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SUMMARY:  35 
A workflow is demonstrated for the absolute quantification of drug carrier-cell interactions 36 
using flow cytometry to allow better rational evaluation of novel drug delivery systems. This 37 
workflow is applicable to drug carriers of any type.  38 
  39 
ABSTRACT:  40 
A major component of designing drug delivery systems concerns how to amplify or attenuate 41 
interactions with specific cell types. For instance, a chemotherapeutic might be functionalized 42 
with an antibody to enhance binding to cancer cells (“targeting”) or functionalized with 43 
polyethylene glycol to help evade immune cell recognition (“stealth”). Even at a cellular level, 44 
optimizing the binding and uptake of a drug carrier is a complex biological design problem. 45 
Thus, it is valuable to separate how strongly a new carrier interacts with a cell from the 46 
functional efficacy of a carrier’s cargo once delivered to that cell.  47 



   
 

 48 
To continue the chemotherapeutic example, “how well it binds to a cancer cell” is a separate 49 
problem from “how well it kills a cancer cell”. Quantitative in vitro assays for the latter are 50 
well established and usually rely on measuring viability. However, most published research 51 
on cell-carrier interactions is qualitative or semiquantitative. Generally, these measurements 52 
rely on fluorescent labeling of the carrier and, consequently, report interactions with cells in 53 
relative or arbitrary units. However, this work can be standardized and be made absolutely 54 
quantitative with a small number of characterization experiments. Such absolute 55 
quantification is valuable, as it facilitates rational, inter- and intra-class comparisons of 56 
various drug delivery systems—nanoparticles, microparticles, viruses, antibody-drug 57 
conjugates, engineered therapeutic cells, or extracellular vesicles.  58 
 59 
Furthermore, quantification is a prerequisite for subsequent meta-analyses or in silico 60 
modeling approaches. In this article, video guides, as well as a decision tree for how to achieve 61 
in vitro quantification for carrier drug delivery systems, are presented, which take into 62 
account differences in carrier size and labeling modality. Additionally, further considerations 63 
for the quantitative assessment of advanced drug delivery systems are discussed. This is 64 
intended to serve as a valuable resource to improve rational evaluation and design for the 65 
next generation of medicine. 66 
 67 
INTRODUCTION:  68 
The design of drug delivery constructs that exhibit specific, designed behavior depending on 69 
what cell type they encounter has attracted substantial research interest. Potential drug 70 
delivery constructs or “carriers” include lipid formulations, nano-grown inorganics, polymeric 71 
assemblies, extracellular vesicles, functionalized bacterial cells, or modified viruses. All of 72 
these can exhibit organ, tissue, or cell specificity due to physical properties, surface 73 
properties, or engineered chemical functionalizations such as antibody attachment1,2.  74 
 75 
A nearly ubiquitous step in in vitro carrier evaluation is to incubate cells with a suspension 76 
containing said drug-loaded carrier. Post incubation, carrier performance is measured via a 77 
functional readout of the drug cargo’s performance, for example, transfection efficiency or 78 
toxicity. Functional readouts are useful, as they are a downstream measure of carrier 79 
effectiveness. However, for more complex drug delivery constructs, it is increasingly 80 
important to move beyond functional readouts and separately quantify the degree of carrier 81 
interaction with the cell of interest. There are a few reasons for this.  82 
 83 
First, there is increasing interest in discovering (and iteratively improving) “platform” carrier 84 
technologies, which can carry a variety of cargo. For example, lipid nanoparticles (LNPs) 85 
designed to encapsulate RNA can exchange one RNA sequence for another with few caveats3. 86 
Thus, to iteratively improve the carrier technology, it is critical to quantify its performance 87 
independent of the cargo functionality. Second, functional readouts may not be 88 
straightforward for the cargo of interest, compromising the ability to rapidly iterate and 89 
evaluate carrier formulations. While one could perform in vitro optimization using a model 90 
cargo with a straightforward functional readout (for instance, fluorescence), changing the 91 
cargo can change the biological response to a carrier4 and may, thus, not yield representative 92 
results. Third, many carriers are designed to interact with and be taken up by a specific cell 93 
type. Such targeting capability of a carrier can and should be differentiated from the 94 



