reacted with the amino group of proteins, and peptides
could generate visible to near-IR emitters, especially the
reaction with secondary amine could generate a green
emitter.*” From the fluorescence spectrum, Nile red with red
fluorescence is insensitive to pH change, serving as an inner
reference. By simply mixing BNPs and Nile red, their
fluorescence response at different pH values was investigated
using a fluorescence spectrometer in the pH range of 3—12.
The fluorescence of BNPs at 525 nm (Ex 490 nm) decreased
gradually with the increase in pH, while Nile red maintained
the constant fluorescence at 630 nm (Ex 580 nm) (Figure 1A).
A sigmoidal response of these two dyes’ fluorescence intensity
ratio (Isys/Ig30) is shown in Figure 1B.

Considering that the microenvironment pH of biomaterial
degradation for bone regeneration was mainly within 6—10,*'
this study focused on the response of the pH-sensitive probe in
this range. The fluorescence fluctuation of BNPs was reversible
corresponding to the pH change in the range cycles from 6 to
10 (Figure 1C). However, the ratio of their fluorescence
intensity Is,s/I¢y presented a linear relationship with pH
change y = —0.1112x + 2.1285 (R* = 0.9816, pH 6—10), as
shown in Figure 1D. On the basis of these results, the pH of
the surrounding could be determined. The interference of
some substances on pH detection was studied in ddH,O
solution (1 mM, pH = 7.0) containing the ion, protein, or
amino acid (Figure 1E). The ratio of fluorescence intensity
I,5/1430 presented negligible influence in the presence of some
ions (Na', K*, NH,", CI, NO,, Ca*, Cu*, Mg*, Sr*',
CO0,>7, SO,*, and Fe**), proteins (HAS and BSA), and amino
acids (Cys and Ser). In addition, as shown in Figure IF,
changes in temperature (4, 25, 37, and 50 °C) had a negligible
effect on the fluorescence response. The results show the good
specificity of the probe for determination of pH.

3.2. Ratiometric Fluorescent pH-Sensitive PU MGs.
Ratiometric F-MGs for sensing pH values in the physiological
range were prepared from PU by loading it with ratiometric
BNPs and Nile red pH probes (Figure 2A). PU contains both
hydrophilic and hydrophobic domains, which is suitable to

A

PU microgel
C * BNPs @ Nile Red
30%o0 1
25%0
[)
220%0 1
t
@ 15%0 1
2
g 10%5 1
5% {
0%

40 50 60 70 80 90 100
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Figure 2. Ratiometric pH-sensitive PU MGs carrying BNPs and Nile
red pH probes. (A) Schematic diagram of the ratiometric pH-sensing
F-MGs used in this work. (B) SEM image of F-MGs and (C) their
size distribution. (D) Distribution of BNPs (green) and Nile red
(red) in PU MGs. Scale bar: (B) 100 and (D) 400 um.

embed BNPs and Nile red in its polymer network.”® The linear
PU with controllable degradability used in this study provided
the long-term biosafety for potential in vivo application. PU
MGs were obtained by an emulsion method followed by
filtration. The stirring rate during preparation would affect the
size of MGs. The size around 75 pm was chosen, which is
much larger than the size of normal cells. Therefore, PU MGs
could reflect the local extracellular pH microenvironment and
avoid cellular uptake, which also ensures cellular biocompat-
ibility. As shown in SEM images, PU MGs showed a relatively
uniform particle size distribution of around 75 um and
spherical morphology (Figure 2B,C). Under the fluorescence
microscope, both the BNPs and Nile red were well distributed
in PU MGs and gave bright green or red fluorescence (Figure
2D).

3.3. Ratiometric pH-Sensitive PU MGs (F-MGs) for pH
Detection. Ratiometric pH-sensitive fluorescent PU MGs (F-
MGs) were used to detect the pH value. Buffers at various pH
values from 6 to 10 were prepared. As observed under a
fluorescence microscope, the fluorescence intensity in the
green channel from BNPs gradually decreased with an increase
in pH value, whereas the fluorescence intensity in the red
channel from Nile red maintained constant (Figure 3A).

