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SERS Endoscopy for Intracellular Investigation of Drug Dynamics 
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Understanding the dynamics and distribution of medicinal drugs in living cells is essential for design and discovery of treatments. However, the tools available for revealing this information are extremely limited. In this work, we report the application of surface enhanced Raman scattering (SERS) endoscopy, using the superior plasmonic performance of gold-etched silver nanowires as SERS probes, to monitor the intracellular fate and dynamics of the common chemo-drug, doxorubicin, in A549 cancer cells. The unique spatio-temporal resolution of this technique reveals unprecedented information on the mode of action of doxorubicin: its localization in the nucleus, its complexation with proteins and its intercalation with DNA as a function of time. Notably, we were able to discriminate these factors for the direct administration of doxorubicin, or the use of a doxorubicin delivery system. The results reported here show that SERS endoscopy may have an important future role in medicinal chemistry for studying dynamics and mechanism of action of drugs in living cells.   

1. Introduction
In the fight against the second leading cause of death worldwide, cancer1-2, new anticancer drugs are being designed at an ever-growing rate. Meanwhile, existing chemotherapeutic agents remain the subject of investigation to improve drug efficiency and specificity and decrease side effects. Key to the success of these ambitions is a better understanding of the intracellular drug distribution, of possible interactions with intracellular components, and of the mode of action of the administered drug. The structural interactions of drugs with their pharmacological target are normally studied in vitro by X-ray crystallography, nuclear magnetic resonance (NMR) and mass spectrometry3. However, there is a lack of knowledge of the fate of drugs following their diffusion/delivery into living cells, including various drug-target/non-target interactions.  While these aspects are directly linked to the pharmacokinetics of the drug, its mechanism of action, and its side-effects, no existing analytical tools can provide this information comprehensively. 

Drug localization in living cells is sometimes studied via fluorescence imaging.4-6 However most drugs are not fluorescent and labelling them with fluorescent dyes can drastically affect their behavior in cells. Some chemo-drugs do exhibit intrinsic fluorescence,4 but even in these cases, their fluorescence can be remarkably altered in the intracellular environment upon interaction with endogenous materials, leading to inaccurate observations. Besides these limitations, fluorescence microscopy rarely provides insights into a drug’s specific structural state and interactions with a target cellular component. 

In this regard, surface-enhanced Raman scattering (SERS) holds much promise by virtue of its label-free and high-sensitivity structural fingerprinting capabilities, which allows one to identify molecules, to determine their structural conformation and environment, and even to monitor dynamical changes7. The internalization of metal nanoparticles in living cells has been widely exploited for intracellular SERS measurements8. However, upon endocytosis, nanoparticles are normally trapped in endo-lysosomes, limiting SERS detection to the acidic microenvironment of these vesicles9. 

Recently, we proposed the use of silver nanowires (AgNWs) as endoscopic probes to detect SERS signals from within living cells at desired positions. This nanowire-guided endoscopy offers unique spatio-temporal resolution: the probe is carefully inserted into a specific region of the living cell using a 4-axis micromanipulator, then SERS signals of intracellular materials are collected from the nanowire tip via excitation of propagating surface plasmons on the nanowire10. More recently, we increased the SERS performance of the probe by introducing gold structures on the silver nanowire (gold-etched silver nanowires, AuAgNWs), and used these enhanced nano-endoscopes to obtain highly-resolved SERS fingerprints of specific target molecules (labelling dyes) present in different cellular compartments (nucleus and membrane)11. 
Herein, we apply our AuAgNWs endoscopic probes to monitor the intracellular distribution and molecular interactions of an established anticancer drug, doxorubicin (Dox), inside living cancer cells, A549. Dox, also known by the trade name "Adriamycin", is one of the most effective therapeutics currently implemented in human chemotherapy for the treatment of an extensive range of cancers12. The therapeutic effect is mainly attributed to the drug’s efficient intercalation between DNA base pairs13. To date, intracellular studies of Dox have mainly been performed using fluorescence microscopy, taking advantage of the intrinsic fluorescence of the chromophoric moiety present in the Dox molecular structure.14-18 However, as for most anticancer drugs, it has been shown that the fluorescence of Dox can be severely altered in biological environments19-21, rendering fluorescence measurements unreliable. This alteration usually translates into a drastic decrease in the fluorescence signal (by up to 95%) as a result of Dox interactions with endogenous bio-molecules, mainly the intercalation into the host DNA.22-24 As a consequence, literature reports concerning the intracellular distribution of Dox are controversial, showing Dox fluorescence emission detected either exclusively from the nucleus25-26 or only from the cytoplasm17, 27-28. 

With its intracellular localization remaining thus unclear, the overall mechanism of action of Dox is still under debate29-30. This debate is amplified by the advent of drug delivery systems (DDSs), in which chemo-drugs such as Dox are encapsulated in multifunctional nanoparticles (NPs) for more effective target-and-release in cancer cells31-34.  In this regard, very little is known about how, and to what extent, drug dynamics are altered when Dox is released in cells from NPs-based DDSs, once they pass the plasma membrane35-37. All the issues mentioned above suggest further investigation is critically required to better understand intracellular Dox mode of action and if/how this is altered when using DDSs. 
Thanks to the exceptional spatio-temporal resolution of our SERS-based endoscopy technique, we were able to investigate here the diffusion of Dox into the nucleus, and its subsequent intercalation with DNA as opposed to complexation with medium proteins, as a function of time. The dynamics and fate of Dox directly administrated to the cells, and Dox released from DDSs after cellular internalization, are both examined and compared (Scheme 1). The same study is also performed with fluorescence microscopy, emphasizing the new and complementary information that can be gained by means of SERS endoscopy. This method has the potential to guide medicinal chemists through the rational design and optimization of future anti-cancer drugs. 
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Scheme 1. Schematic illustration of SERS measurements collected in vitro (a) and in cellulo (b). Dox in water, Dox in fetal bovine serum (FBS)-containing medium, DNA in water and DNA+Dox complex in water on AuAgNWs spin coated on a glass coverslip, were used for the collection of reference SERS spectra in vitro (a). AuAgNWs were inserted via endoscopy into the nucleus of a living A549 cell, after incubation with Dox or DDS-Dox, for collecting SERS spectra in cellulo (b). 