   
 

performance of its therapeutic cargo post targeting. To continue the LNP example, an RNA 95 
cargo might be extremely potent, but if the LNP is unable to bind to the cell, be internalized, 96 
and release the RNA, no downstream functional effect will be observed. This can be an issue 97 
particularly for carriers intended to target hard-to-transfect cell types, such as T cells5. 98 
Conversely, an LNP could target extremely effectively, but the RNA cargo might not function. 99 
A downstream assay that just measures cargo functionality will be unable to differentiate 100 
between these two situations, thus complicating the development and optimization of carrier 101 
drug delivery systems.  102 
 103 
In this work, how to absolutely quantify carrier association is discussed. Association is a term 104 
that refers to the experimentally measured degree of interaction between a carrier and a cell. 105 
Association does not differentiate between membrane binding and internalization—a carrier 106 
may be associated because it is bound to the cell surface or because the cell has internalized 107 
it. Association is commonly measured as part of cell-carrier incubation experiments. 108 
Historically, association has been reported either in arbitrary fluorescent units (typically 109 
“median fluorescence intensity” or MFI) or as “percent association,” metrics whose 110 
limitations have been previously discussed6. In short, these measurements are not 111 
comparable between experiments, laboratories, and drug carriers due to differences in 112 
experimental protocols, flow cytometer settings, and the labeling intensities of different 113 
carriers. Efforts have been made to overcome the former by calibrating the cytometer, 114 
thereby converting the relative measure of MFI into an absolutely quantitative measure of 115 
fluorescence7. However, this method does not account for the variability in the labeling 116 
intensity of various carriers and, thus, does not allow the rational comparison of various 117 
carrier performances in a target cell of choice8. 118 
 119 
Here, how to practically convert from relative, arbitrary fluorescent units to the absolute 120 
quantitative metric of the “number of carriers per cell” is demonstrated by performing a small 121 
number of additional characterization experiments. If another metric of carrier concentration 122 
is desired (e.g., carrier mass per cell or carrier volume per cell), it is straightforward to convert 123 
from carriers per cell, provided carrier characterization has been done. For brevity and to 124 
avoid jargon, the word “carrier” is used within this work to refer to this vast assortment of 125 
drug delivery constructs. These quantification techniques are equally applicable, whether 126 
applied to a nano-engineered gold particle or a bio-engineered bacteria.  127 
 128 
A few facts enable the conversion from arbitrary fluorescent units to carriers per cell. First, 129 
the measured fluorescence intensity is proportional to the concentration of a fluorophore9 130 
(or a fluorescently labeled carrier), assuming the fluorescence is within the detection limits of 131 
the instrument and the instrumentation settings are the same. Thus, if the fluorescence of a 132 
carrier and the fluorescence of a sample are known, one can determine how many carriers 133 
are present in that sample if all the measurements were performed under the same settings 134 
and conditions. However, especially for smaller carriers, it may not be possible to measure 135 
carrier fluorescence, cell autofluorescence, and cell-associated-with-carriers fluorescence on 136 
the same instrument with the same settings. In this case, there is a second requirement to 137 
make it possible to convert between measured fluorescence on one instrument and 138 
measured fluorescence on another. To do so, a standard curve of fluorophore concentration 139 
can be established to measure the fluorescence intensity on both instruments, taking 140 
advantage of the Molecules of Equivalent Soluble Fluorochrome (MESF) standard9. This then 141 



   
 

allows measurement of the carrier fluorescence in bulk on a non-cytometer, a measurement 142 
that can be done on carriers of any size or characteristic. When such bulk quantification is 143 
done on a carrier suspension of known concentration, the number of carriers per cell of a 144 
sample can, once again, be calculated. 145 
 146 
While this work demonstrates the process for measuring carrier association (as determined 147 
by measured fluorescence intensity), an analogous protocol could be performed for other 148 
measures of cell-carrier interaction (e.g., an experimental protocol that differentiates 149 
internalized and membrane-bound carriers). Additionally, this protocol would be largely the 150 
same if association was measured through a non-fluorescent assay (for instance, through 151 
mass cytometry).  152 
 153 
PROTOCOL:  154 
 155 
1. Choosing the appropriate stream 156 
 157 
1.1. Follow the decision tree outlined in Figure 1 to determine the best workflow (stream) 158 
(Figure 2) for the experimental setup used. Refer to the discussion for further comments on 159 
this choice of stream. 160 
 161 
1.2. If following the Cytometer Stream, continue with steps 2.1.1–2.2.7. If following the 162 
Bulk Stream, continue with steps 3.1.1.1–3.1.5.7. 163 
 164 
[Place Figure 1 here] 165 
[Place Figure 2 here] 166 
 167 
2. The Cytometer Stream 168 
 169 
2.1. Carrier counting 170 
 171 
NOTE: Any flow cytometer can be used for this measurement, provided the flow rate (µL/s) is 172 
known. If the flow rate is unknown and cannot be determined, do not proceed with this step. 173 
Instead, proceed with step 3.1. Counting the carriers in suspension allows accurate and 174 
reproducible determination of the number of carriers incubated in each cell experiment.  175 
 176 
2.1.1. Set up the cytometer to detect carriers, both by an optical scattering channel (typically 177 
side scatter [SSC]) and fluorescence. Make sure to adjust the threshold to allow detection of 178 
the carriers. 179 
 180 
NOTE: Iteration through different optical scattering channels may be required if SSC does not 181 
provide a clear signal (e.g., forward scatter [FSC]). 182 
 183 
2.1.2. Run a diluent-only sample to quantify the background event count in both the SSC and 184 
fluorescent channels. 185 
 186 
NOTE: Ideal background event counts are <100 events/s.  187 
 188 