The merged images confirmed the colocalization of BNPs
and Nile red in the MGs. Pseudocolored images were
constructed using the intensity ratio between the green
fluorescence of BNPs and the red fluorescence of Nile red
using OLYMPUS software.”” The pink and blue pseudocolors
correspond to the high and low green-to-red emission ratios,
which were directly related to the local pH value. Through
analysis of the ratio images, monitoring the pH of the
microenvironment could be achieved. We then fabricated an
agar hydrogel with spatial pH variation from pH 6 on one side
to pH 10 on the other side (Figure 3B). The buffer solutions
were added on each side of the hydrogel, and the diffusion of
hydrogen ions and hydroxide ions in the hydrogel from two
sides caused the spatial pH variation inside the agar hydrogel.
The F-MGs in the hydrogel showed different pseudocolors,
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Figure 3. Fluorescence images of the ratiometric pH-sensing F-MGs for pH detection. (A) Fluorescence images of F-MGs in different pH buffers;
the pseudocolored ratiometric images (last row) were constructed by the fluorescence intensity ratio between the green fluorescence of BNPs and
the red fluorescence of Nile red using OLYMPUS CellSens Dimension software. The bottom color strip represents the pseudocolor change with
pH. (B) Hydrogel with spatial pH variation from pH 6 on one side to pH 10 on the other side was constructed, and the F-MGs in the hydrogel
indicated pH changed by different pseudocolors. Scale bar: (A) 500 ym and (B) 1 mm.
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Figure 4. Stability and biocompatibility of F-MGs. (A) Stability of fluorescence intensity of BNPs and Nile red detected using a fluorescence
spectrometer within 2 months. (B) Fluorescence images of F-MGs observed within 2 months, pseudocolored images (last row) of their
fluorescence ratio reflected constant pH. (C) L929 cell viability incubated in the extracts of MPs and F-MPs measured by cck-8 assay. Scale bar:
(B) 500 um.
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which could indicate the spatial pH distribution in the
hydrogel from pH 6 to pH 10. This result suggested the
teasibility of spatial detection of pH in the microenvironment.

3.4. F-MG Stability and Biocompatibility. Because the

course of osteogenic differentiation usually takes weeks, the

19801

stability and biocompatibility of F-MGs were very important.
The fluorescence stability of dyes and F-MGs were monitored
as long as 2 months. For dyes alone, the changes in the
fluorescence intensity of BNPs and Nile red were detected
using a fluorescence spectrometer, and they could maintain 78
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and 93% of the initial intensity after storing for 60 days (Figure
4A). This result indicated that BNPs may degrade in solution
during storage and resulted in the decrease in fluorescence.

The fluorescence stability of the dyes encapsulated in MGs
was then studied. Because the fluorescence intensity of F-MGs
could not be detected with a fluorescence spectrometer for its
large particle size, the fluorescence images and pseudocolored
ratio images were observed (Figure 4B). It could be found that
the green fluorescence did not show significant degrease.
Furthermore, the pseudocolored images showed a similar
color, which suggested the relative constant fluorescence ratio
of BNPs to Nile red during long-term incubation. The
encapsulation of BNPs and Nile red in PU MGs seems to
protect BNPs from degradation and fluorescence decrease.
Besides, F-MGs could still maintain the spherical structure
after 2 month incubation. This piperazine-based linear PU has
controllable degradation ability, which could maintain its
morphology and mechanical properties for more than 2
months.””>* This property could ensure long-term pH
detection.

The in vitro cytotoxicity of F-MGs was assessed by CCK-8
assay. The cultivation of 1929 cells in the extracts revealed no
significant cytotoxicity. Both the PU MGs with and without
pH probe loading (F-MGs and MGs) showed high cell
viability, as shown in Figure 4C.

