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along with representative results and a discussion.  
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statistical / multivariate analysis of the Raman spectral data) if it does not fit with the interest of 
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SUMMARY: 22 

This protocol presents an integrated Raman spectroscopy-mass spectrometry (MS) platform 23 

that is capable of achieving single-cell resolution. Raman spectroscopy can be used to study 24 

cellular response to drugs, while MS can be used for targeted and quantitative analysis of drug 25 

uptake and metabolism. 26 

 27 

ABSTRACT: 28 

Cells are known to be inherently heterogeneous in their responses to drugs. Therefore, it is 29 

essential that single-cell heterogeneity is accounted for in drug discovery studies. This can be 30 

achieved by accurately measuring the plethora of cellular interactions between a cell and drug 31 

at the single-cell level (i.e., drug uptake, metabolism, and effect). This paper describes a single-32 

cell Raman spectroscopy and mass spectrometry (MS) platform to monitor metabolic changes 33 

of cells in response to drugs. Using this platform, metabolic changes in response to the drug can 34 

be measured by Raman spectroscopy, while the drug and its metabolite can be quantified using 35 

mass spectrometry in the same cell. The results suggest that it is possible to access information 36 

about drug uptake, metabolism, and response at a single-cell level. 37 

 38 

INTRODUCTION: 39 

 40 

Cells respond differently to changes in their microenvironment at the single-cell level, a 41 

phenomenon termed cellular heterogeneity1. Despite this, current drug discovery studies are 42 

based on average measurements of cell populations, which obfuscate information about 43 

potential subpopulations as well as single-cell variations2. This missing information may explain 44 
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why some cells are more susceptible to drugs while others are resistant. Interestingly, the lack 45 

of single-cell information about drug response is a possible reason for the failure of phase II 46 

clinical trials of drugs3. Therefore, to address this issue, cellular interactions with the drug (i.e., 47 

uptake, metabolism, and response) must be measured at the single-cell level. 48 

 49 

To achieve this, we have designed a unique system in which living single cells are screened 50 

using label-free Raman spectroscopy then further characterized using mass spectrometry4. 51 

Raman spectroscopy provides a molecular fingerprint of the cellular state, a complex spectrum 52 

resulting from the contributions of many molecules inside the cell. Despite this complexity, it 53 

can be considered that Raman fingerprints reflect a whole cell’s structure and metabolism5,6. 54 

Raman spectroscopy excels at measuring cellular states in a noninvasive and relatively high 55 

throughput manner, which makes it useful for screening and assessing drug response at the 56 

single-cell level.  57 

 58 

In contrast, MS provides the required sensitivity and selectivity for measuring drug uptake at 59 

the single-cell level. Since MS is destructive (the sample [cell] is typically consumed during 60 

analysis), integrating it with nondestructive, label-free Raman spectroscopy can provide a high 61 

throughput and sensitive system. This combined platform is capable of providing more 62 

information about drug uptake, metabolism, and effects at the single-cell level. 63 

 64 

This manuscript elucidates a protocol used to study cellular interactions with drugs at the 65 

single-cell level using in vitro cultures by using an integrated Raman-MS platform. To do so, 66 

hepatocellular carcinoma cells (HepG2) and tamoxifen are used as a model. HepG2 cells were 67 

chosen because they take up tamoxifen and metabolize the drug, and they are simultaneously 68 

affected due to its hepatotoxic effects. Two states are used in this manuscript: drug-treated 69 

cells vs. non-treated cells (control).  70 

 71 

PROTOCOL: 72 

 73 

1. Cell culture 74 

 75 

1.1. Culture cells of interest in an appropriate culture media. Penicillin-streptomycin may be 76 

added to avoid contamination. In the case of HepG2 cells, culture cells in a culture media 77 

containing Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine 78 

serum (FBS) and 0.1% penicillin-streptomycin. To faciltate Raman spectroscopy measurements, 79 

cells can be grown on a 0.1% gelatin-coated glass-bottom dish or quartz slides. 80 

 81 

1.2. Incubate cells for 2 days at 37 °C and 5% CO2 in a humidified incubator. 82 

 83 

1.3. Synchronize cell cultures to reach 70% confluency. 84 

 85 

1.4. Subculture cells into a 35 mm glass-bottom grid dish or quartz slides using the same 86 

medium at a seeding density of 0.7 x 106, then incubate at 37 °C for 24 h.  87 
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NOTE: Culture dishes or slides can be pre-coated with collagen or gelatin coating solution with a 88 

culture surface ratio of 5 ug/cm2 to allow them to fix, ensuring their survival during 89 

measurement. 90 

 91 

2. Drug treatment 92 

 93 

2.1. Remove cell cultures from the incubator and wash 2x with prewarmed PBS buffer (37 °C). 94 

 95 

NOTE: It is optimal to remove cells for drug treatment at a confluency of 50%–60%. 96 

