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range and for imaging of blood cell pH values
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Abstract The authors describe the use of gold nanoclusters
(AuNCs) with a diameter of ~2 nm for fluorescent sensing of
pH values in the range from 5 to 9. The AuNCs were synthe-
sized in the presence of bovine serum albumin (BSA) which
acts as both a reducing agent and capping agent. The resulting
AuNCs were characterized in terms of size and surface chem-
istry using TEM and FTIR. The BSA-capped AuNCs display
red luminescence, with excitation/emission peaks at 470/640
nm, which is strongly modulated by the pH indicator
bromothymol blue (BTB). The effect depends mainly on an
inner filter effect due to spectral overlap between the absorp-
tion BTB and the emission of the AuNCs. The pH nanosensor
responds to pH values in the range from 5 to 9 which is the so-
called physiological pH range. The method was applied to
detect changes in the pH values that occur after the death of
red blood cells. Such pH changes are considered as a potential
forensic marker for estimating the time passed since death.
The results show the BTB-BSA-AuNC system to be capable
of detecting respective intracellular pH changes.

Keywords pH nanosensor . Bromothymol blue . Red blood
cell imaging . Fluorescent nano-materials . Forensic test .
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Introduction

Sensing and monitoring pH changes inside living cells can act
as a near mark to understand many physiological and patho-
logical processes. The regulation of intracellular pH (pHi)
provides the appropriate environment for many cell functions
such as cellular metabolisms [1], cell growth [2], ion transport,
enzymes activity, conductivity of ion channels, calcium regu-
lation and others [3]. All normal cells contain intracellular pH
(pHi) and extracellular pH (pHe) within range of 7.0–7.2 and
7.3–7.4 respectively [4]. It is reported that cancer cells asso-
ciated with higher pHi 7.1–7.7 and lower pHe 6.2–6.9 [5].
Thus, monitoring of an abnormal pHi and /or pHe is consid-
ered as important hallmark to the progression of cancers or
diseases (e.g. Alzheimer’s disease). In addition, it represents
an indispensable tool for following up the responses of cancer
cells to various therapies. Antemortem blood pH is regulated
to be within the normal physiological range. After death, re-
duction of blood pH is expected due to stoppage of the body
buffering system. It is reported that pH changes can be used as
a marker to estimate the time passed since death significantly.
In this regard, almost all previous studies depend on estima-
tion of blood pHe after death with traditional methods [6].

Despite various methods being reported for measuring pH
[7, 8], fluorescence based pH sensor has a high rank among
other tools for pHi sensing in-vivo and in-vitro [9, 10]. Based
on reversible changes in the fluorescence properties of a weak
acid or base molecule induced by pH; pH-sensitive organic
fluorophores and fluorescent proteins [11] have gained con-
siderable attention in this area. However, they suffer from
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some drawbacks that can hinder the intracellular pH sensitiv-
ity, especially in living tissues. These shortcomings include
problems with the intracellular delivery, self-redistribution
leakage from cells, interactions with other molecules, cytotox-
icity, small Stockes shift and weak photostability [12]. The
inevitable limitations of the organic fluorophores led to in-
crease the research for other alternative fluorescent material.
A wide variety of nanoparticles have been employed to im-
prove pH assessment, owing to their small size, high surface-
to volume ratio, good biocompatibility, greater chemical sta-
bility, high signal-to-noise ratio and stability against photo
bleaching [13, 14].

Fluorescent noble metal nanoclusters, in particular fluores-
cent AuNCs, have gathered considerable attention among
others luminescent nanoparticles (semiconductor quantum
dots (QDs), lanthanide nanoparticles, carbon nanodots, and
silica nanoparticles). They provide unique properties such as
small size (less than 2 nm), water solubility, photostability,
non-toxic, bio-compatibility, and large Stokes shift (about
170 nm) [15, 16]. AuNCs possess electronic structure and
distinctive properties different from lager size gold nanoparti-
cles (above 2 nm). AuNCs don’t show a size-dependent plas-
mon absorption like large gold nanoparticles. However,
AuNCs possess size dependent fluorescence due to their small
size which comparable to Fermi wavelength of the conduction
electron that lead to molecule-like properties of discrete elec-
tronic states [17]. Various methods have been developed for
the syntheses of AuNCs with different emission wavelength;
which can be tuned by changing the capping material such as
glutathione, proteins and alkanethiol [18, 19]. Many applica-
tions based AuNCs have been presented including molecular
identification [20] and potential applications in biolabeling
[21] imaging and sensing [22].

