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Summary 
The in situ quantification of drug in living cells is a burgeoning interest in pharmaceutical research because this 
information can be informative regarding drug efficacy and toxicity in patients. Infrared (IR) spectroscopy was 
selected as method to quantify the drug concentration entering living cells in this study. The IR technique is a non-
destructive tool, widely available, but requires an additional sample compartment to conventional configurations for 
the investigation of living cells. The purpose of this study was to assess the suitability of IR spectroscopy for the 
quantification of the inhaled corticosteroid, beclomethasone dipropionate (BDP), in cultured respiratory epithelial 
cells (Calu-3). First, the detection limit of the instrument was evaluated by varying concentration of BDP in cell 
culture medium from 10 to 100 μM containing 1% v/v DMSO. A calibration curve was constructed by plotting the 
peak area against drug concentration from triplicate measurement. Second, the cells cultivated on the sample 
compartment of IR instrument were assessed for their viability. Thereafter, the cells were treated with drug solution, 
then monitored the change of spectrum over 24 h. We determined that it was possible to detect ~10 μM of BDP in 
cell culture medium using the IR instrumentation and quantify BDP over tested concentration range with a linear 
correlation coefficient greater than 0.99. Application of the method to cell uptake measured the uptake of BDP in 
living Calu-3 exposed to 80 μM drug. 

Key Message 

Ab initio studies into the application of infrared spectroscopy have demonstrated the feasibility of the technique to 
measure the uptake of drug into living cells and quantify intracellular concentrations. This provides a valuable 
analytical capability that can be utilised to study mechanisms that may influence lung retention and drug 
engagement with intracellular targets. 

Introduction 

In drug development, an in vitro drug concentration is informative for determination of drug efficacy and toxicity 
because the intracellular concentration is difficult to measure in vivo[1]. Accordingly, a number of analytical methods 
have been developed to estimate intracellular drug concentrations[2]. Regarding inhaled pharmaceuticals, Grainger 
et al. and Haghi et al. employed HPLC-MS technique to quantify the amount of inhaled beclomethasone 
dipropionate (BDP) that permeated across the cultured epithelial cell layers after mucosal application, and the 
intracellular drug concentration was quantified at the end of the experiment[3,4]. However, the real-time rate and 
extent of intracellular uptake of inhaled drug by living respiratory epithelial cells require the development of a 
sensitive, non-destructive analytical technique. 

Various analytical techniques have been developed to investigate the cellular dynamics in pharmaceutical research; 
for example, imaging microscopic platforms[5,6], Raman spectroscopy[7], and Fourier transform infrared (FTIR) 
spectroscopy[8,9]. Many of these methods are complicated and costly, whereas FTIR spectroscopy offers a label-
free and non-destructive chemical analysis and widely available in many laboratories. To use FTIR with living cells 
requires a multibounce attenuated total reflection (ATR) accessory (Figure 1) that is a minimal cost when compared 
to additional requirements for other techniques[10]. The ATR measurement has been demonstrated to be a useful 
technique to study drug accumulation in living cells previously by quantifying 20 μM of fluorouracil in cell culture 
medium and measuring the uptake by living cells (insulin-secreting beta cells) treated with 80 μM of fluorouracil[10]. 
Moreover, another study has also reported that the spectra exhibited only signal from the attached live cell on the 
plate without a significant contribution from the medium above the cell due to the relatively small depth of IR beam 
penetration (2 – 3 μm) through the ATR trough plate[11], while the thickness of cultured respiratory epithelial cell 
layer was 15 – 20 μm[12]. Accordingly, ATR-FTIR spectroscopy was selected as an analytical tool to measure 
temporal intracellular uptake of BDP by living cells in this study. 