 97 

2.2. Divide cells into drug-treated and untreated subgroups in 35 mm culture dishes. 98 

 99 

2.3. Mix the drug of choice with the culture media. For example, dissolve tamoxifen in dimethyl 100 

sulfoxide (DMSO) and mix with the culture media to obtain a final volume of 2 mL and 101 

tamoxifen concentration of 10 μM. This will be the drug-treated group. 102 

 103 

2.4. Mix a corresponding volume of solvent (DMSO) into the medium as a control to study the 104 

effects of DMSO. This will be the control group. 105 

 106 

2.5. Incubate both groups in 2 mL of the spiked media prepared in steps 2.3–2.4 for 24 h. The 107 

expected confluency after incubation should be 70%–80%. 108 

 109 

3. Raman spectral imaging and spectral processing 110 

 111 

NOTE: Although Raman spectroscopy systems are commercially available, the Raman 112 

spectroscopy system used here is a home-built line-scanning confocal microscope previously 113 

described7,8. Briefly, this system is equipped with a 532 nm diode pumped solid-state laser. The 114 

laser light is shaped into a plane using a cylindrical lens, which allows measurement of 400 115 

spectra in a single exposure. Raman spectra were recorded using a cooled CCD camera 116 

mounted on a polychromator that uses a 1,200 grooves/mm grating to maximize the spectral 117 

resolution of the fingerprint region (from 500–1,800 cm−1). This spectral area contains a high 118 

density of frequencies specific to molecules that generates Raman scattering. A water-119 

immersion objective lens (NA = 0.95) is also used. The spatial resolution of this system is ~300 120 

nm and the spectral resolution is 1 cm−1. To ensure cell survival during the experiment, a 121 

microchamber fixed onto a motorized microscope stage is used. 122 

 123 

3.1. Prior to spectral measurements, verify the alignment of the optics. A 50 µm pinhole can be 124 

used to verify that the pinhole and laser position match exactly. Enter the spectrophotometer 125 

slit when narrowed as much as possible. 126 

 127 

3.2 Use ethanol to calibrate the spectrophotometer prior to each experiment. To do so, place 128 

EtOH in a glass-bottom dish, measure the spectrum at a given laser intensity (measured at 129 

sample) for 1 s, and associate the peak to known wavelengths7.  130 

 131 
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3.3. Minimize the laser intensity at the sample to ~2.4 mW/μm2 so that cells survive laser 132 

exposure. 133 

 134 

3.4. Set up the microchamber at 5% CO2 and 37 °C. 135 

 136 

3.5. Once the microscope system is ready, remove cells from the incubator and immediately 137 

rinse cells 2x with warmed PBS (37°C) buffer, then add 2 mL of warmed PBS (37°C) or DMEM to 138 

resuspend the cells. 139 

 140 

NOTES: Both PBS and FluoroBrite DMEM-based media are sufficient options for Raman 141 

spectroscopy measurements because they produce a minimal background signal.  142 

 143 

3.6. Add 10 µL of water onto the water-immersion objective lens and delicately place the glass-144 

bottom cell dish onto the microscope stage.  145 

 146 

3.7. Measure each cell by focusing the laser line. A 15 s exposure time per cell is sufficient here 147 

to obtain a cross-section of a cell with a clear Raman signal. A galvano mirror allows scanning of 148 

one cell or a group of cells within several dozen minutes.  149 

 150 

NOTES: Higher resolution of full spectral imaging of cells requires more time and can lead to 151 

photodamage. Here, cells were measured using a single-line exposure to obtain a cross-section 152 

of each cell. This approach is a good trade-off to increase throughput and obtain sufficient 153 

information to discriminate cells, while also ensuring cell viability by limiting photodamage. 154 

 155 

4. Preprocessing of spectral data and multivariate analyses 156 

 157 

NOTE: Preprocessing is a necessary step prior to additional analysis in order to remove 158 

unwanted technical variations within the spectral data. Due to diversity of the methods and 159 

software, an exhaustive list cannot be provided, and there are many helpful reviews found in 160 

the literature7,8. In this section, we briefly describe the approach used to analyze and interpret 161 

spectral Raman data obtained from living single cells. 162 

 163 

4.1. Extract and preprocess Raman images to remove possible cosmic ray interference. 164 

 165 

NOTE: Spectral axis of spectra obtained during different days/weeks/months may include some 166 

variations due to small technical variations during calibration using ethanol. This will strongly 167 

impact subsequent multivariate analyses and statistical comparisons. In the case that 168 

experiments are performed during different weeks/months, small optical variations are 169 

expected. In this case, data must be interpolated to correct for eventual spectral shifts of the 170 

data across experiments. Interpolation using cubic spline is used here. After this step, all 171 

spectra axis should be aligned. A range of 500–1,800 cm-1 is considered for subsequent analysis.  172 

 173 

4.2. Extract spectral data of cells and background (absence of cells) from each image using a 174 

homemade algorithm. Subtract the background signal from the cell’s signal. Then, average the 175 



spectra of the remaining pixels, which should correspond to a single cell. The following steps 176 

are performed using the 2D spectra of cells. 177 

 178 

4.3. Perform a baseline correction using the ModPoly9 or any other algorithm that it estimated 179 

to fit sufficiently. Trim the spectral range to 600–1,700 cm−1 to select the fingerprint region and 180 

ensure that there is no unwanted edge effects on the spectra due to bad polynomial fitting.  181 

