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A B S T R A C T   

The label-free interaction analysis of macromolecules and small molecules has increasing importance nowadays, 
both in diagnostics and therapeutics. In the blood vascular system, human serum albumin (HSA) is a vital 
globular transport protein with potential multiple ligand binding sites. Characterizing the binding affinity of 
compounds to HSA is essential in pharmaceutics and in developing new compounds for clinical application. 
Aryltetralin lignans from the roots of Anthriscus sylvestris are potential antitumor therapeutic candidates, but their 
molecular scale interactions with specific biomolecules are unrevealed. Here, we applied the label-free grating- 
coupled interferometry (GCI) biosensing method with a polycarboxylate-based hydrogel layer with immobilized 
HSA on top of it. With this engineered model surface, we could determine the binding parameters of two novel 
aryltetralin lignans, deoxypodophyllotoxin (DPT), and angeloyl podophyllotoxin (APT) to HSA. Exploiting the 
multi-channel referencing ability, the unique surface sensitivity, and the throughput of GCI, we first revealed the 
specific biomolecular interactions. Traditional label-free kinetic measurements were also compared with a novel, 
fast way of measuring affinity kinetics using less sample material (repeated analyte pulses of increasing duration 
(RAPID)). Experiments with well-characterized molecular interactions (furosemide to carbonic-anhydrase (CAII) 
and warfarin, norfloxacin to HSA) were performed to prove the reliability of the RAPID method. In all investi
gated cases, the RAPID and traditional measurement gave similar affinity values. In the case of DPT, the mea
surements and relevant modeling suggested two binding sites on HSA, with dissociation constant values of Kd1 =

1.8 ± 0.01 μM, Kd2 = 3 ± 0.02 μM. In the case of APT, the experiments resulted in Kd1 = 9 ± 1.7 μM, Kd2 = 28 ±
0.3 μM. The obtained binding values might suggest the potential medical application of DPT and APT without 
further optimization of their binding affinity to HSA. These results could be also adapted to other biomolecules 
and applications where sample consumption and the rapidity of the measurements are critical.   

1. Introduction 

Certain plants can be used for medical applications due to the 
accumulation of special bioactive compounds majority representing the 
so-called secondary metabolites [1]. These compounds might be bene
ficial to human health, because of their anti-inflammatory or anticancer 
(antiproliferative) effects, among others [1]. Lignans are a large group of 
polyphenol-type secondary metabolites, many of which can potentially 
be used for medicinal purposes. Some classes of them are now receiving 

increased interest because there is growing evidence that the con
sumption of lignan-rich food can decrease the risk of certain types of 
cancer [2]. Among lignan-producing plants, Anthriscus sylvestris (L.) 
Hoffm. (cow parsley) is of primary importance due to the accumulation 
of antiproliferative podophyllotoxin derivatives in its root. This herba
ceous perennial plant is common in most temperate regions, offering an 
easily available source of lignans. The main secondary metabolites in its 
roots are the aryltetralin lignans deoxypodophyllotoxin (DPT) and [3–5] 
angeloyl podophyllotoxin (APT) [6] (Fig. 1). These two lignans are 
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valuable antiproliferative natural metabolites [6–8] and are also lead 
compounds for the development of antitumor agents [9]. Highlighting 
the importance of studying these types of compounds, two related 
podophyllotoxin derivatives, Etoposide and Teniposide, also become 
approved medications for the treatment of various tumors [9]. Thus, 
aryltetralin lignans have become the subject of extensive research [2]. 

Our research aimed to explore the binding properties of DPT and APT 
isolated from A. sylvestris to human serum albumin (HSA). This macro
molecule is synthesized by the liver, and it is the most abundant protein 
in human blood plasma with a molecular weight of 66.5 kDa [10,11]. 
Active substances can be transported by HSA, it can also penetrate the 
blood-brain barrier [12,13]. Only the unbound fraction of a drug is 
capable of diffusing out of the vasculature and into the target tissue 
[12,13]. Therefore, interaction with HSA influences the absorption, 
distribution, metabolism, and excretion of small molecules [12,14]. 
Furthermore, HSA also transports hormones and fatty acids as well, 
buffers pH, and maintains oncotic pressure, among others [10,11]. Due 
to the relevance of transport functions of HSA, it is especially important 
to reveal the binding properties of newly developed agents or natural 
compounds to this protein during the development of next-generation 
drug delivery platforms. Thus, it is especially suited to study small 
molecule interactions in a real-time and label-free manner [15]. 

