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Abstract 

Folate Receptor α (FRα) is a high affinity folate membrane receptor that is overexpressed in a wide 
variety of cancers. Detecting the overexpression of this receptor is important for cancer cells 
identification and to potentially guide the choice of treatment since several FRα-targeted drugs are 
currently in clinical trials. In this work, we built SERS nanotags based on core@shell Au@Ag 
nanoparticles labelled with resonant Raman-reporter and functionalised with a thiolated PEG linker 
bearing folic acid at the chain end. Using SERS mapping on single cells, we showed that the nanotags 
(FR-nanotags) could specifically target FRα on overexpressing HeLa cells and could measure the 
gradual blocking of FRα by free folic acid introduced in the media along the nanotags. With a control 
nanotag, we showed that the SERS response was 10-fold higher on HeLa cells when folic acid is present 
on the PEG linker compared to PEG chains without folic acid. Non-specific binding of the FR-nanotags 
was demonstrated to be low and mainly caused by the folic acid molecule at the PEG chain end. When 
comparing cancer cells with different expression level of FRα, we obtained 4-fold higher SERS 
response on overexpressing HeLa cells compared to non-overexpressing A549 cells, allowing the 
discrimination of both cell lines with a high contrast. Owing to the biocompatibility of the developed 
nanotags, we demonstrated that measurements of FRα on live HeLa cells were also possible and gave 
similar results than measurements on fixed cells, indicating the versatility of the developed nanotags 
for detecting FRα in various experimental conditions. 

Introduction 

In oncology, the need to quantify specific molecular targets related to tumors has been continuously 
growing and the development of assays capable of measuring the potential overexpression of membrane 
proteins directly on cancerous cells is a highly active research area [1], [2]. Indeed, the overexpression 
of some membrane proteins can be used to target specifically cancerous cells with drugs bearing protein-
specific targeting moieties such as antibodies, aptamers or small molecules [3]–[6]. The overexpression 
of membrane proteins can also give insight on the evolution of the tumor and is of significant importance 
for prognosis [7]. Folate Receptor α (FRα) is a membrane receptor responsible for the uptake of folic 
acid, a vitamin necessary for DNA synthesis [8]. Therefore, this receptor is overexpressed by a wide 
variety of cancerous cells and allows higher uptake of folic acid that enables the cells to grow and 
multiply faster than healthy cells [9]. FRα is a relatively new candidate for specific drug targeting, 
notably in the case of lung and ovarian cancer since those cancers generally exhibit a high 
overexpression of FRα [8]. There are currently about 10 clinical trials aiming at developing FRα-
targeted drugs for cancer treatment [10]. It is widely accepted that to optimally select the patient most 
likely to benefit from those treatments, the expression of FRα must be assessed with the highest possible 
accuracy. FRα offers the advantage of highly specific targeting with a stable, cheap and chemically-
modifiable molecule, folic acid, circumventing the use of antibodies. Indeed, folic acid exhibits a high 
affinity for FRα (Kd ≈ 0.1 – 1 nM) [11] and a lower affinity for other types of folate transporters (µM 
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range) [12], and several studies have shown that chemical modifications of the γ-carboxylic function of 
this molecule does not lead to a significant loss of targeting ability [13], [14]. Previously reported optical 
methods to detect FRα on single cells mainly relies on fluorescence [15], [16], which suffers from 
limitations due to the photobleaching of the fluorescent molecules and due to interferences from the 
autofluorescence of cells. Alternative analytical methods are therefore needed to circumvent the current 
limitations.  

Surface-Enhanced Raman Spectroscopy (SERS) is a highly sensitive technique that holds great 
promises for the bio-analytical field [17]. During the last decade, many groups have put huge efforts 
into translating SERS from research laboratories to real-world applications [18]–[20]. Notably, 
nanotags based on SERS-active nanoparticles have been continuously improved in terms of brightness, 
stability and reproducibility since they offer an ideal alternative to fluorescent labels for specific indirect 
detection of biological targets [21]–[23]. SERS nanotags have several advantages over techniques such 
as fluorescence or immunohistochemistry (IHC) for measurement of biological samples. Notably, 
SERS nanotags are resistant to photobleaching and their spectral signature is easily distinguishable from 
cell and tissue autofluorescence [24]. Moreover, the plasmonic nanosubstrate can be engineered to 
provide very high signal enhancement, eliminating the need for an amplification step that is usually 
necessary for fluorescence and IHC measurements [25]–[27]. Finally, SERS nanotags allow higher 
multiplexing capabilities owing to their narrow spectral features [28], [29]. Such nanotags have already 
been used to detect a wide variety of membrane proteins. For example, nanotags targeted at the Human 
Epidermal Growth Factor Receptor 2 (HER-2) allow evaluation of its overexpression in single cells as 
well as on tissue sections [25], [30]–[32]. Epidermal Growth Factor Receptor (EGFR) [33], [34] is also 
a popular target, and other examples have been provided by various groups by targeting PDL1 [35], 
[36], EpCAM [26], CD44 [37] and others [38]. Recently, Faulds et al. showed that SERS nanotags 
could be used to measure the expression of Estrogen Receptor α (ERα), and could also be used to 
measure the effect of an ERα-disrupting drug directly on ERα-overexpressing breast cancer cells and 
spheroids [39], [40]. Xu et al. demonstrated  that SERS nanotags that targeted N-cadherin could monitor 
the effect of metformin hydrochloride on breast cancer cells [41]. Those recent advances emphasize the 
need to provide SERS nanotags capable of measuring membrane markers at the cellular level with the 
aim of guiding the choice of treatment in the future.  