   
 

2.1.3. Prepare the carriers for flow cytometry. 189 
 190 
2.1.3.1. Ensure the carriers are well suspended by vortexing or sonication, depending 191 
on the carrier system involved. 192 
 193 
2.1.3.2. If possible, ensure the carrier concentration is between 1,000 carriers/µL and 194 
10,000 carriers/µL. An event count of one to two orders of magnitude higher than the 195 
background is a good start. If the order of magnitude of the carrier concentration is unknown, 196 
a good start is to prepare a 1:1,000 dilution from stock. Use the initial results as feedback to 197 
inform future sample dilutions.  198 
 199 
NOTE: A cloudy suspension is generally too concentrated. 200 
 201 
2.1.4. Load the first carrier sample onto the cytometer and start recording. 202 
 203 
2.1.5. Compare event counts resulting from both the SSC and fluorescence channels; these 204 
should be approximately equal (<10% difference). If not, check the cytometer settings, e.g., 205 
photomultiplier tube (PMT) settings and laser intensity for the fluorescent channel. 206 
Alternatively, use other methods such as confocal microscopy to validate that the fluorescent 207 
labeling of the carriers is present and uniform. 208 
 209 
2.1.6. Repeat steps 2.1.3–2.1.5 two or more additional times with different dilutions from 210 
the stock. Ensure that the event count in each sample is at least one order of magnitude 211 
higher than the background event count. 212 
 213 
2.1.7. Verify that three or more samples show a linear trend, that is, a two-fold sample 214 
dilution should result in a corresponding two-fold reduction in the measured carrier 215 
concentration. 216 
 217 
2.1.8. Use the samples within the linear range, corresponding dilution factors, and the 218 
known cytometer flow rate to calculate the stock carrier concentration according to equation 219 
(1): 220 
 221 

𝐶  =  
𝑒𝑣𝑒𝑛𝑡 𝑐𝑜𝑢𝑛𝑡

𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒
× 1,000      (𝟏) 222 

 223 
where C is the stock carrier concentration in carriers/mL. It is recommended to use the event 224 
count derived from optical scattering detection rather than fluorescence. 225 
 226 
2.2. Flow cytometry readout of the carrier-cell experiment, including determination of 227 
fluorescence intensity per carrier 228 
 229 
NOTE: Ideally, the fluorescent intensity per carrier will be determined as close as possible to 230 
the carrier-cell experiment. This is to ensure that the MFIs obtained for individual carriers can 231 
directly be compared to the MFIs of cells associated with the carriers. In practice, a cytometer 232 
will usually generate similar results when used on consecutive days using the same PMT 233 
voltages, but this cannot be guaranteed. 234 



   
 

 235 
2.2.1. Design the carrier-cell experiment. Use the carrier concentration determined in step 236 
2.1 to administer the desired dose of carriers. 237 
 238 
2.2.2. Set up the flow cytometer for the final carrier-cell experiment by determining optimal 239 
PMT voltage settings in the relevant channels. Set the thresholds to allow carrier detection. 240 
 241 
2.2.3. Run the carriers in suspension to determine the fluorescence intensity per carrier 242 
under the current PMT settings. 243 
 244 
2.2.4. If needed, change the cytometer thresholds to detect the cells and not the carriers. 245 
 246 
2.2.5. Run a negative control sample—cells not incubated with carriers—to determine the 247 
background fluorescence (autofluorescence) of the cells. 248 
 249 
2.2.6. Run the carrier-cell samples to determine the fluorescence intensity per cell. This 250 
fluorescence is a linear combination of cellular autofluorescence and the presence of 251 
fluorescent carriers.  252 
 253 
2.2.7. Calculate the number of carriers per cell using the following equation (2): 254 
 255 