Water-soluble AuNCs capped with commercial bovine se-
rum albumin (BSA-AuNCs) were prepared using Bone-pot^
green method [23]. The synthesized nanoclusters provide
strong red fluorescent with QY ≈ 6 in aqueous solution.
Owing to their excellent properties, these AuNCs are promis-
ing candidate for biolabeling and bioimiging applications in
addition to sensing biological species in the living cells.
AuNCs has been reported [24] as a reference signal with a
pH-sensitive organic fluorophore for targeted imaging of can-
cer cells and ratiometric detection of pHi. Whereas, AuNCs
capped with N-acetyl-L-cysteine showed ultrasensitive pH re-
sponse within range (6.05–6.4) [25].

This work presents a novel pH nanosensor compatible with
pH-intracellular sensing at physiological range. The fluores-
cent signal of AuNCs overcomes the limitation of using or-
ganic fluorophores or other luminescent nanoparticles.
However, the emission of BSA-AuNCs is pH independent
within range 2–11 so they can’t be used as direct pH probes.
BSA-AuNCs have luminescence intensity at 640 nm after
excitation with 470 nm. The simplest way to modulate the

intensity of the emission of BSA-AuNCs is label them with
classical pH indicator. The basic requirement is existence of
an overlap between the emission of the AuNCs and the absor-
bance of the pH indicator, which does not need to be fluores-
cent. A color change in either strong or weak quenching
(absorption) of the AuNCs emission depends on the actual
absorbance of the indicator. It is well known that
bromothymol blue (BTB) has been widely used as pH indica-
tor in the physiological pH range (6–8) [14, 26]. Its absorption
spectra changes according to protonation or deprotonation.
BTB has a high binding affinity to protein like BSA [27]
and widely used in the protein detection [28]. By binding
BTB with BSA; which capped AuNCs, the red emission at
640 nm of AuNCs expected to modulate based on the inner
filter effect of BTB, whether it exists in acidic or basic form.

Most of researches related to NCs are directed towards
medical applications [21, 29] although they may also be di-
rected towards forensic applications [30]. Therefore, this
study also aimed to test the newly constructed pH nanosensor
(BTB-BSA-AuNCs) by detecting post-mortem changes in
blood pHi which was obtained from rat corpse over a period
of 72 h.

Experimental

Reagents and materials

All chemicals were purchased from Sigma Aldrich Co. (http://
www.sigmaaldrich.com/european-export.html), and at the
highest purity available. The other reagents and organic
solvents were of the highest grade available.

Apparatus

pH was determined with a digital pH meter (Hanna
Instruments, http://hannainst.com). The instrument was
calibrated at 20 ± 2 °C with standard buffers of pH 7.0 and
4.0. The electronic absorption spectra were recorded in 1 cm
quartz cell using Evolution™ 200 series UV-Visible spectro-
photometer (https://www.thermofisher.com). The excitation
and emission spectra were measured with JASCO-FP6300
spectrofluorometer (www.jascoinc.com) utilizing 1 cm
quartz for all spectral measurements. Transmission electron
microscope (TEM) images of BSA-AuNCs were acquired
using JEOL-100S Japan (https://www.jeol.co) working at
200 kV. Fourier Transform Infrared Spectroscopy (FTIR)
spectra were recorded on a 4100 Jasco-Japan (www.jascoint.
co.) over the wavenumber region 4000 to 400 cm−1.
Fluorescence images of blood samples were collected
utilizing fluorescence microscope (FM) Olympus CKX41
inverted microscope, (https://www.olympus-europa.com)
Tokyo, Japan.
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Preparation of buffers

Doubly distilled water was used for the preparation of 20 mM
Britton-Robinson (B. R.) buffer. Different buffers with pH
ranging from 4 to 9 was adjusted by pH meter using the same
stock solution of the B. R. buffer by adding appropriate
amount of 1 M HCl or NaOH solution.

