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b Institute of Inorganic Chemistry, Faculty of Chemistry, University of Vienna, Waehringer Strasse 42, 1090 Vienna, Austria 
c Research Cluster “Translational Cancer Therapy Research”, University of Vienna and Medical University of Vienna, Vienna, Austria   

A R T I C L E  I N F O   

Keywords: 
Blood serum distribution 
FGFR 
Spectrofluorometry 
Protein binding 
Binding constant 

A B S T R A C T   

Binding towards human serum albumin (HSA) and α1-acid glycoprotein (AGP) of three approved fibroblast 
growth factor receptor (FGFR) inhibitors ponatinib (PON), nintedanib (NIN) and erdafitinib (ERD), as well as the 
experimental drug KP2692 was studied by means of spectrofluorometric and UV–visible spectrophotometric 
methods. Additionally, proton dissociation processes, lipophilicity, and fluorescence properties of these four 
molecules were investigated in detail. The FGFR inhibitors were predominantly presented in their single pro-
tonated form (HL+) at pH 7.4 (at blood pH). At gastric pH (pH 1–2) the protonated forms (+1 – +3) are present, 
which provide relatively good aqueous solubility of the drugs. All of the four inhibitors are highly or extremely 
lipophilic at pH 7.4 (logD7.4 ≥ 2.7). At acidic pH 2.0 PON and ERD are rather lipophilic, NIN is amphiphilic, 
while KP2692 is highly hydrophilic. All four compounds bind to HSA and AGP. Moderate binding of PON, 
KP2692 and NIN was found towards albumin (logK’ = 4.5–4.7), while their affinity for AGP was about one order 
of magnitude higher (logK’ = 5.2–5.7). ERD shows a larger affinity for both proteins (logK’HSA ≈ 5.2, logK’AGP ≈

7.0). The computed constants were used to model the distribution of the FGFR inhibitors in blood plasma under 
physiological and pathological (acute phase) conditions. The changing levels of the two proteins under patho-
logical conditions compensate each other for PON and NIN, so that the free drug fractions do not change 
considerably. In the case of ERD the higher AGP levels distinctly reduce the free available fraction of the drug. 
Comparison with clinical pharmacokinetic data indicates that the here presented solution distribution studies can 
very well predict the conditions in cancer patients.   

1. Introduction 

Protein tyrosine kinases phosphorylate various proteins and thus 
participate in cell growth regulation. Protein tyrosine kinases disorders 
can cause a series of diseases in the body. Their abnormal expression 
leads to dysregulation of cell proliferation, which ultimately causes 
tumorigenesis (Ebrahimi et al., 2023). In addition, these abnormalities 
are also associated with tumor invasion and metastasis, tumor neo-
vascularization and chemotherapy resistance (Ebrahimi et al., 2023). 
Therefore, targeting protein tyrosine kinases have become a hot topic in 
antitumor drug research. After the approval of imatinib (Gleevec®) for 
the treatment of chronic myeloid leukemia, numerous small molecule 
tyrosine kinase inhibitors (TKIs) have been introduced into the therapy 
in the last two decades (Hartmann et al., 2009; Huang et al., 2020). 
Fibroblast growth factor receptors (FGFR) comprise a main group in the 

protein tyrosine kinases family, which can be targeted in therapy by 
non-selective (ponatinib (PON), nintedanib (NIN), lenvatinib, dovitinib 
etc.) and selective (erdafitinib, ERD) FGFR inhibitors (Huang et al., 
2020; Lang and Teng, 2019; Perera et al., 2017). These molecules, 
although being very different in structure, all tend to have poor water 
solubility and strongly bind to plasma proteins, especially to human 
serum albumin (HSA) and α1-acid glycoprotein (AGP) (Smith and Wa-
ters, 2019; Dömötör et al., 2018; Dosne et al., 2020; Li et al., 2020; Wind 
et al., 2019; Schmid et al., 2018; Hanley et al., 2022; Gupta et al., 2016). 
Plasma protein binding influences the pharmacokinetics and efficacy of 
drugs, because, according to the free drug hypothesis, the unbound 
fraction of drug is in dynamic equilibrium with respect to metabolism, 
elimination and interaction with the desired pharmacological target 
(Summerfield et al., 2022; Rosenbaum, 2017). Albumin prefers to bind 
negatively charged and neutral small molecules in three main binding 
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sites (Sudlow’s sites I and II and a third site in subdomain IB), while AGP 
mostly binds molecules with basic functional group(s) in its central 
hydrophobic cavity (Smith and Waters, 2019; Peters, 1996; Fanali et al., 
2012; Bteich, 2019; Sudlow et al., 1975; Zsila, 2013). A general feature 
of most of the TKIs is the presence of basic amine group(s) in their 
structure and the lack of acidic (e.g. carboxyl) functions. This raises the 
possibility of a prominent role for AGP in the transport of these drugs. 
The physiological concentration of AGP is much lower (approximately 
10–20 μM) in blood plasma in comparison to albumin (520–740 μM, 
630 μM in average) (Smith and Waters, 2019; Peters, 1996; Fanali et al., 
2012) and thus it is more common to observe saturable protein binding 
when AGP is the main transporter (Smith and Waters, 2019). Addi-
tionally, AGP, in contrast to albumin, is a positive acute phase protein, 
thus its serum concentration increases two- to three-fold during 
inflammation (Smith and Waters, 2019). It was reported, that increased 
concentrations of AGP may impact the unbound fraction of drugs in 
cancer patients, for instance elevated levels of AGP could suppress the 
cell growth inhibitory effects of paclitaxel and imatinib (Gambacorti--
Passerini et al., 2000; Ohbatake et al., 2016). Recently we have assayed 
the binding affinity of imatinib towards HSA and AGP. It has been 
demonstrated that AGP plays a more important role in the binding of 
imatinib compared to HSA and the clinical observations could be sup-
ported based on in vitro thermodynamic studies (Dömötör and Enyedy, 
2023). It has to be mentioned, that also lipoproteins can play an 
important role in the blood transport of drugs. In particular, the high-, 
low- and very low-density lipoproteins (HDL, LDL and VLDL) are 
capable of binding lipophilic substances (Wasan and Cassidy, 1998). 
However, the here presented work focuses on the elucidation of the 
relevance of HSA and AGP binding, respectively. 