2. Results and Discussion

2.1. AuAgNWs preparation and characterization   
Silver nanowires (AgNWs) were synthesized via a polyol synthesis as described elsewhere10-11. The synthesized AgNWs, presenting a smooth surface (scanning electron microscopy, SEM, image in Figure S1), were subjected to a galvanic replacement reaction (GRR). As demonstrated previously11, a GRR generates gold structures and silver etched regions on the AgNWs surface, which act as plasmonic ‘hotspots’ and in turn increase the SERS performance of the endoscopic probes. The SEM and scanning transmission electron microscopy (STEM) images of the gold-etched silver nanowires (AuAgNWs) resulting from GRR clearly show a slightly roughened surface due to gold deposition/silver etching on the nanowire surface (Figure 1a-b, respectively). 
The SERS performance of the AuAgNWs was verified in vitro through the acquisition of the SERS fingerprint spectrum of Dox. The stability of the SERS signal was evaluated both along the nanowire surface, and over time, as Dox can be easily decomposed by light irradiation38. 
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Figure 1. Characterization of AuAgNWs and SERS detection of Dox. SEM (a) and STEM (b) images of AuAgNW obtained upon GRR, (c) SERS measurements of Dox in water on AuAgNWs spin-coated on a glass coverslip: single spectrum (c), Raman intensity map for the peak at 1245 cm-1 (d), SERS spectra collected from locations A, B and C on the map (e), spectral waterfall (WF) over 100 s (acquisition time: 1 s ) (f). 

AuAgNWs were immersed in a water solution containing Dox, then SERS measurements were performed (details are reported in SI). Dox molecules are known to adsorb on metal nanoparticles by electrostatic interactions via the positively charged amino group of Dox at neutral pH39-40. The SERS signal obtained (Figure 1c) was characteristic of Dox,25 featuring strong bands at 1210 and 1245 cm-1, generated by the ring stretching and 𝛿(O-H) deformations, while the band at 460 cm-1 was assigned to the 𝛿(C=O) vibrations41-42. A SERS map of the 1245 cm-1 scattering peak was collected over the entire nanowire surface (Figure 1d). The map shows a high density of plasmonic coupling points. Three spectra (at points A, B and C), representative of different Raman intensities along the wire, were extracted from the map (Figure 1e) and show that the SERS spectral shape is consistent over the nanowire area. To verify the stability of the SERS signal over time, a series of SERS spectra (known as spectral waterfall, WF) were collected at a specific point on the AuAgNWs (spectra collected each second for 100 s, Figure 1f). The Dox spectrum could be perfectly identified over the entire WF (average spectrum displayed on the WF plot), indicating the high stability and high spectral resolution of the signal over time. This characterization confirms the outstanding SERS performance of the AuAgNWs, and their SERS sensitivity for Dox molecule detection, without any further modification. 

2.2. AuAgNW: Dox molecular interactions in vitro
Before being applied for endoscopy studies, the ability of AuAgNWs to monitor Dox interactions was assessed in vitro. To this end, the expected chemical interactions of Dox upon administration in cells were mimicked in test solutions. When administered in cells, Dox (free or encapsulated in a delivery system, see section 2.3) was added to living cells that are maintained in a culture medium. Dox is known to form aggregates in fetal bovine serum (FBS)-containing medium during this process, due to interactions with serum proteins (Dox-FBS)43. To verify that these aggregated could be detected in the Raman spectra acquired with AuAgNWs, Dox was dissolved in cellular medium (DMEM) supplemented with 10 % FBS. Then, this solution was dropped onto AuAgNWs deposited on a glass cover slip and SERS spectra were collected. A representative spectrum obtained from these measurements is reported in Figure 2a (orange line). When compared to the spectrum of Dox obtained in water (red line) a clear shift of the main SERS band is observed, with most of the SERS peaks not overlapping. This indicates that the Dox-FBS aggregates can be successfully detected by the AuAgNWs via SERS. The complexation of Dox with FBS proteins was also confirmed by UV-VIS absorption (Figure S2). The shift between the absorption spectra of Dox in FBS-containing cellular medium and Dox in water (and corresponding color change in the solution) are attributed to a conformational change23. We want to clarify that Dox-protein interactions occurring in FBS-containing medium were found not to alter the cytotoxicity of Dox44. 
The main mechanism of Dox therapeutic action is its intercalation between host DNA base pairs, complemented by the disruption of topoisomerase-II-mediated DNA repair, and the generation of free radicals (damage to cellular membranes, DNA and proteins)13. The SERS signals corresponding to Dox intercalation in nuclear DNA in vitro was characterized next. To this end, DNA was extracted from A549 cells (the same cell line used for the endoscopy experiments, see further on) using QIAmp Mini Kit®.  While for SERS detection of Dox, Dox molecules were spontaneously adsorbed on the metal surface, to accommodate DNA molecules on AuAgNWs, the nanowires were first functionalized with cysteamine. The thiol group of cysteamine spontaneously forms covalent bonds with the metal surface45, while the protonated amino group on the opposite side of the molecule electrostatically interacts with the negatively charged DNA molecules. Cysteamine-modified AuAgNWs, spin coated on a cover slip, were then immersed in a solution of the extracted DNA and SERS spectra were recorded (details in SI). The conformational complexity of large complex molecules, such as DNA or proteins, leads to a high heterogeneity in the SERS spectra acquired46. As a consequence of this well-known phenomenon, different SERS spectra were obtained from the same DNA sample (Figure S3). When measuring SERS of DNA, the signals are strongly dependent on the sequence, packing density, source, and adsorption configuration on the metal surface46-47. Moreover, when DNA is extracted from cells, even with high purity, some traces of proteins and RNA can still be present.48 Accordingly, a diverse collection of DNA fingerprints is available in the literature.46, 49 The most representative spectrum obtained from our study was dominated by a peak at 1504 cm-1 and is shown in Figure 2b (grey line). To intercalate Dox with the extracted DNA and form Dox-DNA complexes in vitro, Dox was mixed with the extracted DNA solution. The solution was then dropped onto the cysteamine-modified AuAgNWs on a coverslip and SERS spectra were recorded (details in SI). As was observed for the neat DNA solutions, some spectral variability was observed for the SERS signals for the Dox-DNA mixture (Figure S4). The spectrum reported in Figure 2b (burgundy colored line) was selected as representative of the formation of the DNA-Dox structure (DNA+Dox), based on the high frequency of its observation and the overlap with significant peaks in the neat Dox and DNA spectra. 