Preparation of BSA-AuNCs

The BSA- AuNCs were synthesized using a reported method
[23]. All glassware was washed with aquaregia, and rinsed
with ethanol and ultrapure water. In a typical experiment,
aqueous HAuCl4 solution (5 mL, 10 mM, and 37 °C) was
added to BSA solution (5 mL, 50 mg.mL−1) under vigorous
stirring. After 2 min NaOH solution (0.5 mL, 1 M) added to
adjust the pH of the mixture solution to 11.5. The mixture
incubated for 12 h under vigorous stirring at 37 °C, wherein
the solution turned from pale yellow to brown. The solution
after synthesis was dialyzed in ultra-high purity water (chang-
ing the water every 8 h) for more than 24 h to remove all
small-molecular impurity. After dialysis, the resulting solution
of BSA-AuNCs was concentrated to 10 mL and stored in the
dark at 4 °C for later use. The concentration for BSA-AuNCs
prepared by similar procedure was estimated before as 0.02M
[31]. For characterizations, BSA-AuNCs were freeze-dried
and stored at 4 °C.

Preparation of BTB-BSA-AuNCs

Bromothymol blue sodium salt stock solution was prepared
by dissolving 10 mg in 2 mL of water. 0.5 mL of this stock
solution was mixed with 3 mL of AuNCs in buffer pH 7.4.
The mixture incubated for 1 h at room temperature and then
dialysis against ultra-high purity water for 8 h to remove ex-
cess dye. For characterizations, freeze dryer was used and the
solid BTB-BSA-AuNCs was obtained. Successful binding of
BTB-BSA-AuNCs was confirmed by FTIR and UV-Vis ab-
sorption spectroscopy.

Optical studies of pH effects on BTB-BSA-AuNCs

The UV −Vis spectra of BTB-BSA-AuNCs were measured in
an aqueous solution of Britton- Robinson (B. R.) buffers at
pH 4, 6, and 9. During titration, 50 μL of the prepared BTB-
BSA-AuNCs were added to 2 mL of B.R. buffers. The fluo-
rescence spectra were recorded within pH range 4–9 where
100 μL of BTB-BSA-AuNCs were added to 2 mL of Britton-
Robinson (B. R.). For all measurements, excitation and emis-
sion slit widths were 5 nm.

The application

Blood sampling and collection

Blood was obtained fromWistar albino rats stored in corpses.
Bloods were collected in heparinized tubes as it is previously
recommended in order to not affect the delivery of BTB-BSA-
AuNCs by blood cells [32].

Measurements of pH after death at different time interval

pHe was measured in blood at different time interval (directly
after death, at 24, 48 and 72 h after death) by using digital pH
meter. At each interval and for measuring pHi, 25 μL of col-
lected blood were left to dry on clean glass slide. 25 μL of
BTB-BSA-AuNCs were added to the dried blood on the slide
then both were incubated for around 5 h [21].

Results and discussion

Choice of materials

We present a pH nanosensor based on fluorescent BSA-
AuNCs. The nanoclusters were synthesized by previously re-
portedmethod through the reduction of HAuCl4 using BSA as
capping and reducing agent. The tyrosine residue of BSA is
responsible for reducing Au3+ to Au0 at pH 11.0 [33]. In
sequence, cystien residues in BSA stabilize the Au-S bonding.
Figure 1 shows TEM images of the BSA-AuNCs which give
typical result with an average size of 2 nm.

The prepared BSA-AuNCs shows several advantages over
other organic dyes and luminescent nanomaterials such as
eco-friendly synthesis, water solubility, ultrasmall size, high
quantum yield, good photostability and biocompatibility.
Additionally, they exhibit large Stokes shift (170 nm) which
reduced the reabsorption of emitted light and prevent scatter-
ing. All these advantages make BSA-AuNCs a perfectly suit-
ed candidate for detecting pH in medical applications. The

Fig. 1 Transmission electron microscopy pictures of the BSA-AuNCs
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absorption spectrum of BSA-AuNCs in aqueous solution is
shown in Fig. 2b; the absence of a surface plasmon peak
around 520 nm indicates that no nanoparticles were formed.
The BSA-AuNCs show strong emission centered at 640 nm
upon excitation at 470 nm. The excitation and emission spec-
tra are shown in Fig. 2a. The BSA-AuNCs itself is insensitive
to the pH in the range 3–9 as shown in Fig. S1.