 182 

4.4. Perform a normalization step such as vector normalization (intensity at each wavenumber 183 

is divided by the global l2 norm or maximum singular value of a spectrum) to normalize the 184 

spectral intensity10, although other normalizations can be considered. 185 

 186 

4.5. Prepare a dataset with the appropriate label for each class/condition.  187 

 188 

NOTE: Comparative spectral analyses can be perfored to explore the nature of possible 189 

differences among cell class/conditions (e.g., by subtracting the average spectrum of the 190 

control group to other groups to identify regions of interest [such as potential biomarkers]). 191 

ANOVA and Fisher scores calculations can also be performed10. 192 

 193 

4.6. To identify treated and untreated cells based on spectral features, multivariate analyses 194 

can be applied. A normalized spectral data should be used as a training dataset, and an 195 

unknown dataset (without label) from a replicate experiment should be used as test data, if 196 

possible.  197 

 198 

NOTE: Discriminant analysis performed on some vector of a principal component analysis (PCA-199 

DA10), projection on latent scores followed by discriminant analysis (PLS-DA), and support 200 

vector machines (SVM) 11 are models often used in the field, and each presents different 201 

statistical considerations. Preprocessing of data should be performed consequently.  202 

 203 

4.7. Use machine learning that fits the experimental objectives. Here, a projection on latent 204 

structure (PLS) model is built using the spectral fingerprint region of Raman spectra (600–1,710 205 

cm−1)11,12. Mean-center the data as necessary. For cross-validation of the model, different 206 

techniques can be applied.  207 

 208 

NOTE: Here, a Venetian blind cross-validation with 10 splits is applied. The model complexity 209 

(number of components or latent variable) should be tested so that the best model minimizes 210 

the root mean square error (RMSE) value. It was found that three latent vectors (LVs) provided 211 

the best discrimination with our dataset. 212 

 213 

4.8. Identify which Raman spectral peaks contribute to discrimination of the cells (e.g., by 214 

plotting the score of variable importance in projection [VIP] for each Raman wavenumber or 215 

the magnitude of the regression coefficient).  216 

 217 
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NOTES: The VIP score of a variable is calculated as a weighted sum of the squared correlations 218 

between the PLS-DA components and original variable. Details regarding PLS and VIP scores 219 

algorithm can be found in the literature11,12. 220 

 221 

5. Single-cell sampling set-up and procedures 222 

 223 

5.1. Fix the cell sampling system onto the Raman microscope as shown in Figure 1. Connect the 224 

3D micromanipulator to the glass capillary holder that is attached to an empty syringe for 225 

sample sucking by applying negative pressure (Figure 1). 226 

 227 

5.2. Set the microscope to a high magnification field (40x) to observe the tip of the glass 228 

capillary and make sure it is not broken. Control the position of the glass capillary using the 229 

micromanipulator (x-, y-, z-axes). Ensure that the capillary tip is centered in the field of view, 230 

then move the capillary up on the z-axis to give clearance for the culture dish later. 231 

 232 

NOTE: Microsampling of the cells is performed by the glass capillary for cells with diameters 233 

between 10–15 µm. A capillary with a bore size of ~5 µm is recommended. If the bore size is 234 

too small, the capillary tip will be plugged by the cell, and if it is too large, the sensitivity of later 235 

MS measurements may be compromised. 236 

 237 

5.3. Place the sample plate/dish on the stage of the microscope, adjust the magnification and 238 

focus, select the target cell on the grid dish, and move it into the center of view. Then, carefully 239 

lower down the glass capillary using micromanipulator (z-axis) until the tip comes into focus. 240 

 241 

NOTE: Be sure not to move the capillary in the x- and y-axes until the capillary is in focus. 242 

 243 

5.4. Under microscopic observation, touch the target single cell with the capillary tip, then start 244 

applying negative pressure using the syringe to trap the cell inside the capillary tip. Record this 245 

procedure by taking a photo or video to check the timing and sucked location of the cell 246 

precisely, if necessary. 247 

 248 

5.5. Move the capillary up on the z-axis. Then, detach the capillary from the capillary holder 249 

using forceps in preparation for MS analysis. 250 

 251 

6. Mass spectrometry measurements 252 

 253 

6.1. Calibrate the mass accuracy of the MS instrument according to the manufacturer’s 254 

recommendations. After calibration, make sure that the mass error is no greater than 3 ppm. 255 

 256 

6.2. Optimize the MS instrument to parameters that are best suited for the analyte of interest.  257 

 258 

NOTE: In the case of tamoxifen and 4-OHT analysis, the instrument parameters are set to the 259 

following: inlet capillary temperature: 400 °C, spray voltage: 1500 V, automatic gain control 260 

target (AGC): 5.00E+06, S-lens RF level: 90%, SIM range: 347–397 m/z, SIM maximum injection 261 
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time: 200 ms, SIM resolution: 140,000 FWHM, MS/MS range: 50–400 m/z, MS/MS AGC target: 262 

