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 Nanosized tools for interrogating and handling cells are 

becoming important means in obtaining information about 

cell functions. Glass micropipettes and capillaries, [  1  ]  carbon 

nanopipettes and endoscopes [  2  ]  are some of the devices which 

have been recently developed. However, inserting even these 

objects through the cell membrane leaves the membrane 

open during investigation prompting for development of a 

probe which can be incorporated intracellularly for remote 

detection and enhanced imaging of biomolecules. Typically, 

information about molecules in cellular environments is 

obtained by confocal microscopy which is a noninvasive but 

which uses fl uorescent labels and markers. [  3  ]  In this regard, 

confocal Raman spectroscopic imaging is becoming increas-

ingly popular for label-free imaging of cells, due to its nature 

of scattering inherent to all biomolecules [  4  ]  (Figure S1 in Sup-

porting Information). However, its applicability is hindered 

by the weakness of the detected signals and high intensity of 

laser which is required to obtain reliable information (poten-

tially introducing the problem of beam damage and hindering 

living cells studies). [  5  ]  One solution to this problem could 

be amplifi cation through surface enhancement, SERS, [  6–9  ]  

which provides powerful means of signal amplifi cation. It 

has been previously employed for molecular detection with 

high sensitivity recognition of an analyte, [  10  ]  as well as for 

single molecule detection at 10 8  amplifi cation. [  11,12  ]  Such an 

enhancement of the Raman signal is due to excitation of the 
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surface plasmons and/or the formation of a charge-transfer 

state at the surface of metal nanoparticles, [  13  ]  in this way sig-

nifi cant response of SERS can be achieved in hotspots located 

between nanoparticles. [  14–17  ]  It was previously observed 

that nanoshells and dimers [  18,19  ]  as well as nanorods [  20  ]  can 

produce a strong enhancement of individual nanoparticles 

Another interesting application of SERS is to act as an intra-

cellular sensor, for example, for pH. [  21  ]  

 It was previously reported that gold nanoparticles 

(AuNPs) attached to the surface of carbon nanotubes 

increase Raman scattering of the G-band of carbon nano-

tubes. [  22,23  ]  Increasing the size of nanoparticles and decreasing 

the distance between them and carbon nanotubes led to 

dramatically increased Raman signals. [  24,25  ]  On the other 

hand, intracellular insertion of probes, mainly particles and 

capsules ranging from nanometer to micrometer scale, was 

widely applied by several groups. [  26–29  ]  Incorporation such 

carriers has potentiality for analysis of biomolecules, [  27  ]  and 

drug delivery inside living cells [  30,31  ]  as well as interaction of 

molecules relevant for many areas of cell biology. [  32  ]  

 In this work we engineered colloidal probes by func-

tionalizing their surface with single-wall carbon nanotubes 

(SWCNT) and AuNP aggregates. Subsequently, we incorpo-

rated them into the cytosol of NIH3T3 fi broblast cells using a 

new method based on electroporation [  33  ]  and exploited intra-

cellular SERS to study biomolecules in both living and fi xed 
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     Figure  1 .     Schematics (top) and environmental scanning electron microscope (ESEM, bottom) images of colloidal probes developed in this study. 
Probes were prepared using the layer by layer (LbL) method by adsorption of SWCNT (left panel), deposition of AuNP (central panel) and subsequent 
chemical growth of gold nanoparticles (right panel).  