Therefore, we propose to apply SERS nanotags functionalised with folic acid for the specific detection 
and quantification of FRα on cancerous cells. Previous works reporting SERS nanotags targeting FRα 
mainly focus on location while quantitative information is needed for applications [42]–[45]. Moreover, 
limitations caused by the design of the nanotags have occurred, notably due to (i) the use of non-
resonant Raman reporters, inherently limiting the sensitivity [42], [46], [47], (ii) the absence of a 
protective coating on the surface of the nanotags, potentially causing spectral interferences during SERS 
measurements [44], [46], [48] and (iii) the use of cationic polymer coatings, which are not ideal to 
prevent non-specific interactions on the negatively-charged cellular membrane [43], [49], [50].  

In this work, we used core@shell gold@silver nanoparticles (Au@Ag NPs) as the Raman-enhancing 
substrate owing to their high enhancement and multi-wavelength excitation capabilities [25], [49]. 
Those NPs were combined with malachite green isothiocyanate (MGITC) to further profit from the 
resonance Raman enhancement of this molecule under red laser irradiation, allowing us to reach even 
higher sensitivity through surface-enhanced resonance Raman scattering (SERRS) [51]. The specificity 
toward FRα was provided by a thiolated PEG linker functionalised with folic acid. This PEG coating 
simultaneously provided the targeting effect, limited non-specific interactions and allowed the efficient 
stabilisation of the SERS nanotag in complex biological media. The nanotags produced were thoroughly 
characterised by various physico-chemical techniques to further understand their structure and stability. 

Using SERS imaging of single cells, we showed that the developed nanotags (denoted FR-nanotags) 
specifically target FRα by performing various blocking and control experiments on FRα-overexpressing 
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HeLa cells. We also studied non-specific interactions on HeLa cells using a control nanotag bearing no 
folic acid at the PEG chain end, illustrating that folic acid is also responsible for some part of the non-
specific interactions on cells. Then, we demonstrated that the nanotags can efficiently discriminate 
between FRα-overexpressing (HeLa) and non-overexpressing (A549) cancerous cells. We obtained a 
4-fold higher SERS response in HeLa cells compared to A549 cells. This high contrast between both 
kinds of cells constitutes a major improvement compared to our previous work using a cationic polymer 
coating (poly(allylamine)) on the nanotags [49]. Finally, we showed that the nanotags exhibited 
minimal cellular toxicity, allowing us to use the tags in live cell imaging experiments. We demonstrated 
that the nanotags were also able to monitor the status of FRα on live HeLa cells, with results similar to 
those obtained on fixed cells. The results indicate that the chemical fixation step or the drying of the 
cells did not lead to a significant change in the detection of the SERS nanotags, which indicates the 
high versatility of the nanotags and their broader applicability for FRα detection. 

Material and Methods 

Chemicals 

Gold nanoparticles of 40 nm were purchased from NanoQ (Belgium) at an optical density of 4 at 529 
nm (2.5x1011 NPs/mL). Silver nitrate and ascorbic acid were purchased from Sigma Aldrich. Thiol-
poly(ethylene)glycol-folic acid (HS-PEG-FA) with an average molecular weight of 5000 g/mol was 
purchased from Abbexa. Malachite Green isothiocyanate was purchased from Thermo Fischer.  

