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In this study, a novel multi-fluorescent micro-sensor that can respond to both pH and temperature was
designed and synthesized. It is based on amino-polystyrene microbeads, and two different fluorescent
indicators (Rhodamine B and Fluorescein isothiocyanate) were used simultaneously to synthesize the flu-
orescent micro-sensor. Rhodamine B was embedded inside the amino-polystyrene microbeads, whereas
Fluorescein isothiocyanate (FITC) was used to modify the surface of the beads. Because of the different
fluorescence wavelengths and measurement positions of FITC and Rhodamine B, interference from each
fluorescent indicator should be avoided. The fluorescence responses of FITC and Rhodamine B to pH and
temperature, respectively, were detected. Rhodamine B demonstrates an excellent linear relationship
between relative fluorescence intensity and temperature, while the relative fluorescence intensity was
found to be independent of the pH. The calibrated sensitivity of Rhodamine B is —3.4%/°C, with a tem-
perature accuracy of 0.1°C. Therefore, changes in the temperature information can be calibrated based
on the relative fluorescence intensity changes in Rhodamine B. On the other hand, FITC is sensitive to
both pH and temperature. We propose a temperature compensation method for pH calibration. After
temperature compensation, the pH accuracy calibrated based on the pH sensitivity of FITC improves
from 1.5 t0 0.2.
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1. Introduction

Research has proven that temperature plays animportant role in
many cellular events, and has close relationships with cell state and
cellular functions [1]. The intracellular pH modulates the function
of many organelles and plays a pivotal role in many physiological
and pathological processes [2,3]. Therefore, measurements of tem-
perature and intracellular and extracellular pH can provide critical
information on cell activities. For instance, in the case of cancer cells
and several other physiological events, the rate of heat production
rises [4] and the cellular pH is known to become lower [5,6] than
that of normal cells. Therefore, the development of micro- and bio-
compatible sensors that can reveal temperature and pH changes in
cells has become an urgent demand.
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Many types of micro-sensors for physiological cell conditions
have been developed and include electrical, chemical, and fluores-
cent sensors. Small molecular fluorescent probes have been widely
used for cell detection, and fluorescence measurements such as
fluorescence intensity and lifetimes are two of the most promis-
ing methods for on-chip cell analysis [7-10]. However, the widely
used small-molecule indicators typically possess problems such as
fastleakage, lack of membrane permeability, poor photostability, or
sensitivity to ionic strength [11], and these problems have limited
their practical applications. To overcome this, fluorescence-based
microbeads have potential as sensors in medicine and biotech-
nology, especially since multiple indicators can be attached to a
single particle. However, the effect of other conditions on sensitiv-
ity to the target condition has not been sufficiently considered [12].
For example, many pH chemical sensors were investigated based
on the fluorescence property of fluorescein isothiocyanate (FITC)
[13,14], but the sensitivity of FITC to temperature was not ade-
quately considered. Additionally, no fluorescent micro-sensors that
can simultaneously detect pH and temperature changes in their
surroundings have been reported.

In this paper, we have synthesized a novel multi-fluorescent
micro-sensor based on polymeric microbeads which canrespond to
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Fig. 1. Schematic illustration of the synthetic process for the multi-fluorescent sensor.

both pH and temperature change of the surroundings. Two different
kinds of fluorescent dyes (Rhodamine B and FITC) are introduced
to a single microbead simultaneously, but the positions of FITC
and Rhodamine B are different. So any interference from each
fluorescent dye is expected to be negligible by this method. Fluores-
cence microscopy is used to monitor fluorescent probes which can
provide a high signal to noise ratio and a good spatial and tempo-
ral resolution. Fluorescence responses of Rhodamine B and FITC to
both pH and temperature are studied and the temperature sensitiv-
ity and pH sensitivity of the micro-sensor are calibrated. And then
based on the sensitivities of the micro-sensor, temperature change
and pH change of surroundings have been calibrated. Moreover,
a method of temperature compensation for pH calibration is pro-
posed and the accuracy of the micro-sensor for pH and temperature
calibrations is also discussed.

2. Materials and methods
2.1. Synthesis of the multi-fluorescent micro-sensor

Polystyrene (Ps) microbeads (1 wm in diameter) with amino
group modified surfaces were used as the sensor carriers. Rho-
damine B was embedded inside the amino-polystyrene beads, and
FITC was modified on the surface of the beads as shown in Fig. 1.
First, a solution of amino-polystyrene beads and 1g/L Rhodamine
B (in alcohol) (1:1 v/v) was stirred for 5 min and then washed with
deionized (DI) water. The Ps beads swell in the presence of alcohol
allowing Rhodamine B to get into and stain the beads inside. The
expanded Ps beads shrink after washing with DI water. Then, the
beads were added to a FITC saturated aqueous solution for 1 h and
followed by three washes with DI water. FITC was immobilized on
the surface of the amino-polystyrene beads through the chemical
reaction shown in Fig. 2. The positions of FITC and Rhodamine B are
different so any interference from each fluorescent dye is expected
to be negligible.