     Figure  2 .     Raman spectra obtained from colloidal probes covered with 
SWCNT and gold nanoparticle aggregates. a) Raman spectra from the 
surface of the probes covered with SWCNT (black line) and probes 
covered with SWCNT subsequently covered with gold nanoparticle 
aggregates (red line). Inset shows Confocal Laser Scanning Microscope 
transmission (top) and Raman (bottom) reconstructed images; red 
contrast in the Raman image was produced by integration of the 
G-band. All spectra were acquired with a laser operating at 0.1 mW. 
b) Raman spectrum of probes functionalized with SWCNT covered with 
gold nanoparticle aggregates obtained with a laser operating at 0.1  μ W. 
All spectra were acquired using a laser with 785 nm wavelength.  
cells. Such an intracellular incorporation methodology can be 

applied to any cell type, and it has already been successfully 

used for studying intracellular traffi cking and the surface 

presentation of small peptides-MHC 1 class complex. [  33  ]    

 Figure 1   shows the schematics of probe functionaliza-

tion and their respective environmental scanning electron 

microscopy (ESEM) images. Silica particles are very smooth, 

while adsorption of SWCNT (Figure  1 , left panel) increases 

the roughness of their surface. The latter further increases 

upon adsorption of AuNP (Figure  1 , middle panel). It can 

be noted that direct adsorption of nanoparticles at high con-

centrations or reduction of metal salts can lead to formation 

of aggregates: [  34  ]  a feature that contributes to the Raman 

signal enhancement. In this work we combine both of these 

features, fi rst, by adsorbing nanoparticles at high concen-

tration, followed by chemical growth of gold nanoparticles 

(or in other words reduction of gold salts) to produce highly 

effi cient SERS probes (Figure  1 , right panel). Throughout this 

work we refer to aggregates as to those which were obtained 

by latter procedure.  

 The Raman spectroscopic signature of SWCNT allows 

sensing the magnitude of SERS amplifi cation ( Figure    2  a), 

which is signifi cant for localization of the probes. It can be 

seen from Figure  2 a that the intensity of the characteristic 

G-band is increased at least by a factor of 60 for the probes 

with AuNPs aggregates (Figure  2 a, red curve) compared 

to that for the untreated sample (Figure  2 a, black curve). 

The inset in Figure  2  shows an optical (top) and a Raman 

(bottom) image acquired with confocal Raman microscopy. 

Raman imaging (red color in inset) was obtained by inte-

grating the G-band of SWCNT (1530–1630 cm  − 1 ). Probes 

treated with AuNP aggregates appear black in the transmis-

sion image and show high and, notably, constant enhancement 

of the Raman signal, whereas those without nanoparticles 

appear grey in the transmission image and are characterized 

by a weak Raman signal. It is clear that SWCNTs provide 

increased roughness for deposition of AuNP [  35  ]  essentially 
www.small-journal.com © 2013 Wiley-VCH Ve
contributing to the enhancement. To monitor gold deposition 

at all steps we deposited the same compositions (SWCNT, 

SWCNT + AuNP, and SWCNT + AuNP + reduction) on planar 
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     Figure  3 .     Raman spectroscopic imaging of a fi xed fi broblast cell with electroporated colloidal 
probes. a) Optical image of the analyzed cell. b) Confocal Raman image of the same cell in 
(a) acquired at a specifi c depth. Color codes refer to differences in Raman spectral features 
in the data set (green-cytosol, blue-nucleus, and red-SWCNT). (c) 3D reconstruction of data 
set where green represents cell organic content (C–H stretching) and red SWCNT (G-band) 
distribution. Raman images were acquired using integration time of 0.1 s and laser operating 
at 532 nm.  
fi lms (Figure S2 in Supporting Information). These data illus-

trate the substantial increase of absorption after chemical 

growth of AuNP and also reveal the surface plasmon peak 

broadening (Figure S2 in Supporting Information). Nanoengi-

neered probes allow for observation and enhancement of the 

G-band of SWCNT at extremely low laser powers ( ∼ 0.1  μ W 

at the sample, Figure  2 b) that can be compared to the power 

of sun light. Low laser power in combination with the char-

acteristic and reliable SWCNT Raman spectral signal shows 

the potential for real-time localization and identifi cation of 

probes in living systems and tissues. In the next steps we used 

these probes for studying fi xed and living cells.  