3.5. Biomaterial Interfacial pH Detection. As we know,
the degradation of different biomaterials usually generates
different microenvironments, including the varied pH value.
PLGA degradation generates the acid component, whereas the
degradation of bioglass would increase the pH value of its
surroundings.'"*> In order to observe the continuous pH
change in microenvironment at the PLGA interface during a
14 day degradation, PLGA (lactide: glycolide $50:50, ester-
terminated, Mw 7000—17,000) was selected for its fast
degradation.™

PLGA films were prepared by the spin-coating method, and
bioglass microparticles (mBGs) were added to PLGA solution
for making the PLGA/mBG film (Figure SA). After incubation
in a medium for 2 weeks, the interfacial pH values on PLGA
and PLGA/mBG films were detected by F-MGs and compared
with a microelectrode pH meter. The microelectrode showed
that the pH on the surface of the PLGA film decreased from
6.76 at day 1 to 6.12 at day 7 and finally fell below 6 at day 14.
The pseudo pink color of F-MGs indicated the increased
green-to-red ratio and acidic environment. With the addition
of mBG, the decrease in pH on the film surface was attenuated.
The pH value varied around 7.25 to 8.08, and F-MGs showed
the pseudo blue colors with the increased green-to-red ratio.
The different pH variations on the surface of PLGA and
PLGA/mBG films could be observed in the pseudocolored
fluorescence images, which should be generated by the
different degradation rates and sensed by F-MGs. Because
the pseudocolor of F-MGs from the fluorescence ratio was
consistent with the results of the microelectrode pH meter,
mapping of pH for the heterogeneous biomaterial could be
achieved.

3.6. Mapping the Spatial Distribution of Interfacial
pH on Biomaterials. Biomaterials for tissue engineering are
usually constructed using multicomponents to realize the
biological function. Their degradation would generate spatial
distribution of microenvironment pH. For detecting the
spatially distributed pH change, we constructed a film with
interval bands of PLGA and PLGA/mBG. PLGA was used to

shape mBG into bands because it is difficult to prepare the
pure BG film band. The film was constructed by the spin-
coating method using a template to generate 2 mm interval
bands. The bands of PLGA and PLGA/mBG were generated
sequentially (Figure 6A,B). With their degradation in the
medium, the different microenvironment pH values would be
generated around the individual band to form spatial pH
variation.

The interfacial pH was mapped by F-MGs and detected with
a microelectrode pH meter. Pseudocolored ratiometric images
of F-MGs showed significant different color bands correspond-
ing to the different material bands. The pseudo pink color of
the microspheres gathered in the PLGA material region on the
surface of the film indicated an acidic environment. However,
in the PLGA/mBG region, the pseudo blue color indicated a
higher pH value (Figure 6D). This result was consistent with
the former result and suggested the sensitivity of F-MGs in
detecting microenvironment pH. However, the microelectrode
pH meter can hardly distinguish the spatial pH change on the
surface of the films because of the diffusion of the solution and
the low resolution relative to the width of bands (Figure 6C).
Ratiometric fluorescence pH imaging of F-MGs displayed the
advantages of real-time and spatiotemporal pH mapping of the
extracellular environment and biomaterial interface. The
double signal output would not be affected by the fluctuations
of the excitation light source and the uneven distribution of
local concentration of the probe, which were particularly
suitable for pH monitoring in the complex material interfacial
microenvironment.***® Additional insightful mechanistic in-
formation for the degradable biomaterial could therefore be
elucidated by exploring the dynamic pH change at the material
interface in a spatially resolved route.””*® More importantly,
additional probes could be integrated into PU MGs for wider
application. With the loading of near-infrared pH fluorescent
probes, in vivo microenvironment investigation could be
realized.*” This technique was based on the analysis of the
fluorescence intensity by fluorescence microscopy, which
would induce variations. The procedure of constructing the
pH color map of the ratiometric images could also be
optimized for wider compatibility and needs further inves-
tigation.”” This technique opens up a new way for monitoring
the degradation behavior of the degradable biomaterial and
guiding the design of the material.

4. CONCLUSIONS

In summary, we fabricated novel ratiometric F-MGs for real-
time and spatiotemporal monitoring of microenvironment pH.
They were prepared from PU MGs with a size of around 75
pum by loading with pH-sensitive BNPs and pH-insensitive Nile
red as the reference. The pH probes exhibited reversible
fluorescence response to pH change and worked in a linear
range of 6—10. F-MGs were biocompatible and could be used
for long-term pH detection. It would be used for interfacial pH
mapping on biomaterials during their degradation through
pseudocolored images formed by the ratio between the green
fluorescence of BNPs and the red fluorescence of Nile red.
This technique opens up a new way for monitoring the
degradation behavior of the degradable biomaterial and
guiding the design of the material.
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