A novel type of biosensors, especially in combination with 

engineered surfaces for in situ kinetic analysis, has increasing impor
tance not only in point-of-care diagnostics but also in the fast screening 
of medical applications [16–18]. Among others, optical sensor systems 
are especially promising, offering reliable and sensitive analysis down to 
the levels of ions [17,19–22]. 

In this work, we used grating-coupled interferometry (GCI) 
[17,18,23] to perform the biomolecular interaction analysis and to 
quantify binding kinetics. GCI is a hybrid phase-shifting Mach–Zehnder 
optical waveguide interferometer, which can present several advantages 
over other optical biosensor techniques [17,18,23–25]. In a typical GCI 
device, two light beams are coupled into a planar optical waveguide 
through two grating regions, representing the sensing and the reference 
beams. The phase shift caused by adsorption on the waveguide is pre
cisely measured and analyzed using phase modulation. It is worth noting 
that it has a leading level of sensitivity superior to surface plasmon 
resonance (SPR) (reliable kinetics below 1 pg/mm2, noise level < 0.01 
pg/mm2) [23,26]. Additional advantages are the crude sample robust
ness and the reliable microfluidics, normally achieved with plate-based 
assays only. 

Thus, due to its performance, high-throughput setup, and excellent 
sensitivity, the GCI technique is an especially suitable tool in several 
research and development areas. It has found a broad range of appli
cations for example in drug discovery [27], cancer research [28], 
characterization of natural active agent–protein interactions [23], and 
plant biology [29–36]. It was even well-suited to reveal the kinetic in
teractions of Ni(II) ions (52 Da) with Ni-specific genetically engineered 
proteins [17,18]. 

The scope of this study consists in comparing two measurement 
methods of the GCI system, the traditional kinetic measurement protocol 
and the newly developed Repeated Analyte Pulses of Increasing Dura
tion (hereafter RAPID) in situ kinetic interaction analysis mode [37]. 
Moreover, we first determine the binding parameters of DPT and APT to 
HSA. To prove the reliability of the new method, the binding affinity of 
the sulfonamide-type diuretic agent furosemide to carbonic-anhydrase 
(CAII) was measured as a gold-standard reference [38]. For further 
comparison, the binding parameters of norfloxacin and warfarin to HSA 
were also investigated, having known binding parameters from previous 
studies [39–44]. Norfloxacin is a well-known fluoroquinolone antibiotic 
compound used mainly to treat urinary tract and gynecological in
fections and inflammation of the prostate gland [39–41]. Warfarin is a 
small-molecule anticoagulant agent used for preventing deep vein 
thrombosis, pulmonary embolism, and stroke [43,44]. All of these re
sults prove the reliability of the novel RAPID assay, which offers faster 
results from less sample material. The obtained DPT–HSA and APT–HSA 
binding parameters suggest strong binding affinity and give important 
information on the potential further medical applications of these novel 
compounds. 

2. Materials and methods 

2.1. Materials and reagents 

Roots of Anthriscus sylvestris were collected from two different loca
tions in May 2020. Sample collection locations were near Budapest 
(47.527508, 18.954185 and 47.561571, 18.989130). The root samples 
were lyophilized on the day of collection. The voucher specimens of the 
dried samples are deposited in the Department of Plant Anatomy, Eötvös 
Loránd University, Budapest, Hungary. 

Phosphate buffered saline (PBS) + 2 % dimethyl sulfoxide (DMSO, 
Sigma Aldrich) buffer continuously flowed over the sensor surface 
(running buffer). Human serum albumin (HSA, Sigma Aldrich) was 
dissolved in acetate buffer (10 mM, pH = 5). Deoxypodophyllotoxin 
(DPT) and angeloyl podophyllotoxin (APT) were isolated from the root 
of A. sylvestris as described below. Compounds were dissolved in 50 mM 
DMSO with PBS, and further diluted with PBS + 2 % DMSO. Fig. 1A 
shows the plant itself and the chemical structures of the isolated 

Fig. 1. The plant Anthriscus sylvestris (A) and chemical structures of the lignans 
deoxypodophyllotoxin (DPT) (B), and angeloyl podophyllotoxin (APT) (C) 
isolated from its root. These compounds are presented to the polycarboxylate- 
based hydrogel layer (PCH) with immobilized HSA on top of it (D). 
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compounds (Fig. 1B and C). These compounds are presented to the 
engineered model surface with immobilized HSA (Fig. 1D). 

