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Abstract. The intracellularly-grown-Au-nanoparticles (IGAuNs) technique was employed to analyze the surface-enhanced
Raman scattering (SERS) spectra of nasopharyngeal carcinoma cells (CNE-1 cell line). There are only six obvious Raman
bands (718, 1001, 1123, 1336, 1446, 1660 cm−1) in the normal Raman spectrum of living CNE-1 cells. However, over twenty
SERS Raman bands have been detected in the SERS spectra of IGAuNs-induced cells, among which five bands are of the DNA
backbone (673, 1097, 1306, 1336 and 1585 cm−1). There are four vibrations of the DNA backbone (1026, 1097, 1336 and
1585 cm−1) in the SERS spectra of living CNE-1 cells induced by the passive uptake gold nanoparticles (PUAuNS), but one
more DNA backbone and many nucleus Raman peaks appeared in the IGAuNs-induced SERS spectra. Many Raman peaks
in the PUAuNs-induced SERS spectra are stronger than those in the IGAuNs-induced ones. This study has shown that the
PUAuNs technique can achieve stronger Raman signals, and that the IGAuNs technique can enable the gold element to access
to the nucleus more easily, which could help to obtain more surface-enhanced Raman signals of the intracellular biochemical
molecules. Thus, the two techniques can work together to attain the Raman spectral information of the cytoplasm and the
nucleus in a better way, which might provide a sensitive method for broad biomedical applications such as intracellular SERS
analysis of living cells.
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1. Introduction

Surface-enhanced Raman scattering (SERS) has demonstrated great potential for probing living cells,
because it can increase the Raman cross section by 1010–1014 orders of magnitude [8,18]. In current
intracellular SERS measurements, nanoparticles are delivered into living cells by passive uptake [10].
A transfer of silver or gold nanoparticles into cell culture medium should result in nanoparticles coated
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with proteins like BSA (bovine serum albumin) that adsorb to the nanoparticle surface, and after periods
of time, this coating should be internalization by living cells through phagocytosis and/or endocytosis
[7]. And then, the living cells were washed and prepared for biological assays, electron microscopy, and
Raman measurements. The SERS spectra of a single living human nasopharyngeal carcinoma induced by
passively uptaken gold nanoparticles (PUAuNS) have been obtained in our previous study [6]. However,
introducing nanoparticles into the cells is dependent on the cell’s “passive uptake”, which makes it
difficult to deliver a nanometer sized colloidal metal particle into nucleolus [3,16].

In recent years, it have been demonstrated that different microorganisms, including yeast and actino-
mycetes, can reduce metallic ions into elemental metals and synthesize nanoparticles of different shapes,
sizes and compositions [13,14]. The intracellularly-grown-Au-nanoparticles (IGAuNs) technique is that
cells are incubated with gold ions, which will enter the cytoplasm and the nuclear and then be reduced
into gold nanoparticles [13]. Since the IGAuNs technique provides superior delivery efficiency to cyto-
plasm and nucleus for the elemental gold, more Raman signals of native chemicals within a cell could
be detected. There are many methods for diagnosing nasopharyngeal carcinoma cells (NPC cells), such
as irradiation-inducing, immunochemistry, gene research and photodynamic therapy. Nevertheless, there
still exist some difficulties in the early diagnosis of nasopharyngeal carcinoma. Hence, a sensitive and
structurally selective detecting method should be found, and the SERS has shown promise in detect-
ing the NPC cells by using metal nanoprobes. After a series of experiments, our team has gained some
meaningful results [4,5,11,12,21].

The IGAuNs technique has been employed to detect MCF10 epithelial cells in the report of Shamsaie
et al. [16]. In this study, we used IGAuNs technique and NIR laser excitation for the SERS analysis of
the intracellular biochemical composition for the first time. Moreover, we compared the SERS spectra
between PUAuNs-induced and IGAuNs-induced. Human nasopharyngeal carcinoma cell line (CNE-1)
was used as a model in our study.

2. Experimental methods

Cell culture. Human nasopharyngeal carcinoma cells (CNE-1 cell line) were obtained from the Fujian
Provincial Tumor Hospital and were cultured by Fujian normal university. The CNE-1 cells were grown
as monolayers in RPMI 1640 medium (supplemented with 100 IU/ml penicillin/streptomycin and 10%
fetal calf serum, hereafter referred to as complete RPMI 1640) at 37◦C and 5% CO2 with 100% relative
humidity.