Instrumentation  

UV-Visible extinction spectra were measured with an Agilent Cary 60 spectrophotometer. 
Nanoparticles were diluted to 2.5x1010 NPs/mL in MilliQ water and spectra were measured through a 
PMMA disposable cuvette in the range of 330 to 800 nm. Zeta potential and dynamic light scattering 
(DLS) measurements were obtained with a Malvern Nanosizer Nano ZS and the NPs concentration was 
also of 2.5x1010 NPs/mL. Negatively-charged 40 nm polystyrene beads were measured as reference 
material before running the samples. SERS measurements in solution were carried on a Snowy Range 
handheld Raman spectrometer with a wavelength of 638 nm. 500 µL of NPs at a concentration of 
2.5x1011 NPs/mL were placed in glass vials for measurements. Spectra were acquired with an 
approximate power at the sample of 1 mW and with 3 acquisitions of 1 s. Spectra were then exported 
as .spc files and baseline-corrected in Labspec software (Horiba) using a polynomial fit. SERS mapping 
experiments were carried out on an InVia Renishaw microscope. 

Nanotags synthesis 

Au@Ag NPs were synthesised according to our previously reported method [49]. Au@Ag NPs 
(2.5x1011 NP/mL) were render SERS-active by adding 50 µL of MGITC 10-5 M to 500 µL of Au@Ag 
NPs and incubated on a shaking plate for 30 min (final concentration of 9.1x10-7 M). Then, 20 µL of 
HS-PEG-FA 5x10-5 M were added to the SERS-activated Au@Ag NPs and incubated on a shaking 
plate for 2 hours (final concentration of 1.75x10-6 M). The resulting SERS nanotags were centrifuged 
at 5000 RPM for 15 min and resuspended in MilliQ water to their initial concentration. Nanotags were 
kept at 4°C until further use. 

Cell culture 

A549 cells were purchased from the European Collection of Authenticated Cell cultures (ECACC). 
HeLa and A549 cells were cultured in DMEM media supplemented with 10% FBS, 1% 
streptomycin/penicillin and 1% fungizone. 100 000 cells were seeded on sterile glass cover slips and 
incubated with complete media for 24 h at 37°C and under 5% CO2 atmosphere to allow cells to adhere 
to the glass slide. For SERS experiments, media was removed and cells were incubated for 4 hours at 
37°C and under 5% CO2 atmosphere with fresh media containing the nanotags (40 pM). For specificity 

SERS nanotags for folate receptor α detection at the single cell level: discrimination of overexpressing cells and potential for live cell applications

3



study on HeLa cells, media containing the nanotags (40 pM) and folic acid (50 or 100 µM) was 
incubated with the cells for 4 hours. Control experiments with the non-targeted nanotags were 
conducted similarly. A549 cells were grown with the same media and in the same conditions. Incubation 
of the nanotags on A549 cells was carried on similarly as the HeLa cells (40 pM, 4 hours). After 
incubation with the nanotags, cells were rinsed 3 times with phosphate buffer saline solution (PBS), 
fixed 15 min with 4% formaldehyde in PBS at room temperature, and washed a last time with PBS 
before drying and SERS mapping. For live cells measurements, cells were placed in PBS at 37°C after 
the incubation period with the nanotags and directly mapped using a water immersion objective. 

Raman measurements 

The binding of FR-nanotags was measured using Raman mapping. Maps were obtained with a 
Renishaw InVia confocal Raman spectrometer. For fixed cells, a 50x objective (NA = 0.75) was used 
to map the cells with a spatial resolution of 1 µm in both x and y directions. The 633 nm excitation from 
a He-Ne laser was used with an approximate power at the sample of 8 mW. Spectra were measured 
with a single acquisition of 1 s per point, and using a 1200 L mm-1 grating. For live cells, a 60x water 
immersion objective (NA = 1.0) was used with a single acquisition of 0.5 s and 4 mW power at the 
sample. Other parameters for mapping remained similar to the fixed cells experiments. WiRe 4.2 
(Renishaw) software was used for data pre-processing. Spectra were baseline corrected and cosmic rays 
were removed. The SERS images were generated by using the direct classical least square (DCLS) 
function with the reference spectrum of MGITC. This function provides a fitting score between 0 and 
1, with values close to 1 characterising experimental spectrum that fits well with the reference spectrum 
of MGITC. Only spectra with a fitting score > 0.4 [39] were retained for further analysis, and pixels 
corresponding to these spectra were displayed and overlaid to the optical image of the cells. At least 5 
cells were fully mapped in every experimental condition.  

SERS maps processing 

SERS maps were processed according to the paper of Kapara et al. [39]. Briefly, after DCLS analysis 
of the SERS maps, only the pixels with fit coefficient > 0.4 were kept. All the pixels satisfying this 
criterion were set to the same color intensity (monochromatic red color scale). Then, images were 
exported in ImageJ software. The area of the cell in terms of pixels was first measured. Then, the red 
pixels (corresponding to pixels with SERS signal of MGITC) were extracted by thresholding and their 
area were also measured using the particle analysis function. Finally, we computed the ratio between 
the area of SERS-active pixels and the total area of the cell. The metric obtained is defined as the 
percentage of SERS-responsive pixels. Average SERS spectra were constructed for some representative 
cells in several experimental conditions by averaging all the SERS spectra highlighted by the DCLS 
analysis for a particular cell. 