𝑃𝑎𝑠𝑠𝑜𝑐   =  
(𝐹𝐼𝑐𝑒𝑙𝑙  −  𝐹𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

𝐹𝐼𝑐𝑎𝑟𝑟𝑖𝑒𝑟
     (𝟐) 256 

 257 
where Passoc is the number of carriers associated per cell, FIcell is the MFI of cells incubated 258 
with carriers, FIbackground is the MFI of cells not incubated with carriers, and FIcarrier is the MFI 259 
of carriers in suspension.  260 
 261 
3. The Bulk Stream  262 
 263 
3.1. Carrier counting: nanoparticle tracking analysis 264 
 265 
NOTE: In the Bulk Stream, carrier counting is a necessary step to quantify the absolute 266 
fluorescence intensity per carrier (see step 3.1.4). In addition, counting the carriers in 267 
suspension allows the accurate and reproducible determination of the number of carriers 268 
incubated in each cell experiment. 269 
 270 
3.1.1. Preparation 271 
 272 
3.1.1.1. Mount the flow cell onto the laser module and lock the entire laser module in 273 
place inside the instrument. 274 
 275 
3.1.1.2. Slowly (not faster than 0.1 mL/s) flush the flow cell with ~1 mL of distilled 276 
water. If bubbles form within the flow cell, retract the suspension partially to merge the 277 
bubble with the air-liquid interface before proceeding. 278 
 279 



   
 

3.1.1.3. Start the camera roughly halfway through flushing; be sure to confirm that 280 
carrier debris is washed out. Select Capture to open the Capture Settings tab and click Start 281 
Camera. 282 
 283 
3.1.1.4. Dry the system with 1 mL of air. If any static carriers are visible on the screen, 284 
clean the flow cell according to the manufacturer’s instructions.  285 
 286 
3.1.1.5. Prepare the carriers for Nanoparticle Tracking Analysis by ensuring the carriers 287 
are well suspended via vortexing or sonication, depending on the carrier system involved. If 288 
the order of magnitude of the stock concentration is unknown, prepare a 1:100 dilution from 289 
the stock and use the initial results as feedback to inform future sample dilutions. Dilute the 290 
carriers in water and not phosphate-buffered saline (PBS) to prepare at least ~0.6–1 mL of 291 
each sample with a carrier concentration between 1 × 107 carriers/mL and 1 × 109 carriers/mL. 292 
 293 
NOTE: A cloudy suspension is generally too concentrated. Buffers and salts can generate high 294 
background noise. 295 
 296 
3.1.2. Measurement 297 
 298 
3.1.2.1. Take out the laser module and place it upright. 299 
 300 
3.1.2.2. Draw up the first carrier sample into a 1 mL syringe. Attach the syringe to the 301 
tube inlet and carefully load the sample into the flow cell. If bubbles form within the flow cell, 302 
retract the suspension partially to merge the bubble with the air-liquid interface before 303 
proceeding. Ensure the entire flow cell is filled with liquid, then pause. 304 
 305 
3.1.2.3. Adjust the camera focus if needed to visualize individual carriers. Make coarse 306 
focus adjustments with the rotating knob on the right-hand side of the instrument. Make finer 307 
adjustments by selecting the Hardware tab | Pumps/Stage. Change the focus by adjusting 308 
the Focus slider.  309 
 310 
3.1.2.4. Adjust the camera level to make sure there is no oversaturation. Within the 311 
Capture tab, select the optimal Camera Level by adjusting the slider. 312 
 313 
3.1.2.5. If the instrument is equipped with this accessory, load the syringe containing 314 
the carrier sample into the Syringe Pump to ensure continuous sample flow during 315 
measurements. 316 
 317 
3.1.2.6. Under the SOP tab, select Standard Measurement to take five captures of 30 318 
s each. Enter Base filename and, if desired, add additional sample information by clicking the 319 
Advanced button (which opens a modal dialogue with a variety of choices). 320 
 321 
NOTE: If a dilution factor is entered, the final carrier concentration measurement will be 322 
adjusted automatically by the software. Entering this factor is advised against. Instead, 323 
perform the adjustment manually, which facilitates the analysis and allows the assessment of 324 
whether each dilution falls within the dynamic range of the instrument (step 3.1.3.4). 325 
 326 



   
 