A longwave pH indicator BTB is chosen due to nontoxicity
and covering the physiological range. At basic pH values,
BTB undergoes a large absorption spectral shift from yellow
at pH 4 via green (pH 6–7) to blue (at pH 9.0) (as shown in
Fig. 3) and it is nonfluorescent. The absorption spectrum of
the dye (in the range 500–700) has a strong overlap with the
red emission of BSA-AuNCs (with maxima at 640 nm) as
shown in Fig. 3. With increasing pH, the absorption of the
dye in the range 500–700 nm increases which was expected
to show a significant inner filter effect on the emission of
BSA-AuNCs upon excitation with 470 nm.

On the other hand, the absorption of BTB does not con-
siderable change in the range 500–700 nm at different pH
(5, 7, and 9) compared to the absorption of BTB in the
presence of BSA-AuNCs. Figure 4 indicates that there is
no change in the pH of the solution upon addition of BSA-
AuNCs.

It has been demonstrated that BTB molecules can be
adsorbed noncovalently or statically on the surfaces of

BSA-AuNCs. This has been proved from severe quenching
of BSA fluorescence in the presence of BTB [27]. A com-
bination of the electrostatic and π-π interactions between
the negative BTB moieties and the positive groups of BSA
molecules controlled the interaction between BTB and
BSA-AuNCs. The binding between BTB and BSA as re-
ported before is nearly 100% bound. Analysis of binding
revealed that five molecules of bromothymol blue bound
very strongly to a molecule of rabbit albumin at pH 7.4
[28]. The interaction of BTB with HSA was carried out to
form an electrochemical non-active complex BTB-HSA by
electrostatic and other weak forces [34]. The binding of
BTB to surface of AuNCs can be attributed to the presence
of un-reduced surface Au+ ions (about 17%). This un-
dergoes a strong and specific interaction with BTB [22,
23].

Structural characterization of BTB labeled AuNCs.

FT-IR is a spectroscopic technique that can be characterized
sensitivity of nanomaterial surface by proceeding in reflec-
tance mode. Thus, FT-IR was utilized to examine the nano-
fluorosensor particles to determine the extent of structural
changes. FT-IR spectra were recorded for BTB and BSA-
AuNCs before and after incubation with BTB as shown in

Fig. 3 Absorption spectra of bromothymol blue at different pH in
aqueous solution and the emission band of the BSA-AuNCs upon
excitation at 470 nm

Fig. 2 a Fluorescence excitation
(emission at 640) and emission
(excitation at 470). b Absorption
spectra of aqueous solution of
BSA- AuNCs

Fig. 4 Absorption spectra of bromothymol blue at different pH range of
(5, 7 and 9) in aqueous solutions and in presence of BSA-AuNCs
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Fig. 5. In the spectrum of BSA-AuNCs plain particles, the
most intense peaks are located at 1648 cm−1, 1536 cm−1,
and 1388 cm−1, these peaks are due to the amide-I band
C = O stretching vibration, N–H bending vibration and the
C–N stretching mode respectively. These results give a strong
evidence for the presence of BSA linked to surface of gold
nano-cluster. Therefore, we can attribute the existence of new
bands to BTB adsorbed on the BSA-AuNCs surface. In com-
parison to FT-IR of BTB coupled BSA-AuNCs particles, the
spectrum exhibits bands at 1197 cm−1 and 1023 cm−1 which
are assigned to -SO3 [35]. The band locating at 659 cm−1 is
due to Br–C stretching vibrations. The presence of the main
characterized peaks of the pure BTB is a strong evidence for
surface adsorption process. So far, the FT-IR results designate
BTB adsorption onto surface of BSA-AuNCs successfully.

Studies of pH effect on BTB-BSA-AuNCs

Britton-Robinson (B. R.) 5 mM was used to study the pH
effect within the range of (4–9). The fluorescence spectra of
BTB-BSA-AuNCs were recorded at different pH. Further, a
decrease in the emission intensity at 640 nm was observed
with increasing the pH (Fig. 6).

The fluorescence intensity of BSA-AuNCs at 640 nm un-
der an excitation wavelength of 470 nm was quenched

significantly about 36% compared to emission of BTB-
BSA-AuNCs at pH 4 although the absorption of BTB in this
range significantly is very weak. However, this behavior can
be attributed to the interaction between BTB and BSA-
AuNCs. The absorption band of BTB didn’t show any signif-
icant change in the presence of BSA-AuNCs, suggesting that
there is no change in the pH of the solution upon addition of
BSA-AuNCs as shown in Fig. 4.