Intracellularly grown gold nanoparticles. CNE-1 cells were harvested by removing the medium, rins-
ing the cells with 0.25% of trypsin in a phosphate-buffer (pH 7.4) containing 1 mM of EDTA and 25 mM
of HEPES. After incubation at 37◦C for 10 min, the action of the trypsin was stopped by adding 2 ml
complete RPMI-1640 medium, and the cells were diluted to a concentration of 105 cells/ml. The resus-
pended cells (4 ml) were placed in a 35 mm Petri dish containing a thin quartz glass (thickness: 1 mm,
radius: 7.5 mm). Since the CNE-1 cells are an adherent cell line, it can grow on the quartz glass, which
is easy for the detection of Raman spectra. When CNE-1 cells grew to 80% of the quartz glass surface,
the medium was moved and replaced with phosphate buffer saline (PBS, pH 7.4) and incubated with
1 mM HAuCl4 solution in culture well. After 36 h, intracellularly grown gold nanoparticles formed,
which could be indicated by the appearance of a pink color in Petri dish [16]. We also had CNE-1 cells
incubated with the PBS buffer without HAuCl4 for 36 h as the negative control experiment and no color
change was observed in the negative controls. Moreover, solutions of HAuCl4 in PBS are stable for
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Fig. 1. Optical microscopic image of living CNE-1 cells adhere to the thin quartz glass (×50). (Colors are visible in the online
version of the article; http://dx.doi.org/10.3233/SPE-2011-0540.)

months, so the possibility of autoreduction is ruled out. Figure 1 shows the cell morphology of CNE-1
cells which adhere to the thin quartz glass. The CNE-1 cell is elliptic and about 18 µm. Before the Ra-
man measurements, the medium was removed and two groups of cells including negative control and
test (cells incubated with IGAuNs) were washed three times with PBS to ensure any medium loosely
attached to the cell membrane were washed out. And then, Raman measurements are carried out while
the cells are alive in the PBS buffer.

Preparation of gold nanoparticles. Stable gold colloids were prepared according to the method re-
ported by Grabar et al. Briefly, 50 ml of HAuCL4 (10−4 g/ml) was brought to a rolling boil with vigor-
ous stirring. Rapid addition of 5 ml of 1% sodium citrate to the vortex of the solution resulted in a color
change from pale yellow to burgundy. Boiling and stirring was continued for an additional 15 min and
then the solution was cooled naturally.

Passive uptake Au nanoparticles. 4 ml CNE-1 cells suspension (concentration of 105 cells/ml) were
placed in a 35 mm Petri dish containing a thin quartz glass (thickness: 1 mm, radius: 7.5 mm). The
cells were allowed to settle (adhere) in a CO2 incubator at 37◦C. Once the CNE-1 cells grew to 80% of
the quartz glass surface, 1 ml gold colloids were added to the cell culture medium and the cells were
allowed to grow for 36 h and were then harvested followed by thorough washing of the cells before
Raman measurements.

Raman measurement. A Renishaw Raman microscope (InVia System) with a ∼2λ spatial resolution,
a 20 mW, 785 nm, semiconductor laser as excitation source, was used for the collection of SERS spectra.
The microscope was operated under a 50× objective, which focused the laser beam onto a spot on the
cell and the illumination pinhole was adjusted for the laser spot to cover the whole cell. The typical
spectral accumulation time in this study was 10 s and Raman spectra were scanned over a wavenumber
range of 450–2000 cm−1. Peak frequency calibration and rapid checking of instrumental performance
were performed with the silicon phonon line at 520 cm−1. An automated algorithm for autofluorescence
background removal was applied to the measured raw data to extract pure Raman spectra. The program
was kindly offered by the BC Cancer Research Centre [23].

3. Result and discussion

3.1. SERS spectra induced by IGAuNs and NRS from a single living CNE-1 cell

Figure 2 shows the SERS spectra collected from a single living IGAuNs-treated CNE-1 cell (spec-
trum (a)) and the normal Raman spectrum (NRS) from the negative control (spectrum (b)), respectively.
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Fig. 2. SERS spectrum (a) induced by IGAuNs and NRS (b) from single living CNE-1 cells.

Spectrum (a) shows example SERS spectrum measured from individual living CNE-1 cells induced by
IGAuNs. High quality SERS spectra are obtained, containing a wealth of intracellular SERS signals.
Many bands in this spectrum can be assigned to cytoplasmic composition, such as 836 cm−1 (tyro-
sine), 1123 cm−1 (lipids: C–C stretch/protein: C–N stretch), 1446 cm−1 (protein: C–H2 deformation),
1618 cm−1 (tryptophan), etc. The SERS spectrum contains information about nucleus as expected:
the SERS band at 673, 1097, 1306, 1336 and 1585 cm−1 which are contributed by the DNA back-
bone; the band at 556 cm−1 which is assigned to uracil; the peak 1154 cm−1 which is related to deoxyri-
bose; the band at 1546 cm−1 which is related to guanine; etc. Five bands of DNA backbone demonstrated
that the intracellularly grown gold nanoparticles were able to enter the nucleus and formed the SERS-
active clusters. Table 1 lists tentative assignments for the observed SERS bands, according to some
literature data [1,2,9,15,22].