2.00E+05, MS/MS maximum injection time: 100 ms, MS/MS resolution: 17,500 FWHM, MS/MS 263 

isolation window: 1 m/z, MS/MS normalized collision energy (NCE): 35. 264 

 265 

6.3. Set up an automatic acquisition method with a duration of 5 min for SIM mode to achieve 266 

relative quantitation, and another MS/MS method for positive identification of the drug and its 267 

metabolite. The parameters of the acquisition method should be set to the optimized values 268 

mentioned in step 6.2. 269 

 270 

6.4. Prepare the ionization solvent under a fume hood. The solvent composition depends on 271 

the analyte of interest. Here, the organic solvent used consists of 80% MeOH, 10% DMSO, and 272 

0.1% formic acid.  273 

 274 

6.5. Mix an appropriate internal standard with the organic solvent prior to measurements. In 275 

this experiment, 5.31 nM of d5-tamoxifen is used as an internal standard. 276 

 277 

6.6. To avoid false positives, aspirate the media surrounding the cells treated with the drug 278 

using a 1 μm bore-size capillary with constant microscopic observation to avoid sampling any 279 

cellular parts.  280 

 281 

6.7. Add 2 µL of the ionization solvent to the wide end of the capillary containing the media 282 

using a pipette attached to loader tips. Then, analyze the sampled media by MS, check for the 283 

presence of the analyte of interest (normally, it should not be detectable).  284 

 285 

6.8. Add 2 µL the ionization solvent to the capillary containing the cell, fix the capillary to a 286 

nanoelectrospray adapter (nano-ESI) connected to a suitable mass spectrometer, and start the 287 

automatic acquisition method. 288 

 289 

7. Mass spectrometry data processing and analysis 290 

 291 

NOTE: Any suitable software can be used to perform data analysis. However, if researchers wish 292 

to perform data analysis using a software that is not provided by the MS vendor, then the raw 293 

data should be converted from the proprietary vendor format to an open format or as a text file 294 

first (which was done here).  295 

 296 

7.1. Normalize the data by dividing the peak area of the analyte of interest(s) by that of the 297 

internal standard from the same MS scan. Then, log transform the peak ratios to reduce 298 

skewness.  299 

 300 

7.2. Plot the normalized intensity of the drug or its metabolite as a boxplot or density curve to 301 

visualize distribution across single cells. Here, R statistical software is used, along with the 302 

ggplot2 package. 303 

 304 



7.3. Calculate the metabolized drug to unmetabolized drug ratio by dividing the abundance of 305 

the drug metabolite by that of the unmetabolized parent molecule in each cell (i.e., 4-OHT and 306 

tamoxifen, respectively.  307 

 308 

NOTE: The correlation between variations of specific Raman peaks of interest and the variations 309 

in MS peaks of the drug or its metabolites can be studied. This is an addition to the possible 310 

correlation between the drug itself and its metabolite in single cells. This can be done by 311 

calculating the Pearson correlation coefficient using a two-tailed test. More advanced 312 

integrative approaches should also be considered. 313 

 314 

REPRESENTATIVE RESULTS: 315 

 316 

Single-cell analysis of drug interactions (uptake, metabolism, and effects) is essential in 317 

uncovering any hidden or drug-resistant subpopulation as well as understanding the effects of 318 

cellular heterogeneity. In this protocol, two complementary techniques were used to measure 319 

the aforementioned interactions in single cells: Raman spectroscopy and MS. Raman 320 

spectrometry rapidly identifies cells affected by drugs based on spectral biomarkers of the drug 321 

response. MS is used to monitor the uptake and metabolism of the drug in a selective and semi-322 

quantitative manner. Cells were first screened by Raman spectroscopy then individually 323 

sampled for analysis by MS.  324 

 325 

A comparative analysis of the average spectrum of each condition (with and without drug 326 

treatment) is shown in Figure 2. The averaged spectrum of the two conditions clearly differ at 327 

various peaks, which were previously identified and assigned to molecular compounds2. In 328 

particular, the peaks at 1000 cm- (assigned to aromatic compounds such as phenylalanine and 329 

tyrosine) show strong differences. The significance of the statistical difference should be 330 

assessed by further multivariate analyses. 331 

 332 

The data set was then used to train a PLS model (steps 4.5–4.8) aimed to distinguish the two 333 

cell treatments (with drug: n = 290, without drug: n = 115). The predictive ability to classify the 334 

cells cultured in the presence of tamoxifen reached 100% sensitivity and 72% specificity in the 335 

test data (unknown from the cross-validated trained model). Sensitivity is a measure of the true 336 

positives that are correctly identified by the model, while specificity is a measure of the actual 337 

negatives that are identified by the model. Alternative models such as SVMs, LDAs, and neural 338 

networks may provide similar or better results, although a comprehensive comparison has not 339 

been performed in this study.  340 

 341 

Based on the PLS model, the VIP scores were calculated, which represent the importance of 342 

wavelengths (Raman shifts) in discriminating the experimental conditions (Figure 3). 343 

Importantly, the highest peaks of the VIP profiles corresponded to Raman peaks for which 344 

strong differences were seen between the two treatments. This confirmed the specific 345 

molecular differences between treated and untreated cells. Consequently, researchers can 346 

identify possible spectral biomarkers that reflect the response of single cells to drug treatment. 347 