BDP is a widely used inhaled corticosteroids for several respiratory diseases in recent guidelines [13,14]. As a suitable 
model for the respiratory epithelium, Calu-3 cells which are an adherent cell line derived from a bronchial 
adenocarcinoma were selected[15]. Therefore, this study aimed to evaluate the suitability of the FTIR spectroscopy 
for use to measure in vitro intracellular uptake of BDP by Calu-3 cell monolayers by determining the cumulative 
amount of BDP inside the cells as a function of time after drug exposure. 
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Materials 

The Calu-3 human bronchial epithelial cells were from the European Culture Collection. L15 medium (Leibovitz) 
supplemented with 10% v/v fetal bovine serum, 1% v/v Penicillin-Streptomycin, 1% v/v non-essential amino acids 
(100x) and 1% v/v L-glutamine (all from Sigma-Aldrich, UK). Dimethyl sulfoxide (DMSO) was also purchased from 
Sigma-Aldrich, UK. 9-Chloro-11β-hydroxy-16β-methyl-3,20-dioxopregna-1,4-diene-17,21-diyl dipropanoate (beclo-
methasone dipropionate; BDP) and 9-Chloro-11β,21-dihydroxy-16β-methyl-3,20-dioxopregna-1,4-diene-17-yl 
dipropanoate (beclomethasone 17-propionate; 17-BMP) were supplied from Medchem Express (US). 

Experimental methods 

Drug solutions preparation: BDP and 17-BMP were separately dissolved in DMSO to make a 20 mM stock 
solution. The standard solutions of each component were produced by diluting the 20 mM stock solution in L15 
media to obtain 10, 25, 50, 75, and 100 μM; the final solution of all concentrations contained 1% v/v DMSO. 

Calibration curve: The standard solutions of BDP were added onto the multibounce, temperature-controlled 
horizontal ATR trough (PIKE Technologies, USA) with a ZnS ATR element (Crystan Ltd., U.K.) which was then well-
sealed and maintained at 37°C and covered with a warm blanket to prevent evaporation. All the samples were 
measured using the continuous scan FTIR spectrometers (Frontier, PerkinElmer) with a scanning time of 10 min 
for each sample. All measurements were acquired with a spectral resolution of 8 cm-1 and a spectral range of 3000 
– 900 cm-1. Spectrum 10 (PerkinElmer) was used for all data processing. Three calibration curves were plotted 
between drug concentration (μM) and the peak area at the specific absorption band (~1190 cm-1). The linear 
equations were determined and used for calculating several parameters; a limit of detection (LOD) and linearity. 

Live cell preparation: The Calu-3 cells were cultivated in cell culture flasks with 75 cm2 (Greiner bio-one, 
Frickenhausen, Germany) using a supplemented L15 medium, in 5% CO2 environment at 37°C. For subcultivation, 
they were trypsinised and harvested at a confluence of 80%, and then centrifuged into a pellet. Thereafter, the cell 
pellet was resuspended in a supplemented L15 medium and diluted in 10 mL of medium to make a cell density of 
1.5 x 106 cell per mL. 2.0 mL of the diluted cell dispersion were seeded onto the ATR trough with the warm blanket 
as described above (Figure 1). The IR spectrum was monitored at a 10 min interval until a steady but small increase 
in the absorbance of the cells was established, indicating that the cells attached and formed a monolayer on the 
trough plate. 

 

Figure 1. A multibounce ATR FTIR measurement setup for live cells study. 

Drug uptake measurement: The cell monolayer on the ATR element was exposed to 80 μM of the drug by adding 
8 μL of the 20 mM BDP stock solution into 2.0 mL of the remaining medium on the trough plate. FTIR spectra were 
monitored using the same condition and setting as described above, using the function of multiple data collection 
with a scanning time of 10 min for 24 h per measurement. The drug concentrations at each time point were 
calculated from the integrated absorbance of 1190 cm-1 using the linear equation from the calibration curve. 

Results and Discussion 
IR Spectrum of BDP: The FTIR spectrum of BDP exhibited a number of major spectral bands with major identifying 
bands at 1730 cm-1 and 1664 cm-1, corresponding to C=O stretch for ester group and conjugated C=O stretch[16], 
but both bands could not be used due to an overlap with the strong adsorbed water signal (1640 cm-1)[17] and water 
vapour. Nevertheless, the BDP spectrum also contained a sharp band at 1190 cm-1 with relatively low absorbance 
of water (Figure 2A), which was a suitable marker to build the calibration curve in this study. Calibration curve of 
the integrated area of the peak at 1190 cm-1 plotted against BDP concentration was linear over the concentration 
range examined (10 – 100 μM) with a correlation coefficient greater than 0.99 (Figure 2B). The standard deviation 
of y-intercept for three curves was 5.8620, and the slope was 2.1975, resulting in the calculated LOD of 8.8 µM. 