Results and Discussion 

Nanotags characterisation 

Nanotags designed to target FRα on cancer cells were characterised by various physico-chemical 
techniques to assess their functionalisation and stability. A schematic representation of the developed 
nanotags is presented in Figure 1 and their characterisation is shown in Figure 2. As observed by UV-
Vis spectroscopy, bare Au@Ag NPs have a localised surface plasmon resonance (LSPR) located at 395 
nm and a slight shouldering around 490 nm due to the contribution of the gold core (Figure 2A). These 
optical properties allow them to be used efficiently at various excitation wavelengths as we 
demonstrated in previous works [25], [49]. After functionalisation with the Raman-reporter MGITC, 
the position of the maximum of extinction does not shift significantly (Figure 2A). Moreover, the 
extinction at high wavelength (> 600 nm) also does not increase significantly, indicating the absence of 
aggregation of the NPs upon functionalisation. The concentration of MGITC was carefully optimised 
in our synthesis protocol in order to reach the highest possible SERS signal without causing significant 
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destabilisation of the NPs (Figure S1). The targeting ability toward FRα was introduced through a 
thiolated PEG linker functionalised with folic acid at the end of the chain (denoted HS-PEG-FA). The 
presence of folic acid at the end of the chain was confirmed by UV-Vis and infrared spectroscopies 
(Figure S2). Upon functionalisation with HS-PEG-FA, the position of the LSPR shifted from 395 to 
399 nm (Figure 2A). This red shift was caused by a change of the refractive index at the surface of the 
NPs due to the presence of PEG. We also observed a broadening of the extinction band upon 
functionalisation with the PEG linker which further confirms the presence of the polymer on the surface 
of the NPs.  

 
Figure 1. Schematic representation of the synthesis process of the SERS nanotags targeting Folate Receptor α. 

These results were supported by dynamic light scattering and zeta potential measurements. The average 
hydrodynamic diameter of the bare Au@Ag NPs was 53 ± 2 nm (Figure 2B). The core gold NPs have 
an initial average diameter of 41 ± 1 nm (Figure S3), confirming the deposition of a silver shell of 
approximately 7.5 nm. The zeta potential of the bare Au@Ag NPs was -26 ± 1 mV, insuring the 
colloidal stability of the NPs thanks to the citrate ions present at their surface (Figure 2D). After 
functionalisation with MGITC, the average hydrodynamic diameter slightly increased to 55 ± 1 nm but 
this increase was not considered significant (Figure 2B). The zeta potential changed from -26 ± 1 mV 
to -23 ± 1 mV, indicating that some negatively-charged citrate molecules were displaced by the 
positively-charged MGITC molecule at the surface of the NPs. The change in the zeta potential was not 
huge due to the small amount of MGITC used for functionalisation that was required to prevent 
irreversible aggregation of the NPs as mentioned above. The addition of HS-PEG-FA induced a large 
increase in the average hydrodynamic diameter from 55 ± 1 nm to 105 ± 3 nm, which is due to the 
length of the linker (about 115 monomeric units) and its hydrophilic nature (Figure 2B). We evaluated, 
by UV-Vis titration, the average number of HS-PEG-FA chains immobilised per nanoparticle to be 
7600 ± 800 (Figure S4) in our synthesis conditions. The zeta potential further increased to -17.2 ± 0.5 
mV, again due to the displacement of citrate ligands (Figure 2D). 

Nevertheless, the nanotags did not lose stability due to this as the PEG linker introduced steric hindrance 
efficiently stabilising them. We then evaluated the potential aggregation of the formed nanotags in 
complex media. When the nanotags were suspended in PBS or in DMEM cell culture media, the average 
hydrodynamic diameter slightly increases compared to the diameter in MilliQ water (118 ± 3 nm in 
PBS, 122 ± 6 nm in DMEM, Figure 2B). This increase is likely due to (i) a slight aggregation due to 
the increased complexity of these media (polydispersity index increases from 0.26 in water to 0.35 in 
PBS and to 0.37 in DMEM, Figure S5) and (ii) a possible coordination effect between the PEG linker 
and larger cations present in both media [52]. However, the aggregation was low and controlled as no 
significant changes were observed in the UV-Vis spectrum of the nanotags stored in PBS for three days 
(Figure 2E). Additionally, the average hydrodynamic diameter also remained constant for three days 
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(Figure 2C), clearly indicating that the nanotags did not suffer from any significant aggregation. In 
comparison, MGITC functionalised nanoparticles (without PEG) exhibited fast and irreversible 
aggregation when incubated in PBS (Figure S6). 