These biomarkers can be tested further to verify their biological relevance and generalization 348 

across various conditions and cell lines. 349 

 350 

A live single-cell mass spectrometry (LSC-MS) system was able to detect both the drug and its 351 

metabolites in single, drug-treated HepG2 cells that were previously measured by Raman 352 

spectroscopy. In addition, tandem MS may be used to confirm the structure of both molecules. 353 

After positive identification, the relative abundance of the drug and its metabolites were 354 

measured in each cell and compared to background peaks in untreated cells. Strong variation 355 

was observed in tamoxifen abundance, and this phenomenon was even more pronounced in 356 

the case of its metabolite, 4-OHT (Figure 4). The relationship between tamoxifen abundance 357 

and its metabolites was also studied, in which a significant positive correlation was found 358 

between the two (r = 0.54, p = 0.0001, n = 31). 359 

 360 

FIGURE AND TABLE LEGENDS: 361 

 362 

Figure 1: Cell picking system mounted on a microscope stage. 363 

 364 

Figure 2: Averaged spectrum of the drug-treated cells (with tamoxifen: n = 295) and 365 

untreated cells (without tamoxifen: n = 115). Raman peaks can be identified from the 366 

literature. Most of the strong spectral differences are statistically significant (ANOVA, p ≤ 0.5) as 367 

described previously4. This figure has been modified from a previous publication4. 368 

 369 

Figure 3: VIP scores extracted from the predictive PLS model. VIP scores reflect the 370 

wavelengths that contribute to distinguishing between the two classes in the model. Most of 371 

the peaks correspond to specific molecules that are observed as spectral biomarkers of drug 372 

effects on drug-treated cells. This figure has been modified from a previous publication4. 373 

 374 

Figure 4: Distribution of tamoxifen abundance and its metabolite. Distribution of tamoxifen 375 

abundance and its metabolite, 4-OHT (measured at the single-cell level) compared to 376 

endogenous peaks in the untreated cells (control). This figure has been modified from a 377 

previous publication4. 378 

 379 

DISCUSSION: 380 

In this manuscript, a simple case was chosen in which HepG2 cells were exposed (or not) to 381 

tamoxifen. The ability of a Raman spectroscopy and mass spectrometry system is demonstrated 382 

to monitor the effects of tamoxifen on cells. Raman spectroscopy allowed identification of 383 

potential biomarkers that reflected a general response of single cells to drug exposure. Some 384 

heterogeneity between single cells was observed, suggesting that some cells did not respond to 385 

drug exposure. On the other hand, LSC-MS was capable of performing a targeted analysis of the 386 

drug and its metabolite at the single-cell level, in which a high degree of heterogeneity was 387 

observed in the drug and its metabolite abundance. This heterogeneity helps explain why some 388 

cells are affected by the drug while others are seemingly not, despite the cells originating from 389 

a supposedly uniform population12. 390 

 391 
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Among particular aspects of this technique that require attention, it is important to evaluate 392 

the quality of the microscope set-up and signal processing to ensure reproducibility of the data. 393 

If preprocessing of the spectra is done carefully, the signal variations should be maximized at 394 

the local maximum of each peak. By contrast, the baseline and edge of the spectra should 395 

overlap between the tested cell conditions. Another important aspect is the multivariate model 396 

used to investigate differences between treatments. One must carefully evaluate the models 397 

and model parameters to ensure a precise and accurate analysis. One advantage of the PLS 398 

model, unlike neural networks, is that it allows access to the weights associated with each 399 

wavelength (Raman shifts) that best distinguish the conditions tested by the model.  400 

 401 

Despite Raman spectroscopy successfully discriminating the drug response, it should be 402 

stressed that this technique is limited in its use to provide biological interpretation. This is 403 

mainly due to the complexity of the spectral signal, which encompasses a mixture of thousands 404 

of molecules. Therefore, further investigation is required to evaluate systematic variations 405 

between Raman spectral intensities and variations in drug concentrations. Also, similar studies 406 

of other cell lines are required to evaluate the generalization of spectral biomarkers associated 407 

with tamoxifen.  408 

 409 

Furthermore, it may be of interest to perform living tissues measurements to assess 410 

pharmacodynamics and study how drugs penetrate and flow within each cell. Furthermore, it 411 

should be noted that the sampling step in LSC-MS is highly dependent on the skill of the 412 

operator. Parameters such as spatial resolution, cell position inside the capillary after sampling, 413 

and throughput strength are wholly operator dependent, which limits large scale adoption of 414 

LSC-MS. Although, automated sampling systems may alleviate this issue. Furthermore, while 415 

LSC-MS excels at sampling adherent or floating cells in their native states, it performs more 416 

poorly in sampling cells embedded in tissue sections. This is due to the sampling capillary tip’s 417 

tendency to break if the sample density is high. Therefore, another approach such as the single-418 

probe may be more suitable in such cases14,15. 419 

 420 

Since the cells used here are sampled in ambient conditions with minimal sample preparation, 421 

LSC-MS can be easily integrated with other technologies, as shown by its integration with 422 