Furosemide (Sigma Aldrich) is an inhibitor of the carbonic- 
anhydrase enzyme (CAII, Sigma Aldrich), that can bind to the CAII 
immobilized previously to the chip according to the manufacturer's 
recommendations. Norfloxacin and warfarin were purchased from 
Sigma Aldrich. 

2.2. Extraction of deoxypodophyllotoxin (DPT) and angeloyl 
podophyllotoxin (APT) 

Solvents applied in the extraction, isolation, and analysis of com
pounds, such as acetonitrile, distilled water, formic acid, and methanol 
(Reanal, Hungary), were all of the analytical reagent grades of the 
highest purity available. 

Lyophilized and pulverized root tissues of A. sylvestris (500.0 mg) 
were extracted with 20 mL of methanol in 50 mL screw-capped vials at 
60 ◦C for 30 min. The insoluble, centrifuged material was subsequently 
re-extracted two times in the same way. The combined supernatants 
were dried by a standard vacuum rotary evaporator at 45 ◦C. Dried 
extracts were dissolved in 2.0 mL of methanol for the preparative high- 
performance liquid chromatography (HPLC) isolation of DPT and APT. 

2.3. Preparative high-performance liquid chromatography 

A Pharmacia LKB HPLC (Uppsala, Sweden) system (2248 pumps, 
VWM 2141 UV detector) was connected to a preparative HPLC column: 

Gemini NX-C18 (5 μm), 25 × 1 cm (Phenomenex, Torrance, CA, USA). 
Eluents: eluent A, 0.1 % v/v formic acid, eluent B, acetonitrile:0.1 % v/v 
formic acid (80:20, v/v). Gradient: 0.0 min, 30 % B; 50.0 min, 100 % B 
(linear gradient); 55.0 min, 100 % B (isocratic); flow rate: 5.0 mL/min; 
column temperature: ambient. Aliquots (500 μL) of the extracts (2.0 mL) 
were consecutively injected (four times) and the corresponding fractions 
containing the same compounds were combined and dried (by a vacuum 
rotary evaporator at 45 ◦C). Aliquots of the dried isolated compounds 
(DPT and APT) were dissolved in methanol to confirm their structures by 
analytical HPLC. 

2.4. Compounds identification methods 

To identify DPT and APT, analytical high-performance liquid chro
matography (HPLC) hyphenated with ultraviolet (UV) spectrophotom
etry and high-resolution Orbitrap mass spectrometry (HRMS) were used. 

A Dionex Ultimate 3000 UHPLC system (3000RS diode array de
tector (DAD), TCC-3000RS column thermostat, HPG-3400RS pump, 
SRD-3400 solvent rack degasser, WPS-3000TRS autosampler), con
nected to an Orbitrap Q Exactive Focus Mass Spectrometer equipped 
with electrospray ionization (ESI) (Thermo Fischer Scientific, Waltham, 
MA, USA) was used for the identification of isolated compounds. The 
HPLC separations were performed on a Gemini NX-C18 (3 μm), 150 × 3 
mm (Phenomenex, Torrance, CA, USA) The eluents were the same as 
described above. Gradient: 0.0 min, 20 % B; 15.0 min, 90 % B (linear 
gradient); 19.0 min, 90 % B (isocratic); flow rate: 0.4 mL/min; column 
temperature: 25 ◦C; injected volume: 3.0 μL. The ESI source was 