 Fixing cells is a standard procedure to visualize various 

cellular sub-compartments upon labeling.  Figure    3   shows 

optical micrograph and Raman confocal microscopy image 

of a fi xed cell with incorporated colloidal probes. The optical 

image (Figure  3 a) allows identifi cation of probes, whereas 

the Raman imaging clearly shows three particles distributed 

in different regions of the cell (Figure  3 b). Furthermore, 

analysis of Raman spectral features allows differentiation 

between nucleus (blue) and cytosol (green) without the 

need of any molecular labeling (compare with Figure S1 in 

Supporting Information). The versatility of Raman confocal 

imaging is evident in Figure  3 c where a 3D reconstruction 

of Raman features are shown (see also Video in Supporting 

Information). It is clear that one colloidal probe pointed at 
© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheimsmall 2013, 9, No. 3, 351–356
by the grey arrow is located inside the cell. 

For comparison, the confocal laser scan-

ning fl uorescence microscope (CLSM) 

image of a similar cell, in which the cytosol 

and nucleus are stained with TRITC-

phalloidin and TO-PRO-iodide, is shown 

in Figure S3, Supporting Information. 

Figure S4 shows cells with incorporated 

probes. Although different organelles can 

be mapped by CLSM and Raman imaging, 

in the latter case information is gathered 

by analyzing molecular spectral features 

without labels. [  36,37  ]     

 Figure 4  a presents the Raman imaging 

of a living cell with incorporated AuNP 

aggregates-SWCNT functionalized silica 

probes. Color contrast for cytosol and 

nucleus was obtained from the typically 

weak non-resonance Raman signals shown 

in Figure  4 b (blue-nucleus, green-cytosol, 

yellow-carotenoids). Here, used laser 

power of 0.1 mW (wavelength 532 nm) 

does not allow for reliable Raman sensing 

of biomolecules. The solution for this 

problem could be an increase of laser 

power (Figure S1 for a fi xed cell in Sup-

porting Information) or decrease of laser 

wavelength. The increase of laser power 

was shown to affect living cells, while 

“bio-friendly” near-infrared lasers [  38  ]  oper-

ates at even higher wavelengths, thus fur-

ther reducing Raman scattering intensity. 

Another interesting feature of the pro-
posed approach is the presence of a particularly intense signal 

from SWCNT (Figure  4 b, red curve), which allows for facile 

tracking of the probes in the cell, upon intracellular incorpo-

ration. In addition, very strong SERS signals were acquired 

from the surface of the probe (Figure  4 c); two different 

Raman spectra were recorded from two different regions. 

The features in the SERS spectra can be attributed to charac-

teristic peaks of biomolecules in living cells. [  4  ,  39  ]  Specifi cally, 

probes localized in the cytosol were characterized by SERS 

signals of proteins and lipids (Figure  4 c, upper spectrum). 

Also in addition to protein bands, the probe reveals peaks 

related to aromatic ring vibrations of nucleic acids of DNA/

RNA macromolecules (lower spectrum in Figure  4 c, bands at 

1314 cm  − 1 , 1376 cm  − 1  and 1479 cm  − 1 ). [  40  ]  It can be emphasized 

that introduction of our probes allowed for drastic increase 

of the signal to noise (SNR) ratio which was  ∼ 5 for a non-

resonant Raman (Figure  4 b, blue and green traces), but which 

became  ∼ 100 for the SERS signals. Such an increase of SNR 

allows for reduction of both required laser power levels and 

necessary spectrum integration times alleviating potential 

laser induced damage and enabling fast acquisition.  