 
Figure 2. (A) UV-Vis spectra of the nanoparticles at different stages of the nanotag synthesis process: bare Au@Ag NPs (black), MGITC-
functionalised Au@Ag NPs (blue) and HS-PEG-FA functionalised NPs (orange, final FR-nanotags). The insert shows a zoom on the region 
of the absorption maximum to emphasize the band red shift along the synthesis process. (B) Average hydrodynamic diameter of the NPs at 
different stages of the nanotag synthesis process: (i) bare Au@Ag NPs (black), (ii) MGITC-functionalised Au@Ag NPs (blue) and (iii) HS-
PEG-FA functionalised NPs (final FR-nanotags) in MilliQ water (orange), in PBS buffer at pH 7.4 (dashed orange) and in DMEM cell culture 
media (dotted orange). (C) Evolution of the average hydrodynamic diameter of the FR-nanotags in PBS buffer over a three days period. (D) 
Zeta potential measured in MilliQ water (pH ≈ 3.5) of the bare Au@Ag NPs (black), MGITC-functionalised Au@Ag NPs (blue) and HS-
PEG-FA functionalised NPs (orange, final FR-nanotags). (E) Evolution of the UV-Vis spectra of the FR-nanotags in PBS buffer over a three 
days period. (F) SERS spectra of the MGITC-functionalised NPs before (blue) and after (orange) functionalisation with HS-PEG-FA to yield 
the final FR-nanotags. 

Finally, we characterised the SERS response of the system during the synthesis process. The bare 
Au@Ag NPs do not exhibit any intrinsic Raman signal under 638 nm irradiation. When MGITC was 
incubated with the NPs, the characteristic spectrum of this molecule appeared. The absolute SERS 
intensity of the MGITC signal at 1616 cm-1 on Au@Ag NPs is about 15 times higher than for the core 
gold NPs (41 ± 1 nm) and about 3 times higher than for gold nanoparticles of the same final diameter 
(55 ± 2 nm) (Figure S8). The Au@Ag NPs therefore provide an improvement in the sensitivity of 
detection of FRα. After functionalisation with the PEG linker, the absolute SERS intensity did not 
decrease significantly, indicating that the PEG linker did not remove significant amounts of MGITC 
molecules thanks to their strong binding to the surface through the isothiocyanate function. This is a 
major advantage as other popular Raman reporters that we tested were displaced by the PEG linker 
when tested in similar conditions, leading to loss of sensitivity (Figure S7). Interestingly, we observed 
changes in the spectrum of MGITC before and after functionalisation (Figure 2F). This is notably the 
case for the bands between 1580 and 1630 cm-1, where the band at 1590 cm-1 is better resolved after 
addition of the PEG linker. These spectral changes reflect slight changes in the conformation of MGITC 
at the surface of the NPs due to the presence of the linker and other changes are reported in Figure S9. 
These spectral changes could be used in the future as a fast method to further confirm the successful 
functionalisation of the surface by the PEG linker. 
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Specificity of the nanotags toward Folate Receptor α 

The nanotags were then evaluated to determine if they could specifically target Folate Receptor α on 
the surface of cancer cells. We used HeLa cells for these experiments because they exhibit a high 
expression of FRα [9]. To demonstrate the specificity toward FRα, we conducted experiments where 
the nanotags were in competition with free folic acid. We also developed a control nanotag which was 
coated in a PEG chain without folic acid (characterisation in Figures S10 & S11). Preliminary 
experiments determined that the optimal incubation time on HeLa cells was 4 hours (Figure S12) and 
that the viability decreased to 92 % in the presence of the 40 pM of nanotags, demonstrating that the 
nanotags exhibited negligible toxicity (Figure S13).  

Control experiments were also carried out by introducing the nanotags (40 pM) in the cell culture media 
along with free folic acid at two concentration level (50 and 100 µM) to investigate an eventual dose-
dependent behaviour. To evaluate the binding of the nanotags in the different conditions, we used 
Raman mapping of single cells and DCLS analysis to extract the pure spectral component of the 
nanotags. In each condition, we mapped several cells and evaluated the percentage of SERS-responsive 
pixels. A higher percentage of SERS-responsive pixels is associated with a higher binding of the 
nanotags to the cells, and therefore to a higher expression or availability of FRα.  