Fig. 2. The GCI instrument and the biosensor chip with 4 channels. A. Photo of the GCI device. Its interior part is magnified with a light blue frame. Here, the 
components (autosampler pump valve, autosampler pump, needle, sample rack) of the autosampler system and their layout are shown. The instrument applies a 
sensor chip (bottom part). B. The sensor chips used in the instrument have four channels (bottom left corner); minimum one for measuring the interaction between 
the immobilized bioreceptor and the analyte (measuring channel, channel 1) and one for subtracting the channel 1 signal by a reference signal (reference channel, 
channel 2). In our case, HSA (or CAII) was immobilized on the measuring channel. The reference channel was also activated by EDC/NHS and then passivated by 
ethanolamine, but remained untreated by HSA. The figure is based on our previous work [23]. 
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operated in positive ionization mode. Operation parameters were opti
mized automatically by the built-in software as follows: spray voltage, 
3500 V (+); capillary temperature 256 ◦C; sheath-, auxiliary- and spare- 
gases (N2): 47.50, 11.25, and 2.25 arbitrary units, respectively. The 
resolution of the full scan was 70,000. Scanning range: 100–1000 m/z 
units. UV spectra were recorded between 230 and 600 nm. The purity of 
compounds was determined by analyzing their HPLC-UV 
chromatograms. 

2.5. Label-free kinetic measurements 

The in situ monitoring of the binding events was performed using the 
WAVE Delta instrument (Creoptix AG, Switzerland, Fig. 2A) and 
WAVEchips with 4 fluidic channels (Fig. 2A bottom part and Fig. 2B) 
[17]. The instrument has a temperature-controlled autosampler system 
which enables the measurement of several samples in one measurement 
set [17,23]. 

After chip conditioning with borate buffer (0.1 M sodium borate pH 
9.0, 1 M NaCl), subsequent injections of running buffer (0.2× PBS) were 
performed (startup cycles) to stabilize the baseline signal. The standard 
EDC/NHS (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro 
chloride/N-hydroxysuccinimide) coupling chemistry was used to cova
lently immobilize CAII or HSA onto the measuring channel. 

10 μg/mL CAII was immobilized onto the carboxylated 4PCP (quasi 
planar polycarboxylate with covalent functionalization through –COOH 
group) surface at a high Rmax level, resulting in an immobilized mass of 
above 4000 pg/mm2 (Fig. 3A). During this immobilization step, 50 mM 
NaH2PO4 was used as a running buffer (pH = 5.6); finally, the activated 
chip surface was blocked with 1 M ethanolamine hydrochloride, pH =
8.0. 

HSA was immobilized onto the polycarboxylate-based hydrogel layer 

on the measuring channel of 4PCH (thick hydrogel polycarboxylate with 
covalent functionalization through –COOH group, in the case of DPT and 
APT (Fig. 1D)) or 4PCP (norfloxacin, warfarin) chip at 1 mg/mL con
centration in 10 mM sodium acetate buffer, pH 5. Then, the chip surface 
was blocked using 1 M ethanolamine hydrochloride, pH 8.0. The 
reference channel was activated by EDC/NHS and then passivated by 
ethanolamine, but remained untreated by HSA providing the reference 
signal (without HSA treatments, Fig. 3B). The resulting kinetic curves of 
the immobilization processes are shown in Fig. 3. 

2.6. Traditional and RAPID (repeated analyte pulses of increasing 
duration) kinetic assays 

In the case of furosemide – CAII measurement, PBS buffer +3 % 
DMSO was used as the running buffer. Furosemide working solution 
(100 μM) was prepared from 1 mM stock, using 3 dilutions and the 
dilution factor was 10. The RAPID method was used for the kinetic 
measurement, which uses pulses of analyte at a single concentration for 
the increased duration. 

The covalently grafted HSA amount was at a surface density of 
11,809 pg/mm2. The kinetic series was preceded by 5–10 startups. 
Compounds were dissolved in 50 mM DMSO, then we diluted the solu
tion with DMSO-free running buffer (Sörensen buffer +300 mM NaCl) to 
1 mM and further diluted with Sörensen +300 mM NaCl +2 % DMSO 
(running buffer). 

Traditional kinetics measurements were performed with a dilution 
series where the highest concentration was 306 μM, using 10 dilutions 
and the dilution factor was 3 in the case of DPT, and the highest con
centration was 200 μM, using 10 dilutions and the dilution factor was 2 
in the case of APT. Each solution was injected twice. To correct the bulk 
refractive index, DMSO calibration with different concentrations of 

Fig. 3. Kinetic curves of the immobilization process of CAII (A) and HSA (B). The blue curve represents the signal of the measuring channel, while the red one shows 
the signal of the reference channel. In both cases, there were 2 cycles in the immobilization process. “I.1” with a grey dashed line represents the first, while “I.2” is the 
second injection. 