Raman in this protocol. Another similar integration with 3D holography has allowed for 423 

achieving absolute quantitation of cellular metabolites on the subcellular level16. Additionally, 424 

integration with flow cytometry has allowed for the uncovering of metabolic biomarkers in 425 

single circulating tumor cells of neuroblastoma cancer patients17,18.  426 

 427 

In the future, due to recent increasing interest in combining datasets from imaging modalities19, 428 

it may also be of interest to study the systematic variations between Raman signals and mass 429 

spectrometry results (as well as other omics methods) by using integrative computational 430 

approaches. Interestingly, we have already found several weak but significant linear 431 

correlations between the intensities of Raman peaks identified by VIP scores and the 432 

abundance of tamoxifen or its metabolite at the single-cell level as identified by MS4. This data 433 

may suggest a metabolic relationship between MS profiles and Raman spectra and the 434 

possibility to predict these values. 435 
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Name of Material/Equipment Company Catalog Number

0.1% penicillin-streptomycin Nacalai Tesque 09367-34

35mm glass bottom grid dish Matsunami 

4-Hydroxy Tamoxifen standard Sigma-Aldrich 94873

532 nm diode pumped solid-state laser Ventus, Laser Quantum

BIOS-L101T-S motorized microscope stage OptoSigma

CT-2 cellomics coated sampling capillaries HUMANIX 

d5-Tamoxifen standard Cambridge Isotope Laboratories

Dimethyl sulfoxide LC-MS grade Nacalai Tesque D8418

Dulbecco’s Modified Eagle’s medium Sigma-Aldrich D5796

Eppendorf GELoader tips Eppendorf 

fetal bovine serum Hyclone laboratories SH3006603

FluoroBrite DMEM Thermo Fisher Scientific

Formic acid LC-MS grade Sigma-Aldrich 33015

HepG2 cell line (RCB1886) RIKEN cell bank center RCB1886

MC0-19A1C Incubator Sanyo Electric Co. MC0-19A1C

Methanol LC-MS grade Sigma-Aldrich 1060352500

MMO-203 3-D Micromanipulator Narshige MMO-203

NA:0.95, UPL40 water-immersion Olympus objective lens Olympus

Nanoflex nano-ESI adaptor Thermo Fisher Scientific ES071

On-stage incubator ibidi

Pierce LTQ Velos ESI calibration solution Thermo Fisher Scientific 88323

PIXIS BR400 cooled CCD camera Princeton Instruments

Q-Exactive Orbitrap Thermo Fisher Scientific

Rat-tail collagen coating solution Cell Applications Inc.

Tamoxifen standard Sigma-Aldrich 85256
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4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
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grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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Reply to the Editors & reviewers 

Comments/questions : black font 

Replies: blue font 

Excerpts from the manuscript : Italic 

Editors comments: 

 

 Editorial comments: 

• Abstracts: Please reduce the summary to 50 words. 

Thank you for pointing this out to us, we have rewritten the summary to be less than 50 

words as requested. 

• Textual Overlap: Significant portions show significant overlap with previously published 

work. Please re-write the text on lines 115-126, 201-211,223-259, 280-292, 339-250 to avoid 

this overlap. 

Thank you for the comment, we rewrote the text that you kindly pointed out. 

• Protocol Detail: Please note that your protocol will be used to generate the script for the 

video, and must contain everything that you would like shown in the video. Please add more 

specific details (e.g. button clicks for software actions, numerical values for settings, etc) to 

your protocol steps. There should be enough detail in each step to supplement the actions 

seen in the video so that viewers can easily replicate the protocol. 

Thank you for the comment, we tried our best to add all the relevant details. However, it must 

be noted that certain steps (instrument optimization, statistical analysis, microscope 

operation) are experiment and instrument specific. Therefore, we have elected to describe 

how to perform these steps, rather than present a detailed step-by-step (button clicks, etc) 

instructions. We hope that this approach allows gives the reader the flexibility in adapting 

this protocol to different experiments/instruments. 

• Protocol Highlight: Please highlight ~2.5 pages or less of text (which includes headings and 

spaces) in yellow, to identify which steps should be visualized to tell the most cohesive story 

of your protocol steps. 

1) The highlighting must include all relevant details that are required to perform the step. For 

example, if step 2.5 is highlighted for filming and the details of how to perform the step are 

given in steps 2.5.1 and 2.5.2, then the sub-steps where the details are provided must be 

included in the highlighting. 

Rebuttal Letter Click here to access/download;Rebuttal Letter;JOVE Reply to
the Editors & reviewers.docx

https://www.editorialmanager.com/jove/download.aspx?id=1118655&guid=83936ca6-7e4b-4f9f-87ad-df4c96819e52&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1118655&guid=83936ca6-7e4b-4f9f-87ad-df4c96819e52&scheme=1


2) The highlighted steps should form a cohesive narrative, that is, there must be a logical flow 

from one highlighted step to the next. 

3) Please highlight complete sentences (not parts of sentences). Include sub-headings and 

spaces when calculating the final highlighted length. 

4) Notes cannot be filmed and should be excluded from highlighting. 

5) Please ensure that the manuscript title best represents the highlighted portions. 

Thank you for pointing this out to us, we have highlighted the portions of the protocol that we 

think form a cohesive narrative. 

• Discussion: JoVE articles are focused on the methods and the protocol, thus the discussion 

should be similarly focused. Please ensure that the discussion covers the following in 

detail and in paragraph form (3-6 paragraphs): 1) modifications and troubleshooting, 2) 

limitations of the technique, 3) significance with respect to existing methods, 4) future 

applications and 5) critical steps within the protocol. 