 
Figure 3. (A) Overlay, for some representative HeLa cells, of the SERS-active pixels highlighted by the DCLS analysis and of the cells optical 
images in various experimental conditions. SERS mapping was performed with a step size of 1 µm in both x and y directions, using a 50x 
(NA 0.75) objective and the 633 nm line of a He-Ne laser (1s of acquisition, 8 mW power at the sample). Scale bar is 10 µm.  (B) Boxplot of 
the percentage of SERS-responsive pixels obtained in the different experimental conditions on HeLa cells. (C) Representative average SERS 
spectra of three HeLa cells incubated only with the FR-nanotags. (D) Representative average SERS spectra of three HeLa cells incubated with 
the FR-nanotags and 100 µM folic acid. Representative spectra were constructed by averaging spectra of the pixels highlighted by the DCLS 
analysis in each condition. 

HeLa cells incubated only with the nanotags exhibit a high percentage of SERS-responsive pixels (2.0 
± 0.3 %) indicating a high binding of nanotags (Figure 3B). Additionally, the coefficient of variation 
is small (12 %), indicating that the binding is consistent among several single cells and therefore that 
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the level of expression of FRα is high in all mapped cells (Figure S14). Figure 3C shows, for three 
representative HeLa cells incubated with the nanotags, the SERS spectra obtained by averaging all the 
spectra highlighted by the DCLS analysis for a particular cell. We obtained in all cases a high SERS 
intensity for MGITC and spectra with a high signal-to-noise ratio (SNR), consistent with a high binding 
of the nanotags. Moreover, the spectra are similar to the reference spectrum of MGITC and do not show 
additional bands, indicating that the PEG coating is efficiently shielding the Raman-reporter and the 
silver surface from proteins in the biological media. 

The percentage of SERS-responsive pixels was significantly lower on the cells incubated with the 
nanotags and free folic acid (0.8 ± 0.4 % for 50 µM FA, 0.5 ± 0.2 % for 100 µM FA). Figure 3D shows 
some representative SERS spectra obtained by averaging the spectra highlighted by the DCLS analysis 
on HeLa cells incubated with 100 µM folic acid. As can be seen, the SERS intensity for MGITC and 
the SNR are lower than for HeLa cells incubated only with the nanotags (Figure 3C). This is consistent 
with a lower binding of the nanotags in these conditions. Moreover, the percentage of SERS-responsive 
pixels is lower on the cells incubated with the highest concentration of free folic acid (100 µM), 
suggesting a dose-dependent effect. These results clearly demonstrate that the presence of free folic 
acid in the media gradually blocks folate receptors (more FRα remain available for the nanotags with 
50 µM FA than with 100 µM FA), resulting in a gradually lower binding of the nanotags compared to 
media without any added folic acid.  

Finally, we incubated the control nanotag in the same conditions (40 pM, 4 hours) and we observed 
almost no binding on the HeLa cells (average percentage of SERS-responsive pixels is 0.2 ± 0.1 %). 
The very low level of binding observed for the control nanotags demonstrates that the folic acid 
molecule at the end of the PEG chain is responsible for the binding of the FR-nanotags on the cells. 
Functionalisation with folic acid allows 10-times higher binding of nanotags to the cells. It is already 
well known that nanotags with no targeting moiety at the end of the PEG chain exhibits very low level 
of binding on cells when incubated for short period [53]. Therefore, we demonstrated that the developed 
nanotags are highly specific for FRα and could be used to distinguish cells with variable expression of 
these receptors. 

Identification of Folate Receptor α overexpressing cells using SERS 

The purpose of the developed nanotags is to highlight cancerous cells that overexpress FRα with the 
future goal of selecting more efficiently tumors that could be treated with FRα-targeted drugs. 
Therefore, we performed experiments on a second cancerous cell line to compare its expression of FRα 
to HeLa cells. A549 cells are regularly used as negative control for FRα-targeting applications as they 
express very low level of FRα [54]. In this experiment, we incubated the nanotags with HeLa and A549 
cells in identical experimental conditions (40 pM, 4 hours incubation) and we evaluated the percentage 
of SERS-responsive pixels on each cell line after Raman mapping of several single cells. We observed 
a very large and significant difference in the percentage of SERS-responsive pixels between the two 
cell lines. HeLa cells exhibit high binding with the nanotags (2.0 ± 0.3 % of SERS-responsive pixels) 
whereas A549 cells exhibit a low level of binding with the nanotags (0.5 ± 0.1 % of SERS-responsive 
pixels). Representative average SERS spectra obtained for HeLa (Figure 4C) and A549 (Figure 4D) 
cells incubated with the nanotags only indicated a very clear difference. The SERS spectrum associated 
with HeLa cells exhibits higher intensity of MGITC signal and higher SNR compared to the spectrum 
associated with A549 cells, confirming the higher binding of nanotags on HeLa cells.  