Fig. 4. Schematic kinetic curves by traditional and RAPID kinetics. A. In a typical assay with traditional kinetics, the analyte is flowed at increasing concentrations, 
with uniform duration. In every cycle, the injected concentration (ci) is fixed but c(t) is a function of time for the whole series (green). R is the sensorgram response, 
proportional to the mass of the bound analyte (red), and Rmax is the highest response value. The model fitting provides estimates for the parameters. B. In the RAPID 
assay, the series contains only one cycle with only one association phase. This phase is interrupted by dissociation portions and a final dissociation phase. Model 
fitting is simpler because it can be done with the dissociation segments only, and this method requires less sample as well (no need for concentration series). [37]. 
This figure is based on the work of Kartal et al. [37]. 
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DMSO solutions was additionally performed. The need for this correc
tion originates from the fact that the reference channel does not have the 
ligand-protein and, therefore, is more sensitive to the changes in the 
refractive index of the solution (also called the missing volume effect). 

In the case of RAPID measurements, the dilution series was per
formed with the highest concentration of 10 μM. In both cases, the 
analysis of the given data was carried out using the WAVEcontrol 4.5.13. 
evaluation software. 

The kinetic data were evaluated with two different models. The first 
model supposes only one compound-binding site on the HSA (in the 
evaluation program given as “1:1 kinetic”). The other one considers two 
binding sites with different affinities (in the evaluation program given as 
a “heterogeneous ligand”). Both the equilibrium curves and the kinetic 
curves were applied to define the Kd values. 

3. Results and discussion 

3.1. Traditional and RAPID kinetics 

In the traditional ligand binding assay, the analyte is injected at 
increasing concentrations, with uniform duration in each case [37]. The 
model fitting provides estimates for the parameters (Ka, Kd, and Rmax) of 
the ordinary differential equation (ODE) for the one-to-one binding that 
best explains the data in all segments of the time series. In the RAPID 
assay, the series contains a single cycle with just one association phase 
that is interrupted by dissociation portions and a final longer dissocia
tion phase [37]. Thus, the model fitting can be done with the dissocia
tion segments. In contrast to traditional, multicycle kinetics 
measurements, the novel RAPID generates a pulsating concentration 
profile by injecting the analyte at the same concentration, multiple times 
and with increased duration (Fig. 4) [37]. 

Therefore, RAPID injects a single concentration, but pulses the 
sample over the sensing surface at increasing durations. So the kinetics 

Fig. 5. The kinetic curves of furosemide (A), norfloxacin (B), warfarin (C) obtained by RAPID (curves on the left side) and traditional kinetics (curves on the right 
side). The blue curves are the measuring signals, and the red ones are the reference signals. 
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can be derived from a single well without the requirement of serial di
lutions, thus this is a time- and sample-saving, simpler method for 
detecting interactions of various molecules. 

The measurement kinetic curves with both assays are plotted in 
Fig. 5 in the case of furosemide (Fig. 5A), norfloxacin (Fig. 5B), and 
warfarin (Fig. 5C). The figure emphasizes the different signals recorded 
at the reference and measurement channels to eliminate the signals of 
nonspecific binding. 

3.2. Identifying the isolated compounds 

The isolated compounds can be identified using the molecular for
mula (Table 1) and UV spectra (Fig. 6) identical to those of the known 
metabolites of A. sylvestris, DPT, and APT, respectively [5–7]. Cations 
formed with ammonium ions and protons can be detected in the mass 
spectra of both compounds (Fig. 6, panels A”, B”, Table 1). 

The molecular formulas of compounds (C22H22O7 and C27H28O9), 
which were calculated from the m/z values of these ions, correspond to 
the lignans DPT and APT (Table 1). A high-intensity signal of the ion m/z 
397.1275 can be observed in the mass spectra of APT due to the in- 
source fragmentation (i.e., fragmentation in the ion source) of this 
compound (Fig. 6, panel B”), providing evidence of the existence of the 
angeloyl unit in APT (Table 1). 