2.2. Experimental systems
The fluorescent image of the target is obtained from an inverted

confocal microscope (Ti-E Nikon) equipped with a high magnifi-
cation lens (Plan Fluor 100x, Nikon) and CCD camera (iXon ultra,
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)

Fig. 2. Process for FITC assembly on the amino-polystyrene beads.

Andoe). The experimental system for fluorescence measurement is
shown in Fig. 3. The excitation wavelengths of FITC are in the range
of 405-525 nm, and it always has a strong absorbance at 488 nm.
The excitation wavelengths of Rhodamine B are in the range of
500-590 nm, and it always has a strong absorbance at 561 nm.
Therefore, wavelengths of 488 and 561 nm were selected as the
excitation wavelengths for FITC and Rhodamine B, respectively.

Intensity based fluorescence measurements depend on many
parameters, and the fluorescence intensity is represented in Eq. (1)
[15].

I(t) = Ig'Cde exp(—exC) x exp (;) (1)

where I (W/m3) is the optical energy emitted from the fluo-
rescent material per unit time, Iy’ (W/m?3) the excitation light flux
on the fluorescent material, C (g/m3) is the concentration of the
fluorescent material, @ the fluorescence quantum yield, and ¢ is
the absorbance index. @ decreases with environmental variation,
whereas ¢ has low environmental dependence. x (m) is the prop-
agation distance in the material. 7 (s) is fluorescence lifetime. t (s)
is the excitation time.® is variable depending on environmental
conditions such as temperature, pH, and ions.

The laser source is class 3B laser with a laser power of 50 mW
and a high stability of +£0.5% h~1. The variation of dye amount from
bead to bead is within 5%. Electron-multiplying gain is set to 200x,
and the exposure time for one fluorescent image is 200 ms. So the
fluorescence intensity measurement is mainly dependent on ®@.The
lasers are controlled using a laser confocal scanning unit (CSU-X1,
Yokogawa). The motorized filter changer model is available which
make it easy to change the laser channel between 488 and 561 nm.
The X-Y stage (BIOS-105 T, Sigma Koki) of the microscope was con-
trolled by the stepping motors, and the Z axis was controlled by the
stepping motor.
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Fig. 3. Schematic of the inverted confocal microscopy system.
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2.3. Measurement methods of the micro-sensor

We studied the fluorescence responses of the micro-sensor to
different pH values and temperatures. Buffer solutions with differ-
ent pH values (pH 5-8) were prepared. An incubation chamber was
used to maintain the sample temperature, and the incubator cham-
ber had four heaters (top heater, bath heater, stage heater, and lens
heater). The temperature was controlled in the range of 32-38°C.

After the microbeads were stained with Rhodamine B and FITC,
3 mL of the bead solution was added to a glass dish and kept in
the dark until the beads adhered to the bottom of the dish (almost
10h). Then the dish was placed in the incubation chamber, and
the top of incubation chamber was covered to avoid any interfer-
ence from the lights. The fluorescence intensity of the beads was
measured using a fluorescence microscope. The stability and flu-
orescence responses of the micro-sensor to pH and temperature,
its fluorescence reversibility, and its endurance in the surrounding
ionic strength were all detected. For the fluorescence measure-
ments of the micro-sensor response to pH and temperature, the
sample temperature was increased from 32 to 38 °Cin a pH 5 solu-
tion. Then the pH was changed to 6, 7, 8, and the fluorescence
responses to temperature (32-38°C) were repeatedly measured.
We kept detecting the same beads during the experiments.
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Fig. 5. Fluorescence stability of the sensors over 5 days. (pH 7.4, 34°C).

(b)

Fig. 4. Fluorescent images for indicators (a) FITC (excited at 488 nm) and (b) Rhodamine B (excited at 561 nm).