3.1.2.7. Press Create and Run Script and wait for a pop-up to appear asking to Please 327 
advance sample. 328 
 329 
3.1.2.8. If using the Syringe Pump, select the Hardware tab | Syringe Pump tab | set 330 
the Infusion Rate at 30–80 and press Infuse. If not using the Syringe Pump, manually advance 331 
the sample. 332 
 333 
3.1.2.9. In the pop-up window, select OK to start capturing. After each of the five 334 
captures, when the Please advance sample pop-up reappears, check that the sample is still 335 
moving through the flow cell, either manually or via the Syringe Pump. Then, select OK to 336 
proceed with the next capture.  337 
 338 
NOTE: After five captures, the software automatically opens the Process tab and opens a pop-339 
up asking to adjust the process settings.  340 
 341 
3.1.3. Analysis 342 
 343 
3.1.3.1. In the Process tab, adjust the Detection Threshold slider (between 4 and 8) to 344 
correctly identify distinct carriers visible on the screen. Adjust the Screen Gain too to aid 345 
visualization; it will not affect the downstream analysis. Use the slider under the capture 346 
screen to scroll through multiple frames of the video to aid detection threshold setting.  347 
 348 
NOTE: The detection threshold should be set once and, subsequently, should not be altered 349 
between measurements or samples.  350 
 351 
3.1.3.2. In the pop-up (note after step 3.1.2.9), press OK to initiate tracking analysis. 352 
Monitor the progress of the analysis by clicking on the Analysis tab | Single Analysis tab.  353 
 354 
3.1.3.3. Once the analysis is finished, look for an Export Settings prompt to appear, in 355 
which Include PDF and Include Experiment Summary should be selected by default. Select 356 
any other export formats as desired.  357 
 358 
3.1.3.4. In the Results section of the PDF data export, to ensure the concentration 359 
measured is reliable, verify that the measured carrier concentration is between 1 × 107 360 
carriers/mL and 1 × 109 carriers/mL—the dynamic range of the instrument—and check for 361 
any error messages or messages of caution underneath the concentration measurement 362 
result. 363 
 364 
3.1.3.5. Repeat steps 3.1.2.1–3.1.3.4 two or more times with different dilutions from 365 
the stock. Ensure that the concentration of each sample falls within the linear range of the 366 
instrument. 367 
 368 
3.1.3.6. Select three or more samples that show a linear trend, that is, a two-fold 369 
sample dilution should result in a corresponding two-fold reduction in the measured carrier 370 
concentration. Use the selected samples and corresponding dilution factors to calculate the 371 
stock carrier concentration. 372 
 373 



   
 

3.1.4. Determination of the absolute fluorescence intensity per carrier 374 
 375 
NOTE: Since the fluorescence of individual carriers in this stream cannot be characterized 376 
directly, the fluorescence intensity is quantified in bulk. This method relies on the fact that 377 
fluorescence intensity is linearly related to the fluorochrome concentration according to the 378 
Lambert-Beer law. When such bulk quantification of carriers in suspension is done on a 379 
suspension of known carrier concentration (see step 3.1), the fluorescence per carrier can be 380 
derived. This step can be done on either a fluorescence plate reader or a spectrofluorometer. 381 
The fluorescence intensity is compared to a standard curve of samples with known absolute 382 
fluorescence, given in number of MESFs.  383 
 384 
3.1.4.1. Use a solution of the free fluorochrome to label the carrier: resuspend the dye 385 
in the appropriate buffer (e.g., DMSO) and perform further dilutions in the same buffer as the 386 
carrier diluent. Alternatively, use a solution of an antibody conjugated to the fluorochrome. 387 
Calculate the concentration of the stock solution (MESF/mL) from the concentration in 388 
mg/mL, the molecular weight in mg/mole, and Avogadro’s number using equation (3). 389 
Perform a serial dilution in the carrier diluent to generate standard curve samples. 390 
 391 

𝑀  = 𝐶  ×  (𝑀𝑊)−1 × 6.022 × 1023 (𝟑) 392 
 393 
NOTE: Use a fluorochrome-conjugated antibody only if the degree of labeling, i.e., the molar 394 
ratio between the fluorochrome and antibody in the solution, is known. Initially, generate a 395 
standard curve with a wide range, as the fluorescence intensity of the carrier sample is still 396 
unknown. From here, narrow it down to include the range required. 397 
 398 
3.1.4.2. Prepare the carrier samples. 399 
 400 
NOTE: The best practice is to test two or more carrier dilutions to validate that the 401 
measurements are linear and fall within the range of the standard curve.  402 
 403 
3.1.4.3. Measure the fluorescence of equal volumes of each sample, i.e., both carrier 404 
and standard curves. 405 
 406 
3.1.4.4. Generate a standard curve and deduct the bulk absolute fluorescence intensity 407 
in MESF/mL for the carrier samples measured. 408 
 409 
3.1.4.5. Calculate the absolute fluorescence intensity per carrier (MESF/carrier) by 410 
dividing the bulk fluorescence (MESF/mL) by the carrier concentration (carriers/mL) as in 411 
equation (4): 412 
 413 

𝐹𝐼𝑐𝑎𝑟𝑟𝑖𝑒𝑟   =  
𝐹𝐼𝑠𝑎𝑚𝑝𝑙𝑒  

𝑐𝑐𝑎𝑟𝑟𝑖𝑒𝑟
      (4) 414 

 415 
3.1.5. Cell experiment (including the determination of the equivalent fluorescence intensity 416 
per carrier) 417 
 418 



   
 