3.3. Dissociation constant values of the compounds and the proteins 
determined by RAPID and traditional kinetics methods 

The furosemide measurements, which were obtained through both 
the RAPID and traditional methods, resulted in dissociation constant 
(Kd) values in the same range with almost the same numerical values: Kd 
values of 6 ± 1.3 and 4 ± 0.2 μM were determined, respectively, by 
employing the 1:1 kinetic fit in both cases (see Fig. 7A). Prior literature 
value for the furosemide binding to CAII is Kd = 1 ± 0.2 μM [38], so we 
can conclude that our results, which were received by the two kinetic 
methods of GCI, are reliable and comparable. 

Considering the norfloxacin binding to HSA, comparable Kd values 
were determined by the RAPID (Kd1 = 468 ± 2.3 μM, Kd2 = 651 ± 4.6 
μM) and traditional (Kd1 = 310 ± 2.2 μM, Kd2 = 664 ± 2.3 μM) methods 
using the heterogeneous fit in both cases (Fig. 7B). These data are in 
good agreement with the literature results on the norfloxacin-HSA 
binding using surface plasmon resonance (SPR, Kd = 980 μM [39]), 
confirming that the new results received by the two independent 
methods of GCI are reliable and comparable. Note, however, the binding 
of norfloxacin to HSA has been characterized previously with signifi
cantly lower values using fluorescence, isothermal titration calorimetry 
(ITC), and circular dichroism (CD) measurements (Kd = 16.7–33.6 μM) 
[40,41]. We believe that the different results might be caused by the 
surface immobilization of HSA in the case of our GCI and previous SPR 

Table 1 
Mass spectrometry (MS) data of isolated compounds, determined by high-performance liquid chromatography (HPLC) high-resolution Orbitrap-MS using positive 
ionization mode.  

Compound name Formula Detected ion Measured mass (m/z) Calculated mass (m/z) Mass error (ppm)a 

Deoxypodophyllotoxin (DPT) C22H22O7 [M + H]+ 399.14319  399.14383  − 1.602 
[M + NH4]+ 416.16956  416.17038  − 1.967 

Angeloyl podophyllotoxin (APT) C27H28O9 [M + H]+ 497.17941  497.18061  − 2.411 
[M + NH4]+ 514.20636  514.20716  − 1.552 
[M-angelic acid+H]+b  397.12750  397.12818  − 1.711  

a Differences between the measured and calculated masses (m/z) of ions varied between − 1.552 ppm and − 2.411 ppm, confirming the molecular formula of 
compounds. 

b Characteristic fragment ion, generated from angeloyl podophyllotoxin by in-source fragmentation (i.e., by fragmentation in the ion source). 

Fig. 6. High-performance liquid chromatography ultraviolet spectrophotometry (HPLC-UV) separations of the isolated deoxypodophyllotoxin (A), and angeloyl 
podophyllotoxin (B) (detected at 292 nm) and the corresponding UV spectra (A’, B’) and high-resolution mass spectra (HRMS, generated by positive ionization mode) 
(A”, B”) of these compounds. 
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measurements. Surface immobilization is not required in fluorescence, 
CD, and ITC affinity measurements. Similar observations regarding the 
effect of covalent immobilization were reported in the case of ion 
binding of genetically engineered protein layers [17]. 

The warfarin experiments resulted in Kd values in the same range; 
with RAPID, the Kd1 = 26 ± 0.1 μM, Kd2 = 19.7 ± 0.08 μM, while Kd1 =

20 ± 0.2 μM, Kd2 = 29 ± 0.2 μM with the traditional kinetics from the 
heterogeneous kinetic modeling in both cases (Fig. 7C). Binding of 
warfarin (and other small molecules, such as diazepam and ibuprofen) 
to HSA occur at relatively well-defined regions on the protein. The two 

well-characterized binding regions are the warfarin-azapropazone site 
(located in the IIA subdomain) and the indole-benzodiazepine site 
(located in the IIIA subdomain) of HSA [45,46]. Furthermore, Oester 
and co-workers reported primary and secondary binding sites for 
warfarin [42]. The literature data are in the range of Kd = 3–37 μM 
[43–45,47–50], however, a study by Rich et al. mentions a value of 273 
μM as well [47]. Furthermore, another study [44] also declares a higher 
value for Kd2 = 284.6–398.3 μM (in the case of 0 % and 5 % ethanol, 
respectively). Of note, this equilibrium dialysis data also suggested two 
warfarin binding sites on HSA, similar to our data, but with one order of 