3. Results and discussion
3.1. Stability of the multi-fluorescent micro-sensor

Fig. 4 shows the fluorescent images of the micro-sensor. Green
fluorescence detected at ex. 488 nm from FITC and red fluorescence
detected at ex. 561 nm from Rhodamine B was observed. Before
measuring the fluorescence responses of the micro-sensor to pH
and temperature, the stability of the sensor was detected for 5 days.
The pH value of the bead solution was 7.4 and the chamber tem-
perature was set to 34 °C. After the beads adhered to the bottom of
the dish, the fluorescence intensity was detected every 24 h for 5
days. We detected the same ten beads during the experiment and
the fluorescence intensity results shown in Fig. 5 are the average
values of the ten beads. There is almost no change in the fluores-
cence intensity for both Rhodamine B and FITC, suggesting the bead
possesses a high stability without Rhodamine B diffusion in at least
5 days. Actually, we preserved the redundant sensor for more than
2 weeks and the fluorescence intensity of Rhodamine B was almost
same as its initial value. The variation of intensity over different
beads is within 5%.
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Fig. 6. The response of Rhodamine B to temperature at different pH (5-8).
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Fig. 7. (a) Responses of FITC to temperature at different pH values (5-8) (b) Temperature sensitivity of FITC at different pH values (5-8).
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Fig. 8. (a) Responses of FITC to pH at different temperatures (32-38°C) (b) pH sensitivity of FITC at different temperatures (32-38°C).

3.2. Responses of Rhodamine B to pH and temperature

The fluorescence responses of Rhodamine B to pH and tem-
perature were measured in different pH solutions and at different
temperatures. We define the fluorescence intensity detected in a
PH 5 solution at 32 °C as the basis point (Fp), and the relative flu-
orescence intensity (F) is the normalized value by comparing the
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measured fluorescence intensity (F;) to the basis point (Fp). The
unit of fluorescence intensity is arbitrary unit while the relative
fluorescence intensity (F) is a non-dimensional value since it is the
ratio of F; and Fy. AFis the change of relative fluorescence intensity
(F), so AF is also a non-dimensional value.

As shown in Fig. 6, the relative fluorescence intensity of
Rhodamine B decreased as the temperature increased, and the
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Fig. 9. Changes in the fluorescence intensity of the fluorescent sensor (a) for FITC (pH was repeatedly changed between 5 and 8 at 34 °C) (b) for Rhodamine B (temperature

was changed repeatedly between 32 and 38°C in a pH 7.4 solution).
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Fig. 10. Fluorescence responses of FITC in solutions (pH 7.4, 34 °C) with different ionic strengths: (a) K*: 0, 100, 200, 300 mM (b) Na*: 0, 100, 200, 300 mM.
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sensitivities obtained in the different pH solutions were the same.
It should be emphasized that Rhodamine B has an excellent linear
relationship between its relative fluorescence intensity and tem-
perature, and it is independent of pH [ 16]. Its relationship is shown
in Eq. (2). The temperature information can be calibrated based on
the fluorescence change in Rhodamine B using Eqs. (2) and (3).

AFR(RhO.B) =-0.034 x AT (2)
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) j
ntensity

ntensity
\

o
)
\
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T, = - R(RhoB) 3
>~ 20.034" 3)

where T; is the initial temperature, T, the temperature after
change and AT is the temperature change.

3.3. Responses of FITC to pH and temperature

According to the measurement procedure, the temperature of
the chamber was increased from 32 to 38 °C, and the fluorescence
responses of FITC to temperature were measured in solutions with
different pH values (5-8). Several curves of the relative fluorescence
intensity based on the temperature in solutions with different pH
values were obtained and are shown in Fig. 7. It can be seen in
Fig. 7(a) that the relative fluorescence intensity of FITC decreases
as the temperature increases in the range from 32 to 38°C, and a
linear relationship between the relative fluorescence intensity and
temperature was found and is expressed as Eq. (4). After a linear
fitting of Fig. 7(a), the temperature sensitivities of FITC are shown in
Fig. 7(b). It should also be noted that the temperature sensitivities
of FITC are dependent on the pH, and the temperature sensitivity

f(pH) is expressed by Eq. (5). It should be emphasized that FITC is
dependent on both temperature and pH.

Based on Fig. 7, the fluorescence responses of FITC to pH at dif-
ferent temperatures can also be obtained and are shown in Fig. 8.
It is obvious that the pH sensitivity of FITC is also dependent on
temperature. The pH information can be calibrated based on the
relative fluorescence change of FITC using Egs. (6) and (8), and

«
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Fig. 12. Fluorescence responses of the sensor to pH and temperature changes (a) Rhodamine B (b) FITC (the experimental order is consistent with Fig. 11).
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the pH sensitivity, g(T), related to temperature is expressed as Eq.
(7). These linear relationships are necessary for the temperature
compensation required for pH calibrations.

AFyrrey = f(PH) x AT (4)

f(pH) = 0.0499 x pH — 0.445 (5)

AFgrrey = 8(T) x ApH (6)

g(T) = -0.047 x Temp. + 1.93 (7)
AFy(rire)

pH, = ApH +pH; = W
where pHj is the initial pH value, pH, the pH value after change
and ApH is the change in the pH value.