NOTE: In this step, flow cytometry quantitation beads are used to generate a standard curve 419 
of the relationship between MESF and MFI. These quantitation beads consist of multiple bead 420 
populations with a known number of MESF per bead, and these individual beads can be 421 
detected by any cytometer. Ideally, the MESF standard curve is determined at the same time 422 
as the readout of the carrier-cell experiments. This is to ensure that the MFI values calculated 423 
for individual carriers can directly be compared to the MFI of cells associated with carriers. In 424 
practice, a cytometer will usually generate similar results when used on consecutive days 425 
using the same PMT voltages, but this cannot be guaranteed. 426 
 427 
3.1.5.1. Design the carrier-cell experiment. Use the carrier concentration determined 428 
in section 3.1.3 to administer the desired dose of carriers. 429 
 430 
3.1.5.2. Set up the flow cytometer for the final carrier-cell experiment by determining 431 
optimal PMT voltage settings in the relevant channels.  432 
 433 
3.1.5.3. Run a negative control sample, that is, cells not incubated with carriers, to 434 
determine the background fluorescence. 435 
 436 
3.1.5.4. Prepare and resuspend the flow cytometry quantitation beads. Use the same 437 
buffer as used for the cell samples (e.g., PBS). If the bead populations are provided separately, 438 
pool them together.  439 
 440 
3.1.5.5. Run the flow cytometry quantitation bead sample.  441 
 442 
3.1.5.6. Run the carrier-cell samples to determine the fluorescence intensity per cell. 443 
 444 
3.1.5.7. Use the quantitation bead sample to generate a standard curve converting the 445 
absolute fluorescence intensity (MESF) into MFI. Use this standard curve and the results from 446 
step 3.1.4 to calculate the theoretical MFI of the carriers. Calculate the number of carriers per 447 
cell using equation (5): 448 
 449 

𝑃𝑎𝑠𝑠𝑜𝑐   =  
(𝐹𝐼𝑐𝑒𝑙𝑙  −  𝐹𝐼𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑)

𝐹𝐼𝑐𝑎𝑟𝑟𝑖𝑒𝑟

(𝟓) 450 

 451 
Where Passoc is the number of carriers associated per cell, FIcell is the MFI of cells incubated 452 
with carriers, FIbackground is the MFI of cells not incubated with carriers, and FIcarrier is the 453 
calculated MFI of carriers in suspension (step 3.1.4). 454 
 455 
REPRESENTATIVE RESULTS:  456 
As discussed previously, different drug carrier types require the use of different techniques 457 
for the absolute quantification of cell-carrier association. For example, 633 nm disulfide-458 
stabilized poly(methacrylic acid) (PMASH) core-shell particles are large and dense enough for 459 
detection using a sensitive flow cytometer. As such, these particles were labeled 460 
fluorescently, then gated and counted using side-angle light scattering (SALS, analogous to 461 
SSC), as well as the appropriate fluorescent channel (Figure 3). The difference in event count 462 
in both channels was 1.98%, well within the acceptable range.  463 
 464 



   
 

In contrast, 100 nm superparamagnetic iron oxide nanoparticles are too small to detect 465 
individually and were, thus, analyzed using the Bulk Stream. These nanoparticles were 466 
counted and characterized using Nanoparticle Tracking Analysis (Figure 4). The mean 467 
nanoparticle size of 136 nm reflects the hydrodynamic diameter of the nanoparticle in water. 468 
The nanoparticle concentration measured—still uncorrected for the dilution performed—469 
falls within the dynamic range of the instrument, suggesting successful and accurate 470 
determination of the nanoparticle concentration.  471 
 472 
Continuing in the Bulk Stream, the absolute fluorescence intensity of a carrier suspension is 473 
to be converted into an MFI value on the flow cytometer used for the final cell-carrier 474 
incubation. In this experiment, quantitation beads labeled with the same fluorescent dye as 475 
the carrier were used on multiple days to generate standard curves on a flow cytometer 476 
(Figure 5). The correlation between the measured MFI and the MESF value of the quantitation 477 
beads is linear and largely similar between the dates measured. However, slight differences 478 
between dates can be observed, and, as such, it is recommended to regenerate a standard 479 
curve as part of the readout of the carrier-cell experiments. 480 
 481 
Once the MFI of individual carriers has been determined, the cell-carrier association data can 482 
be absolutely quantified and more accurately interpreted. Performing time course 483 
experiments, e.g., incubating HeLa cells fluorescently labeled with 235 nm PMASH capsules, 484 
for various timepoints between 0 h and 24 h (Figure 6) is recommended. As expected, median 485 
cell fluorescence increases over time, indicating the capsules are associating with HeLa cells. 486 
While such experiments can be used to compare the relative carrier performance at various 487 
timepoints, these results are not absolutely quantitative.  488 
 489 
The importance of absolute quantitation, whether done via the Cytometer Stream or Bulk 490 
Stream, becomes clear when comparing the association of two carrier types. Figure 7 depicts 491 
the same two experiments, analyzed by either relative quantitation (Figure 7A) or absolute 492 
quantitation. The difference in the apparent cellular response to carriers is stark, depending 493 
on the analysis performed; carriers should not be directly compared when using relative 494 
quantification (Figure 7A), whereas absolute quantification is independent of labeling 495 
intensity and, thus, more comparable (Figure 7B). 496 
 497 
FIGURE LEGENDS:  498 
Figure 1: Workstream decision tree. The decision as to which Stream to use depends 499 
primarily on the carrier type of interest. Larger carriers and carriers with high scattering 500 
properties can more easily be detected individually on cytometers, thus making them suitable 501 
for quantification using the Cytometer Stream. The Bulk Stream is suitable for all other carrier 502 
types. 503 
 504 
Figure 2: Overview of workstreams. This protocol is split into two different Streams. The 505 
Cytometer Stream uses a sensitive cytometer to count the carriers in suspension, measure 506 
their individual fluorescence, and then determine the fluorescence of cells incubated with 507 
carriers. The Bulk Stream uses non-cytometry-based techniques, such as Nanoparticle 508 
Tracking Analysis, to count the carriers in suspension. The individual carrier fluorescence is 509 
then quantified using a microplate reader or spectrofluorometer. The use of the flow 510 
cytometer is, therefore, restricted to measuring the final fluorescence of cells incubated with 511 