Fig. 7. The measured and fitted kinetic curves of furosemide (A), norfloxacin (B), warfarin (C) obtained by RAPID (curves on the left side) and traditional kinetics 
(curves on the right side). “I.” with grey dashed lines represents the injections, and “R.” shows the rinses. The red lines represent the measurement kinetic curves, and 
the black lines are the fitted curves. The received kinetic parameters shown in the graphs are summarized in Table 2. 
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magnitude larger Kd2 value for the low-affinity binding site. 
Our experimental results and the affinity values found in the litera

ture are comparable, and in all cases, the RAPID and traditional mea
surements gave similar affinity values. Therefore, one can conclude that 
the novel RAPID kinetic analysis method gives reliable results in the case 
of known drug-active substances. 

After summarizing the results of the active substances with already 
known binding parameters, we turn to the isolated natural compounds 
with unknown binding affinities. 

In the case of DPT, 1:1 kinetic modeling did not result in acceptable 
fits. Employing the heterogeneous modeling, RAPID measurements 
resulted in Kd values of Kd1 = 1.8 ± 0.01 μM, Kd2 = 3 ± 0.02 μM. 
(Fig. 8A). The obtained values are in asimilar range, but the relatively 
close values of the two individual binding sites raise the hypothesis of 
one type of binding site on HSA with varying binding environments. It is 
important to note; the immobilization of proteins might cause a slight 
change in the binding site affinity due to the steric constraints caused by 
the covalent immobilization, which could lead to the appearance of two 
binding sites with slightly different affinity values [17]. A similar effect 
was observed in case of our APT experiments. APT data were also well- 
fitted by the heterogeneous model. By employing the RAPID assay, the 
Kd1 = 9 ± 1.7 μM, Kd2 = 28 ± 0.3 μM were obtained (Fig. 8B). Table 3 
summarizes the obtained affinity values for DPT-HSA and APT-HSA 
interactions. 

The obtained relatively strong binding values might suggest the 
potential clinical application of DPT and APT without further optimi
zation of their binding affinity to HSA. The obtained affinities are 
especially useful when the slow release of the drugs is needed, and HSA 
is not only considered as a transport molecule, but also acts as a buffer to 
prolong drug action [12–14]. 

4. Conclusions 

In this work, we determined the interaction of HSA protein with two 
novel type of aryltetralin lignans deoxypodophyllotoxin (DPT), and 
angeloyl podophyllotoxin (APT) from A. sylvestris, using a highly sen
sitive label-free optical biosensor (GCI). HSA is known as the most 
important transport protein in human plasma, with remarkable ligand 
binding capacity. The processes of binding various bioactive compounds 
with HSA are studied very extensively. The affinity of bioactive com
pounds to HSA strongly influences their pharmacokinetic profile, related 
to permeability through tissue barriers and the in vivo distribution. There 
are rapidly establishing equilibria between the HSA and the binding 
compounds and their complexes, and these can be characterized by the 
thermodynamic association (Ka) or dissociation (Kd) constants. Many 
important properties and kinetic data are influenced by the magnitudes 

of these values. 
The applied technique enables the collection of reference-corrected 

kinetic data about molecular binding events. The present work also 
compared two assays; the traditional kinetics and the newly introduced 
RAPID kinetic analysis method. The novel RAPID assay uses traditional 
equipment and techniques, but offers several advantages due to a design 
that is superior to that of traditional assays; it saves measurement time, 
is more cost-effective, and requires less amount of samples. The 
increased throughput can improve hit quality and shorten cycle times 
considerably in early-stage drug discovery. The additional measure
ments with already known drugs were also performed; the binding 
values of norfloxacin and warfarin to HSA and that of furosemide to CAII 
were also analyzed and compared to literature values 

Fig. 8. The measured and fitted kinetic curves of DPT (A), and APT (B) obtained by RAPID. “I.” with grey dashed lines represents the injections, and “R.” shows the 
rinses. The red lines represent the measurement kinetic curves, and the black lines are the fitted curves. The received kinetic parameters shown in the graphs are 
summarized in Table 3. 