Cell culture: Calu-3 cells developed a monolayer on the surface of ATR element and exhibited steady absorbance 
after 48 h incubation. The spectra of Calu-3 cells are shown in Figure 2C, with principal bandwidth of amide I and 
amide II at 1645 – 1545 cm-1 which are the typical vibrational bands of the protein backbone, corresponding to living 
cells[18]. The morphology of the cell layer on the ATR element was normal (Figure 2D). 
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Figure 2. (A) FTIR spectra of BDP in the medium at various concentrations levels, which were indicated in figure. (B) 
Calibration curves for BDP generated from three different measurements of a set of standard solutions of known drug 
concentration, demonstrating linearity and repeatability of the test (mean ± SD; n = 3). The integrated absorbance is 
calculated based on the band at 1190 cm-1. (C) Overlay of FTIR spectra for the living cell over 48 h. (D) Typical microscopic 
image of the cellular layer of Calu-3 cells on the ATR element at 48 h. 

 

Figure 3. (A) FTIR spectra of living cells before and after the exposure of 80 μM BDP in the medium. (B) The intracellular 
concentration of BDP measured in the cells layer as a function of time after the drug exposure. 

Quantification and uptake of BDP: The first measurement of BDP 80 μM in cell culture medium was acquired 
immediately after adding the drug and was used as the reference spectrum to subtract from all the subsequent 
measurements, which were acquired at 10 min intervals. The FTIR spectra of the cells, before and after the addition 
of BDP, are shown in Figure 3A. A number of responses of the living cells such as the amide I – III bands (1640 – 
1240 cm-1) and the DNA band (1080 cm-1)[10] were still detected in the spectra, implying that the cells were alive 
over the period of drug exposure. Early on, the BDP band at 1190 cm-1 in the cells can be seen that it was gradually 
increasing as a function of time, implying that the drug was entering the living cells (illustrated in the inset in Figure 
3A). Figure 3B exhibited that the intracellular concentration of BDP gradually increased to the highest concentration 
of 14 μM at 6 h then started decreasing, indicating that BDP might be intracellularly metabolised to other forms of 
beclomethasone such as 17-monopropionate, 21-monopropionate, and inactive beclomethasone (BOH)[19] or 
excreted out of the cells. 

Regarding the metabolisation, the standard solutions of 17-BMP were measured using the same condition as the 
BDP standard solutions. The spectrum of 17-BMP which did not show the same major peak at 1190 cm-1 as that of 
the BDP confirmed that the parent drug and its metabolite in the cells could be distinguished using the FTIR spectra. 
Nonetheless, other spectral bands in the 17-BMP spectrum were also found in the BDP spectrum, so that the 
intracellular amount of 17-BMP could not be quantified explicitly in the data at this phase of the study. 
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Conclusion 

Our preliminary study demonstrated that the FTIR technique with the multibounce ATR accessory was suitable for 
an in situ quantification of BDP in living respiratory epithelial cells. The lowest concentration of BDP in medium 
which was detected by such modified FTIR instrument was 8.8 μM. In the presence of living cells, FTIR spectral 
data showed chemical changes inside the cells indicative of drug uptake after the addition of 80 μM BDP solution. 
Moreover, the beneficial output of this technique is that uptake was measured continuously in living cells providing 
the capability to study temporal cellular phenomena which are hard to study from other techniques. In addition to 
Calu-3 cell and BDP, the modified FTIR is suitable for other cell lines and active pharmaceutical ingredients[10,20]. 
Thus, the FTIR method has potential to be a powerful tool in medicine development process by elucidating the rate 
and extent of drug uptake in cells as well as other drug-cell interactions. Interestingly, method validation, intracellular 
drug metabolism, and anti-inflammatory effect would be the promising focuses for further investigation. 
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