   
 

carriers, a measurement that can be done on a wider range of cytometers and that is 512 
independent of the carrier type used. Abbreviations: MESF = Molecules of Equivalent Soluble 513 
Fluorochrome; MFI = median fluorescence intensity.  514 
 515 
Figure 3: Counting particles using a flow cytometer (Cytometer Stream). An Apogee flow 516 
cytometer was used. (A) Particle counting using an optical channel (SALS), resulting in an 517 
event count of 200,659. (B) Carrier counting using the carrier’s fluorescent channel, resulting 518 
in an event count of 204,636. In both cases, an arcsinh transform followed by gating was 519 
applied (at 6 and 4, respectively). Figures created from raw data of 633 nm core-shell particles 520 
first published in Faria et al.10. Abbreviation: SALS = small-angle light scatter.  521 
 522 
Figure 4: Counting carriers using Nanoparticle Tracking Analysis (Bulk Stream). 523 
Superparamagnetic iron oxide nanoparticles of 100 nm in size were characterized and 524 
counted using Nanoparticle Tracking Analysis. Left, concentration/size histogram of individual 525 
results of five replicate measurements. Right, average concentration/size distribution ± SEM 526 
of five replicates. In this particular sample, a 1:2,000 dilution from stock was performed to 527 
obtain a concentration within the dynamic range of the instrument.  528 
 529 
Figure 5: Converting MESF to MFI using quantitation beads on a flow cytometer (Bulk 530 
Stream). Fluorescent beads with four different MESF values were analyzed on a flow 531 
cytometer on various days, and standard curves were drawn. Abbreviations: MESF = 532 
Molecules of Equivalent Soluble Fluorochrome; MFI = median fluorescence intensity. 533 
 534 
Figure 6: Final cell experiment on flow cytometer—time course series (Cytometer Stream 535 
and Bulk Stream). Representative images of flow cytometry data from a time course 536 
experiment. THP-1 cells were incubated with a 235 nm polymeric capsule for 0 h, 1 h, 2 h, 4 537 
h, 8 h, 16 h, and 24 h (left to right). Carrier fluorescence is shown on the x-axis, while an optical 538 
channel is shown on the y-axis. In all cases, an arcsinh transform was performed. No gating 539 
was performed (other than choosing the limits of the graph). Created from raw data in Faria 540 
et al.10. Abbreviation: SALS = small-angle light scatter. 541 
 542 
Figure 7: Relative versus absolute quantification of carrier-cell association (Cytometer 543 
Stream and Bulk Stream). Both figures visualize data from the same two experiments, a 24 h 544 
incubation between RAW264.7 macrophages and 150 nm (blue) or 633 nm core-shell carriers 545 
(orange), created from raw data in Faria et al.10. The medians of both technical replicates are 546 
plotted. (A) Relative quantification, reported as MFI in a.u. (B) Absolute quantification, 547 
reported as the number of carriers per cell. Abbreviations: MFI = median fluorescence 548 
intensity; a.u. = arbitrary units. 549 
  550 
DISCUSSION:  551 
Characterizing the interactions between drug carriers and cells is becoming increasingly 552 
important in the development of novel drug delivery systems. Specifically, to allow the 553 
rational evaluation and comparison of various carrier constructs, absolute quantification of 554 
the performance of said carrier to interact with target and off-target cells is critical. This 555 
protocol describes a two-stream methodology that allows any researcher working with a drug 556 
carrier to convert relative, semiquantitative flow cytometry data on cell-carrier association 557 
into absolute quantitative results. The outlined process is applicable to any type of carrier—558 