Stability and response of BTB-BSA-AuNCs

No obvious change in fluorescence properties was observed
for BTB-BSA-AuNCs in solutions with a high salt concentra-
tion (e.g., 1 M NaCl) see Fig. S2a. Also, same study was
carried out in presence of different concentrations of protein
to detect any changes in the fluorescence property of the BTB-
BSA-AuNCs. The histedine was utilized in range of 0 to
250 mM. It is found that there are no actual changes in fluo-
rescence of BTB-BSA-AuNCs upon addition of histedine
with different concentrations (Fig. S2b).

The response of BTB-BSA-AuNCs pH sensor was inves-
tigated in aqueous solutions. The pH value of the mediumwas
controlled using acid or base addition. Fig. S3 exhibits the
response curve of the BTB-BSA-AuNCs. Repetitive cycling
between an approximately pH of 6 to 8 were performed. For
that purpose, the Good reversibility, with almost no change in
fluorescence intensity of BTB-BSA-AuNCs is observed. The
fast response of the pH-nanosensor AuNCs towards changes
in pH is in the order of several seconds, obviously because of
its small size and high hydrophilicity.

Estimation of pHi based on BTB-BSA-AuNCs

Initial postmortem changes can only be detected biochemical-
ly as the metabolism in the cells alters to autolytic pathways.
Thus, it is reported that pH changes can be used as a marker to
estimate early time based since death [6]. The early time
since death based on pHe changes was detected previously at
24 and 96 h after death. In the present study, very minimal

Fig. 5 FT-IR spectra of BTB, BSA-AuNCs and BSA-AuNCs labeled
BTB

pH
4 7 9

Fig. 6 The effect of pH on the
emission intensity of BTB-BSA-
AuNCs under an excitation
wavelength of 470 nm and within
pH range (4–9) and Photographs
under UV light of BTB-BSA-
AuNCs at pH 4, 7 and 9

Microchim Acta (2017) 184:3309–3315 3313



changes in rat blood PHe were detected at 0, 24, 48 h after
death (PHe were 6.76, 6.63, 6.61 respectively). Then, PHe

reduced to 5.04 at 72 h after death as shown in Fig. S4.
There is no detected difference in intensity of red fluorescence
corresponds to the BTB-BSA-AuNCs at 0, 24 and 48 h after
death. While red fluorescence increased with pH reduction at
72 h after death (Fig. 7). This occurs due to accumulation of
acidic cellular metabolites such as hydrogen ions, carbon di-
oxide, formic acid and lactic acid generated inside cells [6].
Autolysis of blood cells is most probably the reason behind
reducing the observed number of labeled blood cells with
increasing time passed since death. Moreover, the different
types of blood cells degrade at different time interval after
death. [36]

Table S1 lists the recently reported nanomaterial based in-
tracellular pH sensing. All pH sensors presented in the table
have certain features. The present pH Nano-sensor inherits
attractive features as compared to other reported pH sensors
due to ultra-small size with good biocompatibility due to both
the Au core (which is inert) and BSA shell which has good
biocompatibility. Additionally, the pH values of solutions or
cells are detected based on the red luminescence of the present
nanoclusters which occurred in the near infra-red region with
a large Stockes shift (170 nm) to reduced the reabsorption of
emitted light and prevent scattering. The present nanosensore
has a good stability, sensitivity and reversibility.

Conclusions

In conclusion, we developed a new pH nano-fluorosensor
based on gold nanocluster with a diameter of 2 nm. The pH
sensor has attractive features including ultra-small size, high
quantum yield with large Stokes shift, good photostability and
biocompatibility. The BTB is easily linked to the surface of
BSA caped gold nanoparticles non-covalently. The sensor re-
sponse was detected in pH range of 4–9. The effect of salinity
and protein on the sensor stability was studied and the pH
sensor shows a high stability in aqueous medium. The present

study shows that BTB-BSA-AuNCs able to detect changes in
blood pHi and can be a helpful forensic tool for estimating
early time passed since death. Further, various other labels of
sensing materials (in terms of pH probes, polymers, and addi-
tives) that may be used in the future to adjust such sensors to
the specific needs of sensing and bio-sensing.

Compliance with ethical standards The author(s) declare that they
have no competing interests.
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