We obtain a very clear contrast between the two cell lines due to their different expression level of FRα. 
The percentage of SERS-active pixels is 4-fold higher on HeLa cells than on A549 cells. This is an 
important improvement since our previous system composed of poly(allylamine)-coated Au@Ag NPs 
functionalised with folic acid only achieved a 1.8-fold higher signal on FRα-overexpressing cells [49]. 
We believe that this improvement of contrast is due to the PEG linker that reduces unspecific 
interactions more efficiently than poly(allylamine). 
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Therefore, using the developed nanotags, we can very efficiently distinguish between FRα-
overexpressing and non-overexpressing cancerous cells. We also conducted experiments on A549 cells 
with free folic acid (100 µM) along with the nanotags and did not observe any statistically significant 
difference compared to A549 incubated only with the nanotags (Figure 4D). Our hypothesis is that the 
signals detected during the Raman mapping on A549 cells were probably due to non-specific binding 
and not to true binding with FRα. Therefore, the additional folic acid present in the media was not able 
to induce any decrease in binding of the nanotags. 

 
Figure 4. (A) Overlay, for some representative HeLa and A549 cells, of the SERS-active pixels highlighted by the DCLS analysis and of the 
cells optical images in various experimental conditions. SERS mapping was performed with a step size of 1 µm in both x and y directions, 
using a 50x (NA 0.75) objective and the 633 nm line of a He-Ne laser (1s of acquisition, 8 mW power at the sample). Scale bar is 10 µm. (B) 
Boxplot of the percentage of SERS-responsive pixels obtained on HeLa and A549 cells in the different experimental conditions. (C) 
Representative average SERS spectra of HeLa cells incubated only with the FR-nanotags (bottom) or with the FR-nanotags and 100 µM folic 
acid (top). (D) Representative average SERS spectra of A549 cells incubated only with the FR-nanotags (bottom) or with the FR-nanotags 
and 100 µM folic acid (top). Representative spectra were constructed by averaging spectra of the pixels highlighted by the DCLS analysis in 
each condition. 

Interestingly, the level of SERS-active pixels reached for A549 cells (0.5 ± 0.1 %) is very similar to the 
level obtained for HeLa cells in the presence of 100 µM folic acid (0.5 ± 0.2 %). It indicates that 100 
µM of folic acid was a sufficient concentration to block virtually all available FRα on HeLa cells, 
leading to a residual signal attributed mainly to non-specific binding. This is confirmed by the 
representative average SERS spectra obtained in the various conditions explained previously (Figures 
4C and 4D). Spectra obtained for HeLa + nanotags + 100 µM FA, A549 + nanotags and A549 + 
nanotags + 100 µM FA all show similar intensity and SNR for the MGITC signal, suggesting a similar 
level of binding between these three conditions. Therefore, 0.5% of SERS-responsive pixels can be 
seen as the background threshold level of binding and any cells with higher percentages can be viewed 
as expressing high and detectable levels of FRα. This feature makes the developed nanotags highly 
effective at highlighting only cells with high levels of FRα. Finally, the background threshold of binding 
identified (around 0.5 % of SERS-responsive pixels) was higher than the level of binding of the control 
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FR-nanotag FR-nanotag + 100 µM FA FR-nanotag FR-nanotag + 100 µM FA
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nanotag (0.2 ± 0.1 %) (Figure 3B), indicating that the folic acid molecule at the end of the PEG chain 
on the nanotags may induce more non-specific interactions than bare PEG chains.  

Folate Receptor α targeting on live cells: comparison with fixed cells 

The FR-nanotags were then tested on live cells and the results compared with those obtained previously 
on fixed cells. The main difference comes from the absence of a formaldehyde fixing step and drying 
of the cells before the SERS mapping.  

 
Figure 5. (A) Overlay, for some representative live HeLa cells, of the SERS-active pixels highlighted by the DCLS analysis and of the cells 
optical images in various experimental conditions. SERS mapping was performed with a step size of 1 µm in both x and y directions, using a 
60x (NA 1.0) water immersion objective and the 633 nm line of a He-Ne laser (0.5 s of acquisition, 4 mW power at the sample). Scale bar is 
5 µm. (B) Boxplot of the normalised percentage of SERS-responsive pixels obtained on live and fixed HeLa cells in the two different 
experimental conditions studied: FR-nanotags only (blue boxes) or FR-nanotags + 100 µM folic acid (red boxes). Percentage were arbitrarily 
normalised to a value of 100 for the results obtained on HeLa cells incubated only with the nanotags in both live and fixed conditions to allow 
proper comparison. (C) Representative average SERS spectra of three live HeLa cells incubated only with the FR-nanotags. (D) Representative 
average SERS spectra of three live HeLa cells incubated with the FR-nanotags and 100 µM folic acid. Representative spectra were constructed 
by averaging spectra of the pixels highlighted by the DCLS analysis in each condition. 