The fingerprint spectrum for the DNA-Dox complex shown in Figure 2b was confirmed by performing some additional tests. First, instead of exposing extracted DNA to Dox in vitro (by mixing the two solutions), A549 cells were first incubated with Dox and after 24 h, the DNA was extracted. The extracted DNA should contain traces of intercalated Dox (i.e., DNA-Dox). Despite the high variability of the spectra, and a probable loss of Dox during the DNA extraction process, it was still possible to select some SERS fingerprints that correspond to the DNA-Dox complex (Figure S5). The presence of these signals in the data set corroborates the hypothesis that the spectrum in Figure 2b is representative for Dox-DNA adduct formation. 
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Figure 2. SERS spectra collected on AuAgNWs spin-coated on a coverslip (in vitro). SERS spectra of Dox in FBS-containing medium (orange line) and in water (red line) (a), and SERS spectra of Dox (red line), DNA+ Dox complex (burgundy line) and DNA (gray line) in water (b). Vertical red dotted lines indicate Dox Raman peaks with the yellow band highlighting the three main peaks corresponding to the Dox fingerprint. 

From another perspective, reducing the spectral heterogeneity of the extracted DNA might assist further validation of the Dox-DNA SERS fingerprint. In this regard, A. Barhoumi et al. reported a method to limit the SERS spectral variation of DNA based on pre-treating DNA with moderate heat.46 According to their report, performing a gentle thermal cycle (95 °C - ice bath) before the DNA adsorption on metal nanostructures relaxes the DNA into linear conformations, making the resulting SERS signals more homogenous. This thermal cycle was carried out herein on the DNA extracted from A549 cells, before adding this solution to cysteamine-modified AuAgNWs and taking SERS measurements. The spectra obtained from pre-treated DNA (DNApt) on AuAgNWs were found to be very uniform, presenting two main peaks at 1335 and at 1540 cm-1 (Figure S6). The pre-treated DNA was then incubated with Dox to form Dox-DNA complexes, and SERS spectra were again acquired on cysteamine-modified AuAgNWs. Despite the reasonable spectral difference between the SERS signals of DNApt and untreated DNA, after interaction with Dox, the recorded spectra for treated/non-treated DNA samples became quite similar again, with an overlap of most SERS peaks (Figure S6). These results add further evidence to the spectral assignment of the Dox-DNA complex fingerprint reported in Figure 2b, and to the sensitivity of the AuAgNWs for the detection of Dox-DNA interactions. 
Taken together, this data (summarized in Figure S7) validates the hypothesis that the Dox-DNA fingerprint spectrum reported in Figure 2b is indeed characteristic of the Dox-DNA complex. This will be used as a reference (DNA + Dox) for studying Dox intercalation with DNA in cells via endoscopy. 
2.3. Dox localization and molecular interactions in cells 
Fluorescence. 
To clarify the controversial results reported in the literature concerning the intracellular Dox distribution obtained by fluorescence microscopy17, 25-28, and to evaluate which kind of information fluorescence-based studies of Dox in cells can provide, A549 cells were exposed to a solution of Dox and the intracellular distribution of the drug though time was monitored using confocal laser scanning microscopy (CLSM) (Figure 3a-c). The distribution of Dox was followed by detecting its intrinsic emission16, 50 at different times after its addition to the cells (3, 24 and 48 h). After 3 h of incubation, Dox emission could be observed intracellularly, with a high intensity coming from the nucleus, and with a low intensity distributed through the cytoplasmic region (Figure 3a).
 Interestingly, after 24 h, Dox fluorescence was no longer detected in the nuclear region (Figure 3b), while in the cytoplasm the emission appeared as defined bright dots, probably due to the interaction of Dox with lipid membranes51. After 48 h, still no signal could be observed from the nucleus and a very dim emission could be detected in the cytoplasmic region, where no bright dots could be distinguished. Since the mode of action of Dox is to intercalate with DNA and inactivate topoisomerase-II-mediated DNA repair, the nucleus is considered to be the major cellular target of this drug. Nevertheless, no fluorescence emission of Dox could be detected in the nuclei after 24 or 48 h of incubation. While previous studies in vitro reported that the emission of Dox is quenched upon intercalation with DNA52-53, other factors can be associated with the absence of Dox fluorescence in the nucleus at these time points, namely, self-aggregation of Dox, Dox degradation, Dox interaction with other nucleic components, and so on. Unfortunately, fluorescence imaging cannot give further insights here and the intracellular fate and dynamics of Dox in cells remain therefore unclear.
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Figure 3. CLSM images (a-c) and SERS spectra collected by AuAgNW endoscopy (d-f) from the nucleus of a A549 cell incubated with Dox at different time points: 3, 24, and 48 h (Scale bar: 10 µm). Nuclei in CLSM images are marked with a white dotted line.