 The possibility of acquiring label-free Raman signal [  37  ]  

of an intracellular environment and its SERS enhancement 

through colloidal probes is expected to open new perspectives 

for chemical imaging of cells. [  33  ]  Incorporation of such probes 

was conducted via a recently developed electroporation 
353www.small-journal.com
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     Figure  4 .     Raman spectroscopic imaging of a living fi broblast cell with incorporated colloidal 
probes. The color map in (a) refl ects the differences found in the Raman data and is a 
linear combination of the averaged single spectra (reported in b) and characteristic for cell 
compartments (green-cytoplasm, blue-nucleus, yellow-carotenoids) and gold-nanoparticle-
SWCNT functionalized colloidal probes (red). The inset in (a) shows the optical microscope 
image of the same cell. (c) Intracellular SERS signal recorded at the surface of the probe. Two 
different data sets shown in (c) were recorded at the probe incorporated into the cell cytosol. 
Raman images were acquired using integration time of 0.1 s and laser operating at 532 nm.  
based technique. The biggest advantage of this technique is 

that it can be applied to any cell type, while being not disrup-

tive to metabolism and functions of living cells. In addition, 

spontaneous uptake, which can be pursued with only specifi c 

cell types, [  41–43  ]  can be used as an alternative route of intrac-

ellular incorporation. Cell viability studies upon laser illumi-

nation were conducted by observing cell division in the case 

of electroporation based uptake and by cell-viability test in 

the case of spontaneous uptake. [  31  ]  

 Materials used in our work, silica particle based probes, 

are widely considered to be inert or in other words non-

reactive in a biological environment. Such a property makes 

them the material of choice for coating over, for example, 

quatum dots (QDs) for improving biocompatibility (for 

example). [  44  ]  Also, it is not only coating of other particles by 

silica, but also direct test showed good biocompatibility. [  45  ]  

 In conclusion, we have presented a SERS platform based 

on silica probes coated with SWCNT subsequently function-

alized with AuNP aggregates for intracellular sensing of bio-

molecules. Functionalized SWCNT in our study carry dual 

functionality: they allow for easy localization at extremely 

low laser powers (even with power levels comparable to sun 

light) and provide increased roughness necessary for highly 

effi cient SERS amplifi cation. The approach described here 

can be applied to any smooth colloidal particle converting 

it into a superior SERS platform. Upon intracellular incor-

poration probes signifi cantly enhance molecular fi ngerprints 

of biomolecules commonly found inside cells and enable 

fast acquisition rates at laser powers completely harmless 

to living cells. Remarkable increase of SNR due to SERS 
www.small-journal.com © 2013 Wiley-VCH Verlag GmbH & Co. KGaA
allows visualization and detection of bio-

molecules otherwise poorly detected by 

the non-resonant approach. The Raman 

probes developed in this work can be ubiq-

uitously applied for molecular imaging and 

sensing in cells and tissues.  

 Experimental Section 

  Materials:  Silica microparticles (SiO 2 ) 
water suspension, average core diameter 
1.55  μ m and 4.78  μ m, were purchased 
from Microparticles GmbH. Poly(sodium 
4-styrenesulfonate) (PSS, 70 kDa), Poly(dial
lyldimethylammoniumchloride) (PDADMAC, 
250–350 kDa), double stranded Deoxyribo-
nucleic acid sodium salt (dsDNA) were pur-
chased from Sigma-Aldrich. Sodium chloride 
(NaCl) and Potassium carbonate (KCO 3 ) were 
purchased from Merck. L-Ascorbic acid was 
purchased from Fluka. 4-(dimethylamino) 
pyridine (DMAP)-stabilized positively charged 
nanoparticles (PNPs) were prepared according 
to previously published methods; [  46  ]  they were 
positively charged and had a mean diameter 
of 8–10 nm. Purifi ed HiPco single wall carbon 
nanotubes (CNT) were purchased from Carbon 
Nanotechnologies Inc. (CNI). Alexa Fluor 
488 phalloidin and TRITC-phalloidin (Invitrogen, Eugene, 
Oregon, USA). The water used in all experiments was prepared 
in a three-stage Milli-Q Plus 185 purifi cation system and had a 
resistivity higher than 18.2  Ω  cm. 

  Characterization:  Environmental scanning electron microscopy 
(ESEM) imaging was recorded with a high-resolution low vacuum 
FEI Quanta 600 FEG instrument operating at 30 kV with extended 
low-vacuum environment. 