3.4. Reversibility of FITC and Rhodamine B fluorescence responses
to pH and temperature

We also detected the reversibility of FITC and Rhodamine B flu-
orescence responses to pH and temperature, respectively. Fig. 9(a)
shows the fluorescence intensity change in FITC when the pH is
repeatedly changed between 5 and 8. The results show that the
fluorescence intensity of FITC reversibly changes based on the pH
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through at least four cycles. Similarly, Fig. 9(b) shows the fluores-
cence intensity change in Rhodamine B when the temperature is
repeatedly changed between 32 and 38 °C. The fluorescence inten-
sity of Rhodamine B is also reversibly changeable for a minimum
of four cycles upon temperature changes. This suggests that the
fluorescent sensor possesses good reversibility towards pH and
temperature changes.

3.5. Applicability of the multi-fluorescent micro-sensor to the
surrounding ionic strength

Salt concentrations have been reported to influence the
absorbance and emission spectra of pH indicators [17]. To examine
the effect of ionic strength on the optical properties of the fluores-
cent micro-sensor, the fluorescence intensity of FITC was measured
in buffer solutions containing different concentrations of KCl (0,
100, 200 and 300 mM) and Nacl (0, 100, 200 and 300 mM). FITC,
which is on the surface of the micro-sensor, is likely to be affected
by the surrounding ionic strength. The responses of FITC to different
ionic strength solutions were detected, and the results are shown in
Fig. 10 as the average of ten beads. The results show that there were
no significant changes in the relative fluorescence intensity of FITC
in solutions with different concentrations of K* and Na*. The optical
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Fig. 14. (a) Fluorescence responses of FITC to temperature and pH (the experimental order is consistent with Fig. 9). (b) The measured and calibrated pH values based on the

fluorescence response results in (a).



60 H. Liu et al. / Sensors and Actuators B 203 (2014) 54-62

230+ = Without temperature compensation 144 = True pH value of the solution

g * With temperature compensation e Calibrated pH value with temperature conpensation

2 2.5 pH8  pHS 1244 Calibrated pH without compensation

= pH7 36°C  36°C

— 6 * e e pH7 10

=204 P o o PH6

= .

5 32°C ° - 34°C N

151 a0 " = 3 . 32°C EB_

@ » [

1.5 L ] []

5 . pHoé pH7 B¢ pH7 pHé6 . 64

2 0] pHS 34C 36C 3pc 36°C 34C phHSs

% 32°C 32°C 4

>

= 0.5

g 2

=

)

~ o0+ 0T
01 2 3 456 7 8 9 101112 13 14 012345.67891011121314

Experimental order

(@)

1 order

=
=]
=
&
=
=
<]
=
-
=

(b)

Fig. 15. (a) Fluorescence responses of FITC to temperature and pH (the pH value increases from 5 to 8 and then decreases to 5, which is contrary to the pH change order in
Fig. 9). (b) The measured and calibrated pH values based on the fluorescence response results in (a).

properties of the fluorescent micro-sensor are not influenced by
small changes in the ionic strength. This indicates that FITCis highly
selective to pH and shows good applicability for pH sensing.

3.6. pH and temperature measurements by the micro-sensor
using temperature compensation

In order to confirm the accuracy of the micro-sensor for pH and
temperature change calibrations, the fluorescence responses of the
sensor to changes in pH and temperature were measured. The pH
values and temperature of the solution were changed as shown
in Fig. 11 from (1) pH 8 and 32°C to (7) pH 5 and 38°C and then
returned to (1) pH 8 and 32 °C. The fluorescence responses of Rho-
damine B and FITC to pH and temperature changes are shown in
Fig. 12. Fig. 12(a) shows that Rhodamine B only responds to tem-
perature changes, which is consistent with the results in Fig. 6.
Fig. 12(b) also shows that a decrease in pH or increase in temper-
ature can induce a decrease in the fluorescence intensity of FITC.
Moreover, it can also be seen in Fig. 12 that the fluorescence inten-
sities of Rhodamine B and FITC return to their original values after
the pH and temperature parameters return to (1).