AuAgNW Endoscopy. 
To elucidate Dox distribution and interactions, particularly in the nucleus where no fluorescence was detected after 24 h, AuAgNW-based SERS endoscopy was applied to Dox-incubated A549 cells. To perform endoscopy in living cells, endoscopic probes were fabricated using AuAgNWs, following a protocol previously reported11. Briefly, after GRR, AuAgNWs were attached to an etched tungsten tip via AC electrophoresis and glued with epoxy resin. A typical SEM image of the endoscopic tip is shown in Figure S8. The tungsten wire was then anchored to a 4-axis micromanipulator placed on a microscope (details in SI).  The AuAgNWs endoscopic probes did not include any surface functionalization for molecular selectivity for live cell experiments. An AuAgNW-based endoscopic probe was carefully inserted into the nucleus of a Dox-treated A549 cell at different incubation times (3, 24 and 48 h) using the aforementioned micromanipulator. Upon focusing the laser on the nanowire tip, a series of SERS spectra was collected over time (1 spectrum / s), generating spectral waterfalls (WFs). The non-specificity of the probe implies that the spectral WFs obtained from the endoscopy contain SERS signals of the target Dox molecule and its complexes, as well as SERS signals from random endogenous materials located in the proximity of the probe. To assist the interpretation of the results and discriminate the various Dox interactions using AuAgNWs in cellulo, we used the fingerprint SERS spectra established in vitro (see Section 2.2, Figure 2).
Some spectral fluctuations in terms of both SERS peak intensity and position could be observed for the spectra collected via endoscopy compared to the references collected in vitro. This is attributed to the much more complex environment that surrounds the probe in live cell endoscopy experiments. To estimate correlations between the SERS spectra recorded endoscopically from within the nucleus and the fingerprint spectra recorded in vitro, Pearson’s Correlation Coefficients (PCCs) were estimated (details in SI) and reported in Figure 3d-f (PCC values > 0.6 indicate a medium-high correlation)11, 54-55. 

Since cells were treated in the exact same way for both the endoscopy experiments and for confocal fluorescence microscopy (Figure 3a-c), it was possible to combine and compare the information obtained by means of SERS endoscopy with that obtained from the fluorescence imaging. After 3 h of incubation with Dox, two distinct spectral fingerprints were retrieved from the WFs registered from within the nucleus, which could be associated to the spectra of Dox-FBS and DNA+Dox, respectively (Figure 3d). Notably, the spectra containing Dox-FBS peaks had higher occurrence, indicating that at this time point, the majority of Dox in the nucleus is not yet intercalated with DNA and is still associated with proteins present in FBS (Dox was administered to the cells in FBS-containing medium). The few DNA-Dox complex signals present in the WFs, though, imply that some Dox molecules are already intercalated into DNA strands 3 h after administration. Conversely, the WFs obtained via SERS endoscopy at 24 h do not contain any spectra ascribable to Dox-FBS, whereas DNA-Dox complex spectra could be clearly identified (Figure 3e). Similarly, at 48 h, only DNA-Dox fingerprints are recorded (Figure 3f). This data indicates that most of the Dox molecules diffused into the nucleus are intercalated with the DNA from 24 h after administration. The remarkable appearance of Dox-DNA complex signals obtained from the nucleus in SERS endoscopy correlates with the decrease of Dox fluorescence in confocal microscopy. Thus, SERS endoscopy confirms the hypothesis that quenching of Dox in the nucleus is due to its intercalation with DNA.

2.4. DDS-Dox localization and molecular interactions in cells 
Tumor targeting drug delivery using drug delivery systems (DDSs) is a promising strategy for improving chemotherapeutic efficiency. It is therefore extremely important to evaluate drug intracellular fate and dynamics during encapsulation, delivery, and release of drugs via DDSs, compared with the pure drug administration. For investigating the intracellular behavior of Dox in this context, mesoporous silica nanoparticles (MSNPs) were chosen as a DDS model. We previously reported the development of an efficient anticancer DDS based on the polymeric engineering of Dox-loaded mesoporous silica nanoparticles37. The system was proved to exhibit: (i) specific cancer cell targeting thanks to the hyaluronic acid coating, (ii) endosomal escape capability associated with polyethylenimine functionalization, efficient Dox release (iii) and high cytotoxicity (iv). Here, this system was chosen for delivering and releasing Dox in cells and studying the resulting Dox distribution and chemical interactions with DNA via SERS endoscopy. Dox was encapsulated inside the pores of MSNPs (DDS-Dox), with mean diameter of 120 nm (Figure S9). The particles were then coated with polyethyleneimine and hyaluronic acid consecutively. Dox release in vitro (in different solutions, without cells) and in cellulo, as well as the therapeutic efficiency of the multifunctional DDS-Dox, have been characterized in our previous work37. 