Thank you for highlighting this issue to us. We have rearranged the discussion into the 

following format: 1 paragraph to summarize the method, 1 paragraph discussing critical 

issues in the protocol, 1 paragraph discussing the limitations of the method, and 1 paragraph 

discussing integration with other techniques and future applications. 

• Figures: Please remove the embedded figures from the manuscript. Figure legends, 

however, should remain within the manuscript text, directly below the Representative Results 

text. 

Thank you for pointing this out to us, we have removed the embedded figures, and kept the 

figure legends below the representative results text 

• Figure/Table Legends: Please the error bars/box boundaries in fig 4. 

Figure 4 is being re-used from an earlier publication done by us (with the publishers’ 

permission of course), unfortunately, we cannot modify the figure since it represents the data 

obtained from that experiment.  

• References: Please spell out journal names. 

Thank you for the suggestion, we re-formatted all references according to JoVe guidelines. 

• Commercial Language:JoVE is unable to publish manuscripts 

containing commercial sounding language, including trademark or 

registered trademark symbols (TM/R) and the mention of company 

brand names before an instrument or reagent. Examples of 

commercial sounding language in your manuscript are Sigma-



Aldrich, Hyclone laboratories, Nacalai Tesque, MC0−19A1C, Sanyo 

Electric Co., Matsunami, (Cell Applications Inc, Ventus, Laser 

Quantum, PIXIS BR400, Princeton, Olympus, (ibidi, FluoroBrite, 

Thermo Fisher Scientific, ModPoly, AirPLS, Q-Exactive Orbitrap, 

etc 

Thank you for pointing out this issue for us, we have removed all commercial sounding 

language from the manuscript. 

 

• If your figures and tables are original and not published previously or you have already 

obtained figure permissions, please ignore this comment. If you are re-using figures from a 

previous publication, you must obtain explicit permission to re-use the figure from the 

previous publisher (this can be in the form of a letter from an editor or a link to the 

editorial policies that allows you to re-publish the figure). Please upload the text of the 

re-print permission (may be copied and pasted from an email/website) as a Word 

document to the Editorial Manager site in the "Supplemental files (as requested by 

JoVE)" section. Please also cite the figure appropriately in the figure legend, i.e. "This 

figure has been modified from [citation]." 

We have obtained permission from the publishers to re-use the figures used in this 

manuscript, a copy of the e-mail granting us the permission has been included in the uploaded 

documents. Furthermore, the figures that were reused were also referenced properly in the 

text.  

 

Comments from Peer-Reviewers: 

 

Reviewer #1: 

Manuscript Summary: 

This manuscript clearly describes the steps of the combination of Raman spectroscopy and 

LSC-MS analysis to provide a new method of analyzing drug uptake, metabolism and 

response in single cell level. Raman spectroscopy was used to determine the heterogeneity of 

drug treated and untreated cells based on the average spectra. The multivariate data analysis 

and machine learning were also utilized to predict the unknown cells. In addition, the LSC-

MS can acquire the data which further provide the metabolites information such as the 

Tamoxifen and 4-OTH relative intensity. This method provides a new way to achieve the 

pharmacokinetics and pharmacodynamics in the drug screen and related research. I believe 

this manuscript need a minor review before publication. 



 

Minor Concerns: 

(1), In the cell culture protocol 1.4, the manuscript mentioned the synchronization of cell 

culture. Do you add any drug to synchronize the cells or just add culture medium? 

No drug was added to synchronize the cells, instead, we just used culture media. 

(2), In the data analysis 4.2, why the 500 cm-1 to 1800 cm-1 was selected, the author better 

provides more reasons of the spectra selection. 

The area from 500 (or 600?) to 1800 cm-1 is also called the fingerprint region, it provides 

many sharp peaks originating from various molecules. Further wavelengths are ‘silent’ (there 

is no peaks) and a high region around 2700-3100 cm-1 is sometimes used but somewhat less 

informative. This is a well known spectral range used for analysis by the community. To 

clarify this point further, we have added the following to the manuscript:  

“This spectral areas contains a high density of frequencies specific to molecules that 

generates Raman scattering” 

(3), In 4.7, the description better provides full names of some terms such as SVM (Support 

Vector Machine), RMSE value and XIC for the people who is not familiar to the machine 

learning. 

Thank you for pointing out this issue for us, we have provided the full names for terms that 

might not be familiar to everyone. 

(4), In the results and discussion, author mentioned the prediction was high sensitivity 

(100%) and high specificity (72%). Could you please add some brief description of the 

sensitivity and specificity? Please show how you calculate these numbers (such as using what 

equation and provide the reference). 

Thank you for your suggestion. We have added the following to the manuscript to explain 

sensitivity and selectivity : “Sensitivity is a measure of the true positives that were correctly 

identified by the model, while specificity is a measure of the actual negatives that were 

identified by the model.”  

The model we use is a general PLS model, for which we have provided the necessary 

reference explaining the equation and how calculations are performed. Being a general 

model/widely used, we don’t think it is necessary to detail these aspects in this manuscript. 