As shown in spectrum (b), six Raman bands (718, 1001, 1123, 1336, 1446, 1660 cm−1) were observed
in the NRS of living CNE-1 cells for negative control (incubated with the PBS buffer without HAuCl4).
However, owing to the intracellularly grown gold nanoparticles that have entered cells, the intensity of
Raman bands (1336, 1446 and 1660 cm−1) of NRS has significantly enhanced in the SERS spectra.
Many Raman bands in SERS spectra induced by IGAuNs did not appear in the NRS, which indicated
that IGAuNs could sense the native chemicals inside a cell.

Compared with the NRS (spectrum (b)), the Raman band at 1001 cm−1, which is assigned to the
symmetric ring breathing mode of phenylalanine, becomes significantly weaker in the SERS spectra
induced by IGAuNs (spectrum (a)), which might be related to the changes in the living environment
of CNE-1 cells. Compared with the negative control experiment (CNE-1 cells grew in the PBS buffer
without HAuCl4 for 36 h), CNE-1 cells were incubated with 1 mM HAuCl4 solution in the PBS in order
to form intracellular grown gold nanoparticles. However, due to its favorable physical and chemical
properties and biocompatibility, gold should be the more suitable metal for incorporation inside living
cells, CNE-1 cells had to stand in the hostile environment where they resided. Since the damage of cell
viability, the hydrogen bond from the link of phenylalanine broke off and the link structure unfolded,
which accounted for the decrease of Raman intensity of the 1001 cm−1 line. According to some report,
the cell viability might also affect the intensity of Raman bands (718 and 1123 cm−1) in the SERS
spectra [16].
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Table 1

SERS peak positions and tentative assignments of major vibrational
bands in the SERS spectra induced by IGAuNs

Peak positions Tentative assignment
(cm−1)
485 The base groups and sugar
556 Uracil
673 DNA backbone
718 Ribose-phosphoric acid
729 Thymine
836 Tyrosine

1001 Symmetric ring breathing mode of phenylalanine
1097 DNA backbone
1123 Lipids: C–C stretch/protein: C–N stretch
1154 Deoxyribose
1183 Non-base group: C–N stretch
1306 DNA/RNA
1336 DNA
1446 Protein: C–H2 deformation
1529 Cytosine
1546 Guanine
1585 Planar ring of DNA/RNA
1618 Tryptophan
1660 Amide I

Fig. 3. Comparison between PUAuNs (a) and IGAuNs (b) induced SERS spectra from single living CNE-1 cells.

3.2. Comparison between PUAuNs-induced and IGAuNs-induced SERS spectra

In a separate experiment, SERS spectra induced by passive uptake (incubated with gold nanoparti-
cles) were collected and compared with the IGAuNs-induced SERS. As shown in Fig. 3, spectrum (a)
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shows example SERS spectrum measured from individual living CNE-1 cells induced by PUAuNs, and
spectrum (b) shows example SERS spectrum measured from individual living CNE-1 cells induced by
IGAuNs. Figure 3 demonstrates that many Raman peaks are the same in both spectrum (a) and (b), such
as 718, 836, 1001, 1097, 1183, 1336, 1446, 1546 and 1585 cm−1, etc. Therefore, PUAuNs and IGAuNs
have similar properties.

As shown in spectrum (a), there are four vibrations of the DNA backbone (1026, 1097, 1336 and
1585 cm−1) and other Raman bands related to the nucleus are as follows: the 718 cm−1 peak that is
assigned to ribose-phosphoric acid, the bands at 650 and 753 cm−1 that are assigned to guanine and
thymine. As shown in spectrum (b), the Raman bands of 673, 1097, 1306, 1336 and 1585 cm−1 are as-
signed to vibrations of the DNA backbone, and there are many other Raman lines related to the nucleus,
for example, 556 cm−1 (uracil), 718 cm−1 (ribose-phosphoric acid), 729 cm−1 (thymine), 1183 cm−1

(non-base group: C–N stretch), 1529 cm−1 (cytosine) and 1546 cm−1 (guanine). Therefore, IGAuNs-
induced SERS spectrum shows one more DNA backbone and much more nuclear Raman information. In
contrast to the PUAuNs technique, the IGAuNs technique can enable the gold ion to access the nucleus
more easily. Moreover, the 1660 cm−1 peak in NRS was also observed in the IGAuNs-induced SERS
spectrum except for PUAuNs, which indicated that IGAuNs shows a preferable selecting capacity.