Fluorescence. 
In this part of the study, as for the administration of pure Dox, A549 cells were incubated with DDS-Dox and the fate of released Dox was monitored first via fluorescence imaging at different times following DDS-Dox administration (3, 24 and 48 h). At 3 h of incubation, the intracellular fluorescence signal was confined on the DDSs and appeared as small fluorescent spots in the cytoplasm (Figure 4a), meaning that most of the Dox was still encapsulated inside the MSNPs. A partial release of Dox into the intracellular cytoplasm was observed as a weak red background even at 3 h, however, no fluorescence was observed coming from the nuclei. Dox release became more relevant at 24 h after administration with a rising intensity of emission within the cytoplasm of the cell and concomitant relative weakening of the particle’s emission therein. Emission was still limited to the cytoplasmic region, there was no emission from within the nucleus (Figure 4b). A similar fluorescence distribution was obtained 48 h after administration (Figure 4c). At this time point, bubble formation and cell rounding indicated that the cell was undergoing the apoptotic process56-57. These results, in terms of Dox release and cytotoxicity observed, are supported by the data reported in our previous work37. Importantly, Figure 4a-c clearly shows that when Dox was released from the DDS, no Dox emission was detected in the nuclei at any time after DDS-Dox administration.
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Figure 4. CLSM images (a-c) and SERS spectra collected by AuAgNW endoscopy (d-f) from the nucleus of a A549 cell incubated with DDS-Dox at different time points: 3, 24, and 48 h (Scale bar: 10 µm). Nuclei in CLSM images are marked with a white dotted line.

As previously mentioned, it is impossible to follow the kinetics of Dox diffusion into the nucleus upon DDS-Dox administration or any DNA intercalation events by fluorescence. SERS endoscopy using AuAgNW probes was performed to fill this knowledge gap.   
When using DDS-Dox, the results obtained by SERS endoscopy were independent of incubation time; only DNA-Dox SERS spectra could be identified in the nucleus at 3, 24 and 48 h after DDS-Dox administration into the cells (Figure 4d-f). This contrasts with the administration of pure Dox, where Dox-FBS spectra dominated at 3 h after incubation. As for pure Dox, the DDS-Dox was administered to the cells maintained in FBS-containing medium. However, in the case of DDS-Dox, Dox is encapsulated into the pores of MSNPs (~2.8 nm37) and the release only occurs after cellular uptake. The small pore size, combined with the presence of polymeric coatings on the surface of MSNPs, shields the adsorption of most FBS components58, minimizing their interaction with Dox. On the other hand, spectra ascribable to Dox-DNA complexes were easily recorded via SERS endoscopy at all time points (3, 24 and 48 h), meaning that upon Dox release from DDSs, Dox-DNA adduct formation in the nucleus was detectable within 3 h. This data is supported by Dox release assays performed in our previous work, where a consistent amount of Dox was found to be released from DDSs within 3 h37. The relevance of the PCC values obtained from the associations reported in Figure 3d-f and 4d-f is confirmed by the much lower correlations obtained for random spectra recorded via endoscopy from within the nucleus of a non-treated A549 cell and the reference fingerprints (Figure S10). For the sake of comparison, a list of PCCs of possible spectral combinations between the SERS spectra obtained in vitro (DNA+Dox, Dox-FBS, DNA, Dox) and the spectra obtained by SERS endoscopy on cells treated with Dox and DDS-Dox is reported in Figure S11.

Effect of using DDSs on Dox behavior. 
After 3 h of incubation, SERS endoscopy measurements reveal two different scenarios of Dox chemical dynamics: (i) when administered directly (pure Dox), most of the Dox is detected as interacting with FBS proteins, whereas, (ii) when administered via DDS-Dox, DNA-adduct formation is distinctly identified. This difference can be explained by an overload of Dox-FBS complexes in the nucleus when using free Dox, or by a better DNA intercalation of the Dox delivered using DDSs. When Dox was added in its pure state, it first formed complexes with proteins in FBS-containing medium, then spontaneously entered the cell and rapidly accumulated in the nucleus. In this latter case, when the endoscopy probe penetrated the nucleus, the predominant Dox-protein complexes were likely to be adsorbed on the probe (due to the positive charge of Dox, see Section 2.1), generating FBS-Dox SERS spectra and hindering the SERS detection of Dox-DNA complex formation. This scenario accounts for Figure 3a and d, where Dox can still be identified in the nucleus via fluorescence and most of the spectra collected by means of SERS endoscopy are ascribable to Dox-FBS.  When using MSNPs as DDSs, Dox is released intracellularly from the pores by slow diffusion, while being protected from establishing interactions with FBS proteins in the cellular medium before internalization. We hypothesize that the absence of pre-formed non-target interactions with medium proteins, when Dox is released from DDSs, facilitates and accelerates Dox intercalation into DNA within the nucleus and results in a more straightforward detection of DNA-Dox spectra within 3 h (Figure 4a and d). Again, the data obtained by SERS endoscopy directly validates the hypothesis formulated based on fluorescence imaging: the only case in which Dox fluorescence is detected in the nucleus corresponds to the collection of SERS spectra of non-intercalated Dox (Dox-FBS) at 3 h from the administration of pure Dox (Figure 3a and d, respectively). When no fluorescence was observed in the nucleus (Figure 3b-c for Dox and Figure 4a-c for DDS-Dox) the SERS endoscopy experiments could clearly confirm the presence of Dox in the nuclear region and its intercalation into DNA, which is associated with fluorescence quenching (Figure 3d-f and 4d-f).  