As for calculating these numbers, we have specified how the scores were obtained, however, 

the calculation itself is done by a commercial software (eigenvector).  

Reviewer #2: 

Manuscript Summary: 



The authors present a protocol for single cell analysis by integrated Raman and Mass 

spectrometry platform. The platform allows analysis of drug uptake and the metabolic effect 

the drug can induce in a cell. Computational data analysis of Raman data, based on PCA, are 

suggested. Also, semi-quantitative measurements of the drug and metabolite are presented. 

 

In my opinion this is a very interesting and timely protocol. Thanks to the recent 

technological advances, the analysis of potential drug candidates at their targets and the 

analysis at a single cell or sub-cellular level are becoming not only possible but their 

importance is increasing. There is growing need and interest in new techniques and protocols 

to further aid the studies, especially with the involvement of complementary techniques, such 

as in the case or this protocol. 

 

The protocol is easy to follow and it contains all the necessary details, explanations or 

discussion. I have got only a few minor suggestions. 

 

Major Concerns: 

none 

 

Minor Concerns: 

Protocol Section 1.1 

i do not believe world 'convinient' is appropriate. What would be the meaning of 

'convenient'? In my opinion section 1.1 can be removed. 

Thank you for the suggestion, we have removed this point. 

Protocol Section 1.2 

Presumably, the protocol could be used to measure different cell lines, drugs and metabolites. 

This case either the detail of particular cell culture media is not necessary or a note should be 

made that the choice of media would depend on cell line end intended experiments. 

Thank you for the suggestion. Indeed, the protocol is applicable to different cell-lines. To 

address this issue, we have added a note to section 1.2. Furthermore, we extended this 

suggestion to the rest of the manuscript as well, and made sure to indicate that the conditions 

used in this protocol are optimized for our specific experiment only. 



Protocol Section 1.2 It would be good to mention sample requirement for Raman 

measurement? What is the advantage of gelatin? 

Thank you for pointing this issue for us, we mentioned the sample requirements for Raman in 

section 3.4  Note.  Regarding the advantage of gelatin, we have added the following to the 

protocol to explain its use. 

“Cultures dish or slides can be pre coated with collagen or gelatin coating solution to allow 

them to fix, thus ensuring their survival during measurement.” 

Protocol Section 3.5 Add what should be the temperature of warm PBS. Presumably at 37C? 

Absolutely, depending on cell requirement. This we have added this to the text.  

Protocol Section 6.9 Are these parameters always going to be the same? Surely, the 

optimization should be done depending on the sample / analyte / system measured? Either 

mention that the optimization would vary depending on experiment, remove the details or 

suggest parameter ranges explaining their purpose? 

This is indeed a very valid point, we are in complete agreement. To address this important 

issue, we rewrote the mass spectrometry measurement section to reflect that the values 

provided, and the organic solvent composition are analyte specific, we also mentioned that all 

the parameters mentioned in this experiment, are specific to tamoxifen and 4-OHT only. 

Some of the modifications are listed here for convenience: 

6.2. Optimize the MS instrument to the parameters that are best suited for the analyte of 

interest. In the case of tamoxifen and 4-OHT analysis, the instrument parameters were set to 

the following:  

6.4. Prepare the ionization solvent under a fume hood. The solvent composition depends on 

the analyte of interest. In the case of this experiment, the organic solvent used was (80% 

MeOH, 10% DMSO, and 0.1% formic acid).  

6.5. Mix an appropriate internal standard with the organic solvent prior to measurements. In 

this experiment, 5.31 nM of d5-tamoxifen was used as an internal standard. 
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ahmed.ali@outlook.jp

From: support@services.acs.org
Sent: Wednesday, September 11, 2019 11:21 AM
To: Ahmed Ali
Subject: RE: Request to re-use article for thesis and figure for protocol paper

Dear Dr. Ali, 
  
  
Your permission requested is granted and there is no fee for this reuse. In your planned reuse, you must cite the ACS 
article as the source, add this direct link https://pubs.acs.org/doi/abs/10.1021/acs.analchem.8b04393, and include a 
notice to readers that further permissions related to the material excerpted should be directed to the ACS. 
  
  
Regards, 
Dragan Lackov  
ACS Publications 
Customer Services & Information 
Website: https://help.acs.org 
  
-----Original Message----- 
Priority: None 
From: (Ahmed Ali)  ahmed.ali@outlook.jp 
Sent: 9/11/2019 
To: support@services.acs.org 
Cc:  
Subject: Request to re-use article for thesis and figure for protocol paper 
Dear ACS publications support 
I hope you are having a wonderful day. 
I wish to check with you if its possible to re-use my article published on ACS’s Analytical chemistry.  
  

 Link : https://pubs.acs.org/doi/abs/10.1021/acs.analchem.8b04393 
 Portion of content: Entire article for thesis 
 Thesis will be uploaded to Hiroshima University repository where I received my PhD 

  
Also, I wish to re-use a figure from the results in a protocol paper that we are working on, mainly, Fig.3b , and 4a. 
Is this possible? 
  
Thank you for your time and effort. 
  
Best regards, 
Ahmed 
  
  
{CMI: MCID765516} 
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