sensor

cell

Based on the measured relative fluorescence intensity changes
in Fig. 12 and Eqgs. (3) and (8), the temperature and pH values of the
solutions can be calibrated. As shown in Fig. 13, based on the fluo-
rescence changes in Rhodamine B, the temperature was calibrated
using Eq. (3). Fig. 13(b) shows that the calibrated temperature val-
ues are consistent with the measured values, and the accuracy of
the temperature calibration by Rhodamine B is within 0.1 °C. For
FITC, which can respond to both pH and temperature changes, tem-
perature compensation was necessary for pH calibration to remove
any interference from its temperature response. Its fluorescence
change with pH and temperature is shown by the black data in
Fig. 14(a). The fluorescence change of FITC caused by tempera-
ture changes can be calibrated using Eq. (4). Once the fluorescence
change caused by the temperature was added to the black data,
the fluorescence change of FITC with temperature compensation
is shown as the red data. Based on the results of the relative fluo-
rescence intensity changes in Fig. 14(a) and Eq. (8), the pH values
of the solution, with and without temperature compensation, were
calibrated and are shown in Fig. 14(b). We changed the experimen-
tal order and repeated the pH calibration. The pH value increased
from 5 to 8 and then decreased back to 5, which was contrary to
the pH change order in Fig. 11, and the temperature was increased

(b)

Fig. 16. One sensor on the surface of a MDCK cell (a) Before adhesion. (b) After adhesion.
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from 32 to 38°C and back to 32 °C. The fluorescence responses of
FITC to pH and temperature, with and without temperature com-
pensation, are shown in Fig. 15(a), and the calibrated pH values
based on the fluorescence changes of FITC are shown in Fig. 15(b).
It is clear that the calibrated pH value with temperature compen-
sation is consistent with the measured value. After temperature
compensation by our proposed method, the pH accuracy based on
the calibrated fluorescence change of FITC was improved from 1.5
to 0.2.

4. The feasibility of applying the micro-sensor in cell
measurement

As we know virus infected cells [18,19] show different pH
value comparing with that of normal cells. So succeeding in
measuring the temperature and pH changes of these cells can
help us to understand physiological and pathological processes
of many diseases. In this paper, we propose that the fabricated
multi-fluorescent micro-sensor based on polymeric microbeads
can be applied in cell measurement in biological and medical
applications.

In areal scenario, the sensor can be used in cells after sensitivity
calibration. Firstly, a single sensor with a diameter of 1 m is suc-
cessfully controlled and manipulated by optical tweezers. It can be
transferred and adhere to the surface of a MDCK cell, as shown in
Fig. 16. In order to monitor the intracellular temperature and pH
change, it is necessary to inject the sensor into a single cell. There
are many technologies for sensor injection, for example, microin-
jection using micro-nano pipette [20], non-invasive methods such
as endocytosis and lipofection [21], mechanical stimulus on the
sensor [22], and so on. So it is possible to measure the intracellular
environmental changes. Actually, we always culture the cells in cell
culture dish in incubator with a condition of 37 °C and CO,, level of
5%. The medium pH as well as intracellular pH (cytoplasm) is about
7.4.So the initial condition of temperature and pH is already known
before any changes happen in the cells. If any relative fluorescence
change can be monitored, the temperature and pH changes can
be calibrated. Furthermore, based on Egs. (3) and (8) which have
been shown in the paper, the absolute temperatures and pH values
can also be calibrated. It is anticipated to show cell measurement
results in the near future.

5. Conclusions

We synthesized a novel multi-fluorescent micro-sensor based
on polymeric microbeads that can simultaneously support pH and
temperature sensitive FITC dye and temperature sensitive Rho-
damine B dye on a single particle. Rhodamine B possesses high
fluorescence emission at an excitation wavelength of 561 nm and
shows good fluorescence responses to temperature in the range
of 32-38°C. The calibrated sensitivity of Rhodamine B is —3.4%/°C,
with a temperature accuracy of 0.1 °C. FITC possesses high fluores-
cence emission at an excitation wavelength of 488 nm and shows
good fluorescence responses to solution pH. Because temperature
can also affect the fluorescence change of FITC, we proposed a
method to perform a temperature compensation for pH calibra-
tion. After the temperature compensation by our proposed method,
the calibrated pH value based on the fluorescence change in FITC
was consistent with the measured value. The pH accuracy was
improved from 1.5 to 0.2. Using this micro-sensor, pH and tem-
perature changes can be calibrated. This micro-sensor has high
selectivity for pH and temperature, good stability, and a high
tolerance for ionic strength, making it suitable for cellular mea-
surements. The sensor is based on a single microbead, which would
only be a small stimulus to cells and could also detect the local

cell conditions. For cell measurements, the biocompatibility of this
sensor will be investigated in future. On the other hand, the novel
fluorescent micro-sensor not only can be used in cell measure-
ment, but also sensing in other close micro-environments, such
as micro chamber and microfluidic chip. It can provide low con-
tamination and high accuracy for local condition measurement in
micro-environments.
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