3. Conclusions. We applied gold-etched silver nanowires as endoscopic probes to study doxorubicin (Dox) intracellular distribution and interactions in live cells via SERS. The unique spatio-temporal resolution of AuAgNW SERS endoscopy enables one to get unprecedented information on the intracellular dynamics of Dox: (i) its presence in the nucleus of Dox-treated cells (even when Dox emission is not detectable), (ii) occurrence and (iii) timing of its intercalation into DNA base-pairs, (iv) occurrence of additional non-target complexations that Dox can establish in cell media, and (v) the differences of these aspects for pure Dox administration and Dox released intracellularly from drug delivery systems (DDSs).  The data indicated that, when administered directly (pure Dox), Dox established complexations with proteins present in cellular media before entering the cell and finally intercalating into DNA. This intercalation was successfully detected via SERS endoscopy validating the established mechanism of action of Dox. On the other hand, when using delivery systems (DDS-Dox), unspecific interactions were not observed in the SERS spectra whereas the detection of DNA-Dox adducts in the nucleus was much more straightforward, suggesting a more efficient intercalation compared to pure Dox administration. These insights into intracellular Dox dynamics cannot be provided by any other existing methods. This work showcases the potential of live cell SERS endoscopy as a new avenue to revisit the mode of action of current clinically important anti-cancer drugs and provide crucial insights to assist the design and development of future treatments.
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Materials. Silver nitrate (AgNO3, 99.9999%), polyvinylpyrrolidone (PVP) (Mw ∼ 40,000), copper chloride (CuCl2, 99.9 %) and ethylene glycol (EG, anhydrous, 99.8%), chloroauric acid (HAuCl4, 99.9999%), Tetraethyl orthosilicate (TEOS, 98%), cetyltrimethylammonium chloride solution (CTAC, 25% in H2O), triethanolamine (TEA, 99%), hydrochloric acid (HCl, 1N), polyethyleneimine solution (PEI, 50% w/v in H2O), N-(3-dimethylaminopropyl)-N’-ethyl- carbodiimide (EDC, 97%), N-hydroxysulfosuccinimide sodium salt (sulfo-NHS, ≥ 98% HPLC), doxorubicin hydrochloride (Dox, suitable for fluorescence, 98-102%, HPLC) and guanine (99% HPLC) were purchased from Sigma–Aldrich. 2-propanol (IPA, ≥99.5%) and sodium hydroxide (NaOH, 10 M) were purchased from VWR Chemicals. Tungsten (W) and Platinum (Pt) wire were provided by Advent Research Materials. Epoxy glue was purchased from RS components. Dulbecco’s modified eagle medium (DMEM), Gentamicin, Dulbecco’s phosphate buffered saline (PBS, no calcium, no magnesium), Trypsin-EDTA (0.5%, 10x), Hank’s balanced salt solution (HBSS, no phenol red), GlutaMaxi supplement, fetal bovine serum (FBS, South America origin) were purchased from ThermoFisher Scientific. Sodium hyaluronate (HA, research grade, 289 kDa) was obtained from LifeCore BioMedical. All the chemicals were used without further purifications.

Silver nanowires synthesis. Silver nanowires (AgNWs) were synthesized following the polyol method, as previously reported.11 Briefly, 6.5 mL of EG containing PVP (0.1 M) were first heated at 160 °C for 1 h, followed by addition of 80 μL of CuCl2 (4 mM). After 10 min, 1.5 mL of AgNO3 solution (130 mM) in EG was added dropwise at a typical rate of 300 μL/min. The final solution was kept under magnetic stirring at 160 °C for additional 2 h in order to obtain an average nanowire length of 15 μm. After the synthesis, the AgNWs were kept in EG to prevent oxidation.

Galvanic replacement reaction: Gold-etched silver nanowires. Galvanic replacement reaction (GRR) was performed on AgNWs to obtain gold-etched silver nanowires (AuAgNWs) as previously reported.11 15 mL of milli-Q water were refluxed at 80 °C for 10 min. Afterwards, 450 μL of AgNW solution in EG (directly from synthesis) were added to the solution, which was then mixed to 1.8 mL HAuCl4, obtaining final Au3+ concentrations of 20 μM. The mixture was then refluxed for other 15 min. Vigorous magnetic stirring was maintained during the entire process. Subsequently the reaction solution was washed three times with IPA and re-dispersed in IPA. The resulting AuAgNWs were characterized by SEM and STEM (Figure 1a-b). A W tip of diameter 50 μm was etched by applying a DC voltage, with frequency 50 Hz and amplitude 3 V, between the W wire and a ring-shaped Pt wire electrode of diameter 8 mm in a 2 M aqueous solution of NaOH. After rinsing with milli-Q water, the so-obtained sharp W tip was immersed in IPA containing AuAgNWs diluted 1:100, v/v. The attachment of the AuAgNWs on the W wire was performed by alternating current (AC) dielectrophoresis method. An AC voltage with frequency of 1 MHz and amplitude of 8 V was applied between the W tip and the ring-shaped Pt wire electrode and after ca. 5 s the tip was retracted from the solution (keeping the voltage applied). The probe was then annealed at 250 °C for 15 min on a hotplate for strengthening the bond. Subsequently, the junction between the AuAgNWs and the W was glued with a conductive epoxy using a motorized four-axis micromanipulator (MX7600, Siskiyou) equipped with an epoxy pre-coated, etched W tip on an optical microscope (Ti-U, Nikon), and a 40X objective (N.A. 0.6, Nikon). The AuAgNW endoscopic probe (Figure S9) was then used in live-cell endoscopy experiments.