Table 2 
Summary of the results of furosemide, norfloxacin and warfarin received by the 
different types of assays.  

Compound Ligand RAPID kinetics TRADITIONAL kinetics 

Furosemide 
(331 Da) 

CAII Kd = 6 ± 1.3 μM 
ka = 1.3 × 104 M− 1 s− 1 

kd = 7.8 × 10− 2 s− 1 

(1:1 kinetics) 

Kd = 4 ± 0.2 μM 
ka = 1.3 × 104 M− 1 s− 1 

kd = 5.6 × 10− 2 s− 1 

(1:1 kinetics) 
Norfloxacin 

(319 Da) 
HSA Kd1 = 468 ± 2.3 μM, Kd2 

= 651 ± 4.6 μM 
ka1 = 6,7 × 102 M− 1 s− 1, 
ka2 = 3.6 × 101 M− 1 s− 1 

kd1 = 3.2 × 10− 1 s− 1, kd2 

= 2.3 × 10− 2 s− 1 

(heterogeneous) 

Kd1 = 310 ± 2.2 μM, Kd2 

= 664 ± 2.3 μM 
ka1 = 2 M− 1 s− 1, ka2 =

7.4 × 102 M− 1 s− 1 

kd1 = 6.2 × 10− 3 s− 1, kd2 

= 4.9 × 10− 1 s− 1 

(heterogeneous) 
Warfarin 

(308 Da) 
HSA Kd1 = 26 ± 0.1 μM, Kd2 =

19.7 ± 0.08 μM 
ka1 = 3.1 × 105 M− 1 s− 1, 
ka2 = 3.8 × 104 M− 1 s− 1 

kd1 = 8 s− 1, kd2 = 7.4 ×
10− 1 s− 1 

(heterogeneous) 

Kd1 = 20 ± 0.2 μM, Kd2 

= 29 ± 0.2 μM 
ka1 = 6.9 × 104 M− 1 s− 1, 
ka2 = 2.7 M− 1 s− 1 

kd1 = 1.4 s− 1, kd2 = 8 ×
10− 5 s− 1 

(heterogeneous)  

Table 3 
Summary of the obtained affinity data for DPT and APT.  

Ligand DPT (398 Da) APT (496 Da) 

HSA Kd1 = 1.8 ± 0.01 μM, Kd2 = 3 ±
0.02 μM 
ka1 = 4.4 × 105 M− 1 s− 1, ka2 = 1.8 
× 103 M− 1 s− 1 

kd1 = 8 × 10− 1 s− 1, kd2 = 5.3 ×
10− 3 s− 1 

(heterogeneous) 

Kd1 = 9 ± 1.7 μM, Kd2 = 28 ± 0.3 
μM 
ka1 = 6.8 × 104 M− 1 s− 1, ka2 = 1.4 
× 103 M− 1 s− 1 

kd1 = 6.3 × 10− 1 s− 1, kd2 = 4 ×
10− 2 s− 1 

(heterogeneous)  
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[38–41,43–45,47–50]. We found that both assays are suitable for 
determining drug interactions with HSA, but the RAPID assay signifi
cantly facilitates the measurement processes. Of note, the RAPID mea
surements gave reliable Kd values in all investigated cases, but we have 
found some discrepancies in the kinetic rate constants (see Table 2). This 
effect should be investigated further in later works. 

HSA binding of bioactive compounds is well-recognized and the 
implications for compounds' action in vivo have been fully appreciated. 
HSA regarding its high concentration, controls the free compound 
concentration in plasma and compartments in equilibrium with plasma, 
thereby effectively attenuating the potency in vivo. Therefore, charac
terization of binding to HSA and obtaining the binding constants are 
essential for any new bioactive compounds, and candidate drugs. By 
employing the novel RAPID assay, we have determined the affinity 
values of two new natural compounds DPT and APT and obtained 
binding constants in the μM range, meaning strong binding to HSA. 

The presented methods could be extended to other types of ligands 
and analytes. The increased throughput of RAPID measurements would 
shorten cycle times considerably in early-stage drug discovery, which is 
a rather important aspect in pharmaceutics and the development of new 
therapeutic or diagnostic agents. 
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