These differences may influence the SERS signal due to crosslinking of proteins in the cellular 
membrane, or due to aggregation of the nanotags during the drying process that may create hot-spots. 
It is therefore interesting to compare the results provided by the nanotags when used on live cells. HeLa 
cells were chosen since the nanotags did not induce significant toxicity on these cells when introduced 
in combination with free folic acid. HeLa cells were mapped after 4 hours of incubation with (i) FR-
targeted nanotags (40 pM) or (ii) FR-targeted nanotags (40 pM) with free folic acid (100 µM). Figure 
5A shows that the number of pixels highlighted by the DCLS analysis is higher for cells incubated only 
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with the nanotags than for cells incubated also with folic acid. This is consistent with results from fixed 
cells mapping. Figure 5C shows representative spectra obtained from the mapping of HeLa cells in the 
presence of the nanotags only.  

Spectra show the characteristic spectrum of MGITC but with a lower intensity and SNR than the spectra 
obtained on fixed cells. This is due to the slightly different acquisition parameters used during the 
mapping. Indeed, spectral acquisition time was reduced from 1 to 0.5 s and laser power was reduced by 
a factor of 2 to avoid any damage to the live cells. We also observed a slight change in the MGITC 
spectrum compared to the reference spectrum for one of the MGITC spectra shown (Figure 5C, 
spectrum (c)), which is likely due to the live cells providing an additional challenge to the PEG coating 
due to their dynamic nature, resulting in a potential change in the MGITC environment. Further 
experiments are needed to better understand the spectral changes observed. 

In a similar manner than for the fixed cells, the spectra obtained on cells incubated also with folic acid 
show even lower signal intensity and SNR for MGITC (Figure 5D). This is consistent with a lower 
binding of the nanotags when folic acid is present in high amount in the media. To properly compare 
the results from fixed and live cells experiments, we computed the percentage of SERS-responsive 
pixels in both experimental conditions and we normalised the value obtained for HeLa cells with the 
nanotags (both live and fixed) to an arbitrary value of 100. By doing so, we can compare the contrast 
obtained when folic acid was introduced in the media. As can be seen in Figure 5B, the contrast between 
conditions with the nanotags only and with the nanotags + 100 µM folic acid is almost equivalent 
between fixed and live cells. These results indicate that the fixing step does not interfere with the 
detection of the relative amounts of nanotags bond to the cells, and by extension do not interfere with 
the detection of FRα-overexpressing cells. It also indicates that the developed nanotags can be readily 
used before cell fixation or on live cells without adaptation, which makes them a versatile tool for SERS 
cellular measurements. 

Conclusion 

In this work, we developed SERS nanotags for the detection of Folate Receptor α on single cells. We 
used Au@Ag core@shell nanoparticles functionalised with a resonant Raman-reporter molecule to 
reach a high, quantitative sensitivity of detection and a PEG-FA linker to simultaneously stabilise the 
nanotags and provide them with targeting properties toward FRα. We demonstrated that the 
functionalisation of the nanotags with a PEG linker bearing folic acid allows the highly specific 
targeting of FRα. The nanotags could also be applied for the monitoring of the gradual blocking of FRα. 
The results indicated that the HeLa cells exhibited a 10-times higher SERS response when folic acid 
was present on the PEG linker. Also, the level of binding of the control nanotag was lower than the 
binding of the FR-nanotags in the presence of excess folic acid, suggesting that the folic acid molecules 
on the PEG chains is responsible for a significant part of the non-specific interactions experienced by 
the nanotags. Using the developed nanotags, we could discriminate FRα-overexpressing from non-
overexpressing cancerous cells by obtaining a 4-times higher SERS response on overexpressing HeLa 
cells than on non-overexpressing A549 cells. Finally, we took advantage of the low toxicity of the 
nanotags to compare results of SERS mapping on fixed and live HeLa cells. We showed that there was 
no significant difference in the detection of FRα between both experimental conditions, indicating that 
the developed nanotags can be readily used in both live and fixed experiments. In the future, more drugs 
will likely be developed to target FRα and therefore those nanotags could be used to monitor in real 
time the expression of FRα in response to treatment. They could also be used on patient-derived cellular 
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cultures, an emerging in-vitro diagnosis modality [55], to measure the potential overexpression of FRα 
and further guide the choice of treatment. 
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