   
 

small, large, organic, inorganic—provided they are fluorescently labeled. However, different 559 
carriers require different approaches to calculate the carriers per cell. This is due to the limits 560 
of various instrumentation used for the required characterization measurements.  561 
 562 
As such, this protocol is split into two Streams: the Cytometer Stream and the Bulk Stream. 563 
The first, the Cytometer Stream, is the more straightforward approach and requires only a 564 
flow cytometer, but this cytometer needs to be sensitive enough to detect the individual 565 
carriers used, or, in other words, the drug carrier of interest needs to be large and dense 566 
enough to be detected. The Bulk Stream is compatible with any carrier type, as the need to 567 
detect individual carriers is circumvented through the use of alternative instrumentation. 568 
However, the Bulk Stream requires more characterization experiments to be done.  569 
 570 
To assist with choosing the appropriate Stream (and as such, the appropriate technologies), 571 
the above considerations have been summarized into a decision tree (Figure 1). To reiterate, 572 
the Bulk Stream is suitable for all researchers irrespective of the carrier type used and can, 573 
thus, always be reverted to as a backup. The workflows of the two Streams are outlined in 574 
Figure 2. Notably, with the ongoing advances in the sensitivity of flow cytometers, it is 575 
possible that the Cytometer Stream can be used for more <300 nm carriers.  576 
 577 
A few notes should be made on this procedure. First, the described strategy for converting 578 
the cell fluorescence into an absolute number of carriers per cell relies on the measurement 579 
of the individual carrier fluorescence in suspension. However, fluorescence is influenced by 580 
the immediate chemical environment of the fluorochrome (e.g., the carrier diluent, the cell 581 
surface, or various intracellular compartments). In particular, the acidic environment of the 582 
endosomal compartment is known to affect the fluorescence intensity of certain primarily 583 
protein-based dyes11. As such, irrespective of the carrier type studied, it is recommended to 584 
use pH-insensitive and highly photostable dye ranges for the labeling of drug carriers (see the 585 
Table of Materials for a recommendation). The additional benefit of this dye range is its 586 
general brightness, which enhances the sensitivity of drug carrier detection.  587 
 588 
Second, the methods discussed above are intended to provide guidance but by no means 589 
form an exclusive list of techniques that can be used to perform the various steps in the 590 
quantitation workflow. In particular, a variety of techniques exist to count smaller or low-591 
scattering carriers (as those in the Bulk Stream). These include other instruments able to 592 
perform the same Nanoparticle Tracking Analysis12, as well as other methods altogether, such 593 
as multi-angle dynamic light scattering, mass spectroscopy, electron microscopy13, 594 
gravimetry, or optical density measurements (further reviewed by Shang and Gao14). 595 
Furthermore, this experimental quantification—moving from arbitrary fluorescence units to 596 
an absolute number of carriers per cell—is only part of what might be termed a “quantitative 597 
biology workflow”. Absolute experimental quantification is necessary but not sufficient. 598 
Merely quantifying and reporting the carrier association does not account for differences in 599 
particle association due to the experimental setup, such as the incubation time, dose, and 600 
concentration of drug carrier added, or the number of cells used per experimental container.  601 
 602 
Additionally, carriers with different physicochemical properties may have very different 603 
dosages delivered to cells, even when the experimental setup is identical15. Carrier 604 
performance—even in vitro—cannot be determined without accounting for all these factors. 605 



   
 

In other words, merely quantifying the carrier-cell association does not, in general, allow for 606 
an unbiased comparison of carriers between researchers and laboratories. In this light, there 607 
has been prior discussion of the importance of performing time-course experiments of 608 
carrier-cell association and subsequent in silico mathematical modeling to derive kinetic 609 
parameters (i.e., rate constants) as an unbiased and quantitative measure of the affinity 610 
between a particular carrier-cell pair10. Experimental quantification is also a prerequisite for 611 
other in silico techniques to be applied, such as identifying potential sources of biological 612 
heterogeneity16 or determining penetration kinetics in a complex biological model17. 613 
Combined with the Minimum Information Reporting in Bio-Nano Experimental Literature 614 
guidelines for standardized reporting18, the quantitative evaluation of carrier performance 615 
can accelerate the development of novel nanomedicine.  616 
 617 
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