  Core–Shell Structure Fabrication:  Silica microparticles were 
used for producing core shell structures. The fi rst step includes 
washing silica spheres in deionised water for 3 times. After the 
washing step layer-by-layer assembly was employed for fabrication 
of core shell carbon nanotube structures onto the silica surface. 
The shell composition comprised several layers of polyelectrolytes 
with embedded carbon nanotubes. PDADMAC and PSS were used 
as polyelectrolytes with concentration 2 mg/mL in 0.5 M NaCl water 
solution. Firstly PDADMAC was adsorbed onto the silica surface 
incubated in such a polyelectrolyte solution for 15 min followed by 
three times washing in deionised water. In addition PSS was ter-
minated to the PDADMAC layer by the same procedure. Following 
layers of PDADMAC and PSS were deposited on the silica spheres 
as described above. As a result (PDADMAC/PSS) 3 /PDADMAC com-
position of multilayers was fabricated. Due to stabilization by PSS 
the CNTs have a negative charge surface and the Zeta-potential of 
PSS-stabilized single wall carbon nanotubes is  − 64.1  ±  0.2 mV. 
The initial suspension of CNTs was diluted in deionised water 
with a ratio 1/10 (v/v). The dispersion was continuously shaken 
during 15 min followed by three times centrifugation and washing 
in deionised water. The initial dispersion of positively charged gold 
nanoparticles (PNPs) was diluted in deionised water with a ratio 
, Weinheim small 2013, 9, No. 3, 351–356
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1/10 (v/v). One millilitre of PNPs-diluted was added to the coated 
silica microparticles and was shaken during 15 min followed by 
centrifugation and washing in deionized water at least two times. 
As a result (PDADMAC/PSS) 3 /PDADMAC/CNTs/PNPs multilayers 
were fabricated on a silica core. 

  Reduction of Gold Salt:  To chemical growth the gold nano-
particles on the (PDADMAC/PSS) 3 /PDADMAC/CNTs/PNPs silica 
microparticles, we used a technique as was described earlier. [  47  ]  At 
fi rst 25 mg potassium carbonate (K 2 CO 3 ) was dissolved in 100 mL 
of deionized water. This mixture was stirred for 10 min, then 
1.5 mL of a solution of 1% HAuCl 4  in water was added. After vig-
orous stirring for 30 min a 4 mL aliquot of the colorless solution, 
we injected 200  μ L of the solution containing the (PDADMAC/
PSS) 3 /PDADMAC/CNTs/PNPs silica beads. We then added a 10  μ L 
(1%) aliquot of L-ascorbic acid. Over the course of 30 s, the solu-
tion changed from colorless to blue, and violet, which character-
istic of gold nanoparticle growth. 

  Raman Spectroscopy and Microscopy:  Two Raman confocal 
microscopes operating at two different laser frequencies were 
used. The fi rst system is a confocal Raman microscope (CRM200, 
WITec, Ulm, Germany) equipped with a piezo-scanner (P-500, 
Physik Instrumente, Karlsruhe, Germany) and a diode-pumped 
785 nm NIR laser excitation (Toptica Photonics AG, Graefelfi ng, 
Germany). The laser beam was focused through a 60 ×  water 
immersion (Nikon, NA  =  1.0) or 100 ×  oil immersion (Nikon, NA  =  
1.25) microscope objective. The spectra were acquired with a ther-
moelectrically cooled CCD detector (DU401ABV, Andor, UK) behind 
a grating (300 g mm  − 1 ) spectrograph (Acton, Princeton Instruments 
Inc., Trenton, NJ, USA) with a spectral resolution of 6 cm  − 1 . 

 The second system is a confocal Raman microscope (alpha300, 
WITec, Ulm, Germany) equipped with a frequency doubled Nd:YAG 
laser (532 nm) laser excitation and piezoscanner (P-500, Physik 
Instrumente, Karlsruhe, Germany). The spectra were acquired with 
a thermoelectrically cooled CCD detector (DU401A-BV, Andor, UK) 
placed behind the spectrometer (UHTS 300; WITec, Ulm, Germany) 
with a spectral resolution of 3 cm  − 1 . 