DNA extraction. The DNA sample was obtained extracting the nuclear DNA from A549 cells by using QIAamp DNA Mini Kit®. RNAse was added to purify the DNA from RNA traces. The concentration and the purity of the extracted DNA were obtained by observing the absorbance at 260 nm. The estimated DNA concentration was 450 µg/mL, with Abs 260 / Abs 230 = 2,25 and Abs 260 / Abs 280 = 2,08, which indicates a high degree of purity of the sample extracted.48 The DNA was stored in milliQ water at – 20 ºC.

In vitro SERS measurements.  To obtain the in vitro SERS spectra, the AuAgNWs were spin coated onto a clean glass coverslip and heated up 80 °C to fix the NWs onto the glass surface. Afterwards, Dox or DNA or DNA-Dox were adsorbed on the AuAgNWs as follows. To obtain the SERS spectrum of Dox in water, an aqueous solution of Dox (0.85 mM) was drop casted onto the AuAgNWs and left onto the glass coverslip overnight to let the molecules interact with the NWs surface. Afterwards, the sample was rinsed with milli-Q water to remove traces of free Dox and then kept in water for the SERS measurements. To obtain the fingerprint of Dox in cell medium, 20 μL of Dox (1.7 mM) were mixed with 2 mL of cell culture medium and let interact for 3 h. Afterwards, the mixture was drop casted onto the AuAgNWs. SERS spectra were acquired by keeping the sample in the Dox-cell medium solution. For the SERS measurements of DNA and DNA+Dox, the AuAgNWs were first functionalized with cysteamine, which will act as linker to anchor the DNA/DNA-Dox to the NWs. An aqueous solution of cysteamine (1 mM) was drop casted on the spin coated AuAgNWs and left to interact for 3 h. Afterwards, the coverslip was rinsed with milli-Q water. The extracted DNA solution was drop casted onto the coverslip, carrying the cysteamine-functionalized AuAgNWs, and incubated overnight. Afterwards, the coverslip was rinsed gently with milli-Q water to remove traces of unabsorbed DNA. The DNA+Dox sample was obtained by mixing a solution of Dox (1.7 mM) with the DNA solution (450 μg/mL) (1:1, v/v), letting it interact for 3 h and then added it to the AuAgNWs on the coversip. The sample was let rest overnight on AuAgNWs and rinsed.  For obtaining the SERS spectra of DNA extracted after Dox incubation (‘inc DNA-Dox’), A549 cells were incubated with Dox (at the final concentration of 17 μM) for 24 h and the DNA containing Dox was extracted following the same protocol as for DNA. The resulting solution of inc DNA-Dox (140 μg/mL) was drop casted onto the AuAgNWs and left overnight and rinsed. Before SERS measurements, for all samples, the coverslip with AuAgNWs was rinsed with milli-Q water and the samples were kept in milli-Q water during the measurements. For guanine, an aqueous solution of guanine 1mM was drop casted on AuAgNWs and SERS measurements were performed (without rinsing). Whereas for guanine + Dox, a mixture of guanine (1 mM) and (Dox 1.7 mM) 1:1 v/v was prepared and let interact overnight. Afterwards, the solution was drop casted in AuAgNWs and SERS measurements were performed (without rinsing). 
For acquiring SERS spectra, the samples were placed on an inverted microscope (TiU, Nikon) and continuous wave 632.8 nm He–Ne laser (Research Electro- Optics) was reflected by a dichroic mirror (Z633RDC, Chroma) and was then focused on the AuAgNWs by an objective lens (Plan Fluor 60x, N.A. 0.85, Nikon). Circular polarization at the sample was achieved by tuning halfwavelength (λ/2) and quarter-wavelength (λ/4) wave plates. Raman scattering light was collected from the same focal point and guided to the spectrograph (iHR320, Horiba) equipped with a cooled-charge coupled device (CCD) (Newton 920P, Andor), before passing through a confocal pinhole and longpass filters (HQ645LP, Chroma). Typically, the laser power used was 1 mW (~154 kW/cm2 power density), and the integration time applied was 1 s with spectra averaged 1 time (waterfall measurements, WFs).


DDS-Dox preparation. MSNPs were synthesized as previously reported37. The synthesis was carried out by mixing 0.18 g of TEA with a solution containing 24 mL of CTAC and 36 mL of milli-Q. The mixture was then heated to 60 °C and, after 1 h, 20 mL of TEOS (20 v/v % in 1-octadecene) were added. The reaction was kept overnight at 60 °C under magnetic stirring. After 24 h, the solution was cooled to room temperature and the particles were washed with a solution of HCl 1.1 M in water/ethanol (v/v = 1.25:10), to remove CTAC from the pores. Afterwards, two washing cycles were performed with milli-Q water to bring the solution to neutral pH. To obtain MSNPs loaded with Dox (MSNPs-Dox), the MSNPs were first dispersed in phosphate buffer at pH 9, to increase the loading efficiency. The mixture was left overnight under magnetic stirring. After 24 h, the solution was centrifuged, and the supernatant was replaced with milli-Q water. The final concentration of Dox encapsulated in MSNPs was 150 μM. A solution 0.75% of polyethylenimine (PEI) in H2O, adjusted at pH 7, was added dropwise to MSNPs-Dox in milli-Q water (1:1 v/v). The solution was kept under magnetic stirring for 3 h, to obtain MSNP@PEI-Dox. MSNPs@PEI-Dox were washed via centrifugation and dissolved in MES buffer. Meanwhile, HA was dissolved in 10 mL of MES buffer (0.1 M, pH 6) (final HA concentration 0.4 mM) and stirred for a few hours. Afterwards, EDC and NHS-sulfo were simultaneously added to the HA solution (final concentration of EDC and NHS-sulfo 1 mg/mL) and kept under stirring for 30 min. 1 mL of this solution was slowly added to 3 mL of MSNPs@PEI-Dox (1 drop/5 s) and kept overnight under stirring. The products, MSNPs@HAPEI-Dox, were washed and dispersed in milli-Q. The as-obtained NPs were used for studying the Dox dynamics and distribution after being released from DDSs via fluorescence microscopy and SERS-based endoscopy investigations.