Comparing two SERS spectra induced by different technology (PUAuNs-induced and IGAuNs-
induced) in Fig. 3, an obvious difference between the PUAuNs- and IGAuNs-induced SERS spectra
is that the Raman intensity of the PUAuNs-induced SERS spectrum is much stronger than that of the
IGAuNs-induced SERS spectra, such as 718, 836, 1001, 1183 cm−1, etc. There might be two possible
reasons accounting for the changes of intensity. On the one hand, the cell viability of CNE-1 cells de-
creased when the culture media was replaced by the PBS/HAuCl4 mixture for 36 h, which directly led
to the weakening of the Raman signals. On the other hand, the gold nanoparticles used in PUAuNs were
easily prepared by chemical reduction, and the formation of gold nanoparticles in IGAuNs was greatly
dependent on the intracellular environment. Recent investigations have shown that the aggregated gold
nanoparticles clusters generate SERS hot spots where the Raman signals are enhanced a few orders
of magnitude [5]. Consequently, gold nanoparticles prepared by chemical reduction used in PUAuNs
showed preferable physical properties (such as the size and the shape) and enhancing effect than the
intracellularly grown gold nanoparticles. Moreover, the sharp Raman peak around 500 cm−1 which ap-
peared in the PUAuNs-induced SERS spectrum (spectrum (a)) was absent in the IGAuN-induced SERS
spectrum (spectrum (b)). This Raman peak is also present in the PUAuNs SERS spectra from previous
studies [6,16]. It can be related to the stretching vibration mode of disulfide bond (νS-S). According to
some literature data, this can be indicative of lysosomal proteins that have an abundance of disulfide
bonds [15,16]. To form the intracellularly grown gold nanoparticles, CNE-2 cells were incubated with
1 mM HAuCl4 solution in the PBS buffer and lysosomal proteins need to resist the hostile conditions
of the environment in which they reside. The oxidizing environment of lysosomes as opposed to the
reducing environment of the cytosol favors the formation of disulfide bond and eventually resulted in the
absence of 500 cm−1 line in the IGAuN-induced SERS spectra.

According to some report, the reproducibility of whole-cell SERS spectra, in fact an integration or
average of SERS signals from all micro-locations within the cell, have improved dramatically over the
point SERS spectra measured with micron size laser beam [12]. In this study, we focused the laser
beam onto a spot on the cell and adjusted the illumination pinhole for the laser spot to cover the whole
cell. However, the SERS spectra show slight fluctuations. This is a very interesting feature of SERS
called “blinking effect” already reported in literature, but not yet fully understood [17]. Moreover, as a
result of tiny movement and biochemical metabolism of living cells during SERS measurement and the
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spectral selectivity and high sensitivity of the SERS, the intensity of the observed Raman bands were
varied considerably [19]. In addition, the heating by the laser excitation enhances the surface diffusion
of adsorbed cellular molecules, which also leads to the signal fluctuations [20].

4. Conclusion

In summary, the IGAuNs-induced SERS spectra of living human nasopharyngeal carcinoma cells
(CNE-1 cell line) were reported for the first time in this paper. There are only six obvious Raman bands
(718, 1001, 1123, 1336, 1446 and 1660 cm−1) in the normal Raman spectra of living CNE-1 cells
from negative control, while over twenty strong SERS Raman bands were observed in the IGAuNs-
induced SERS spectra since the IGAuNs have formed inside the cells, where the intensity of Raman
bands (1336, 1446 and 1660 cm−1) has significantly increased. However, other Raman bands in NRS
cannot be observed in IGAuNs-induced SERS spectra, which might be related to the change of the living
environment of CNE-1 cells. Four vibrations of the DNA backbone (1026, 1097, 1336 and 1585 cm−1)
were observed in the PUAuNs-induced SERS spectra, while one more DNA backbone and many more
nuclear Raman peaks appeared in the IGAuNs-induced SERS spectra. The intensity of many Raman
peaks in the PUAuNs-induced SERS spectra was stronger than that in the IGAuNs-induced ones.

The results show that the PUAuNs technique can detect stronger Raman signals, and the IGAuNs
technique can enable the gold nanosensor to access the nucleus more easily, which could help to detect
more Raman signals of the biochemical molecules of nucleus. Thus, the PUAuNs technique and the
IGAuNs techniques may work together to obtain the Raman spectra of the cytoplasm and the nucleus in
a better way, which might offers great potential for biomedical applications such as intracellular SERS
analysis of living cells.
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