 For imaging integration time of 0.1 s per pixel was used. The 
ScanCtrlSpectroscopyPlus software (version 1.38, Witec) was used 
for measurement and WITec Project Plus (version 2.02, Witec) for 
spectra processing. Calculated single spectra were exported into the 
OPUS software package (version 6.0) and normalized on the SiO 2  
(485 cm  − 1 ) band. A Raman imaging 3D reconstruction was obtained 
using Image J 1.41, Image Magic k 6.0-Q16 and Volume J 1.7a. 

  Cell Culture, Electropermeabilization and Co-incubation of Cells 
with Microparticles:  NIH3T3 Fibroblasts (by ATCC) were cultured in 
the Dulbeco’s modifi ed eagle medium (DMEM) supplemented with 
4500 mg Glucose/L; 10% Calf serum; 0.1% Gentamicin (Antibi-
otic). Cells were seeded 6  ×  10 3  cells cm  − 2  and incubated in an 
incubator with 5% CO 2  and 37  ° C for at least 4 h overnight before 
Raman measurements. 

 For every electropermeabilization process 1.95  ×  10 5  cells 
were used and electropermeabilization was carried out in 200  μ L 
cytomix (1.3  ×  10 5  cells) at 500 volts for 500 ms, repeated twice 
in a gold-coated electropermeabilization cuvette having an elec-
trode gap of 2 mm (Bridge Bioscience Corporation) using a BioRad 
electroporator. 

  Fixation and Cytoskeleton Staining of the Tissue:  for Raman 
imaging the cell fi xation procedure was done as follows: the cell 
culture was removed from the scaffold dish followed with washing 
© 2013 Wiley-VCH Verlag Gmbsmall 2013, 9, No. 3, 351–356
in phosphate buffered saline (PBS) fi ve times, and then putted 4% 
of the parapharmaldehyde (PFA) and left for 15 min at room temper-
ature, after PFA was removed and washed in PBS again fi ve times 
and kept fi xed in PBS for following manipulation at 4  ° C. In order to 
obtain reproducibility of Raman cell imaging, we measured over 10 
single cells under the same laser and environmental conditions. 

 Actin cytoskeleton staining of cells in scaffold was made with the 
following protocol: fi xation of the cell in scaffold in 4% PFA for 5 min; 
permeabilize with 0.5% triton X-100 for 30 min at room temperature; 
washing fi ve times in PBS; stain the scaffolds with TRITC-phalloidin 
1:500 dilution for 90 min in the dark at 4  ° C; wash in PBS twice briefl y 
and then three times for 7 min each; stain the nuclei with TO-PRO-3 
iodide 1:300 dilution for 5 min in dark at room temperature; wash 
the samples fi ve times in PBS; cover samples with Vectashield 
mounting medium and observe under confocal microscope. 

  Colloidal Probe Location Inside Cells:  In previous study, it was 
reported that microcapsules internalized through electroporation 
induced method are located in the cytosol of cells. [  33  ]  In current 
study, colloidal probe incorporated inside cells are located in the 
area between the nucleus and the membrane. Signals from cellular 
compartments can be detected by the Raman signal. 

  Estimation of Signal-to-Noise Ratios:  The SNR was estimated 
according to the following equation:

 
SNR = Smax − Sbg

SD n

 
 (1)   

where  S max   is the maximum of the Raman signal at the defi ned 
peak position;  S bg   is the intensity of the background free of any 
Raman signal, and  SD n   corresponds to the standard deviation of 
the noise (obtained in the part of the spectrum free of Raman sig-
nals by calculating 1/5 of the peak-to-peak variation between the 
highest and the lowest readings).   

 Supporting Information 

 Supporting Information is available from the Wiley Online Library 
or from the author.  
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