Cell culture. A549 cells were cultured in 25 cm2 cell culture flasks at 37°C and in a humidified 5% CO2 atmosphere. The cell passage was performed via trypsinization every 2-3 days, when the confluency reached 80%. The cell culture was maintained in DMEM medium containing 10% FBS, 1% L-glutammax and 0.1% gentamicin. For confocal fluorescence microscopy and endoscopy measurements, cells were cultured in 35-mm glass bottom dishes (MatTeK).

Dox and DDS-Dox delivery in cellulo. 10 μL of Dox (1.7 mM) or DDS-Dox (Dox 150 μM) solutions were added to A549 cells maintained in 1 mL culture medium in a 35-mm glass bottom dish (MatTeK). The dish was then incubated at 37°C and in a humidified 5% CO2 atmosphere for 3 h. Subsequently, the un-internalized Dox, or particles, were washed away with HBSS (x3). The cells were then measured either via confocal microscopy or via SERS-endoscopy, obtaining data after 3 h of incubation. On the other hand, after the HBSS washing, other copies of the same samples were resuspended in fresh medium and placed back in the incubator for measurements after 24 and 48 h. 

Fluorescence measurements. Before imaging, the cell sample, treated with Dox and DDS-Dox, was washed three times with 1 mL of HBSS and kept in HBSS buffer for the measurements. The emission of Dox was monitored via confocal fluorescence microscopy by using FV1000, Olympus. Highly resolved images were obtained with 100x oil objective (N.A. 1.40). Dox emission was detected by using a 488 nm laser (5 μW, power density ~5.3 kW/cm2), a 100x oil objective (N.A. 1.4) and a bandpass filter 600–670 nm.

Live-cell SERS endoscopy experiments. Before SERS measurements, the cell sample, treated with Dox and DDS-Dox, was washed three times with 1 mL of HBSS and the glass bottom dish was then placed on an inverted microscope (TiU, Nikon) equipped with a piezoelectric stage. The AuAgNW probe was slowly inserted into the nucleus of a live A549 cell with diagonal movements, keeping an angle of about 30°. The movement was controlled by a motorized four-axis micromanipulator (MX7600, Siskiyou). For acquiring SERS spectra the laser was focused on the AuAgNW tip and the same parameters as for SERS measurements in vitro were used. 

PCC analysis. Pearson Correlation coefficients (PCCs) were calculated between the spectra collected in vitro and the endoscopy data collected in cellulo according to the following equation: 


where  denotes the total number of considered Raman shifts, and  represent the Raman intensities registered for the first and second spectrum, respectively, at the n-th Raman shift, and   and  are the mean intensity values recorded for the first and second spectrum, respectively.  can be regarded as a measure of the overall similarity between the two profiles under study. In order to obtain an unbiased estimation of the PCC, each pair of spectra was preliminarily baseline-corrected by Asymmetric Least Squares (AsLS)59.
The related table is reported in Figure S11. PCC values > 0.6 for SERS spectra in cells indicate medium-high correlation11, 54-55. 

Supporting Figures. 
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Figure S1. AgNWs characterization. SEM image of as synthesized AgNWs (a) and related size distribution, with gaussian fitting. 
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Figure S2. UV-VIS Absorption of Dox in water and in FBS-containing medium (a) and photograph of the related solutions (b)
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Figure S3. SERS spectra of DNA (extracted from A549 cells) on AuAgNWs (in vitro). 
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Figure S4. SERS spectra of DNA (extracted from A549 cells) + Dox on AuAgNWs (in vitro).
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Figure S5. SERS spectra of DNA extracted from A549 cells incubated with Dox (inc DNA-Do) compared to the reference spectra obtained from DNA+Dox (burgundy line). 
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Figure S6. SERS spectra of pre-treated DNA (pt DNA) and of pt DNA+Dox on AuAgNWs compared to the reference spectra obtained from DNA (non-pretreated) (grey line) and DNA(non-pretreated)+Dox (burgundy line).
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Figure S7. SERS spectra obtained in vitro on AuAgNWs (yellow band indicates the main Dox peaks)
. 
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Figure S8. AuAgNW-based endoscopic tip: SEM image of AuAgNWs attached on an etched tungsten tip (W tip) via AC electrophoresis.
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Figure S9. SEM (a) and STEM (b)images of mesoporous silica nanoparticles used as DDS for DDS-Dox (scale bars: 1 µm (a) and 100 nm (b)). 
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Figure S10. SERS spectra collected via endoscopy from the nucleus of an untreated A549 cell and related PCC values calculated with the reference spectra collected in vitro (DNA+Dox, Dox-FBS, DNA, Dox).
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Figure S11. Table of PCC values comparing the reference SERS spectra obtained in vitro (DNA+Dox, Dox-FBS, DNA, Dox) and the spectra obtained by SERS endoscopy on cells treated with Dox and DDS-Dox. 
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