An important question is whether the pharmacokinetic behavior of 
marketed FGFR inhibitors PON, NIN (formerly referred as intedanib) 
and ERD (Fig. 1) could be predicted based on simple and cheap in vitro 
binding studies and model calculations. An experimental drug 
(KP2692), which is a derivative of PON was also included in our studies 
(Fig. 1). PON is a multi-targeted TKI, it is approved for the treatment of 
adults with chronic myeloid leukemia or Philadelphia chromosome–-
positive acute lymphoblastic leukemia (O’Hare et al., 2009; US Food and 
Drug Administration, 2012). KP2692 differs from PON in the aliphatic 
amino functions, an ethylene diamine substituent was introduced 
instead of the methyl-piperazinyl group making it able to be incorpo-
rated in metal complexes (Mathuber et al., 2021). NIN acts as a triple 
angiokinase inhibitor that inhibits the process of tumor angiogenesis, it 
is used against idiopathic pulmonary fibrosis and non-small cell lung 
cancer in combination with docetaxel (European Medicines Agency, 
2021; Roth et al., 2015). ERD is a potent oral selective pan-FGFR in-
hibitor utilized for treatment of metastatic or locally advanced bladder 

cancer resistant for platinum-based therapy (European Medicines 
Agency, 2022). The effective dose of ERD has to be individually titrated 
based on serum phosphate concentration that reflects the extent of FGFR 
inhibition (Tabernero et al., 2016). It is known from the product 
monographs that the approved drugs PON, NIN and ERD bind to serum 
proteins in high extent (>97%). Population pharmacokinetic studies has 
shown that free fractions of ERD correlate directly with the AGP levels of 
patients and healthy volunteers (Dosne et al., 2020; Li et al., 2020). Li 
and coworkers have pointed out that the free fraction of ERD is signif-
icantly lower in cancer patients, whose AGP levels are generally 
elevated, in contrast to the healthy population (0.32% vs. 0.51%) (Li 
et al., 2020). In the case of PON and NIN serum protein binding was 
tested in vitro (i.e. the drugs were mixed with freshly taken blood 
plasma) and preferential binding of NIN towards albumin was found. 
Further in vitro spectroscopic studies are available on the HSA binding of 
PON, NIN and ERD, however their reliability is sometimes questionable 
because of the lack of correction by the high absorbance of the samples 
in fluorometric assays (Amir et al., 2021; Alam et al., 2016) or applying 
drug concentrations far over their solubility limit (Alam et al., 2016). 
Only one paper reports on the AGP binding of NIN, however do not 
account for the absorbance of NIN in fluorometric measurements and 
most likely misinterpret the results of the UV-visible (UV–vis) binding 
assay (Abdelhameed et al., 2016). Binding constants on the HSA binding 
of the marketed TKIs are reported sporadically in the literature and they 
are often not comparable to each other, while no binding constants on 
the AGP binding was found for PON and NIN. 

Hereby, we report on an extensive comparative study of three 
approved FGFR inhibitors and KP2692 regarding their proton dissocia-
tion processes, lipophilicity and their HSA and AGP binding affinities 
investigated by means of UV–vis spectrophotometry and spectrofluo-
rometric techniques. Fluorescence properties of the compounds are 
discussed as well. The obtained binding constants were used to model 
the serum protein binding of each drugs at physiological and acute phase 
conditions and compared to those of clinical pharmacokinetic data. 

2. Materials and methods 

2.1. Chemicals 

All solvents were of analytical grade and used without further puri-
fication. KCl, NaCl, HCl, KOH, NaH2PO4 and Na2HPO4, warfarin, HSA 
containing fatty acids (A8763) and AGP (G98885) were purchased from 
Sigma Aldrich. Ponatinib (PON), nintedanib (NIN) and was purchased 
from LC Laboratories and erdafitinib (ERD) from ChemScene all in 
>98% purity. KP2692 was synthesized according to the literature 
(Mathuber et al., 2021). Doubly distilled Milli-Q water was used for 

Fig. 1. Chemical structures of the FGFR inhibitors ponatinib (PON), KP2692, nintedanib (NIN) and erdafitinib (ERD) investigated in this work. Protonatable atoms 
are indicated with blue color. 
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sample preparation. Samples for albumin binding studies were prepared 
in phosphate buffered saline (PBS) at pH 7.40. Protein stock solutions 
were prepared in PBS buffer and their concentration was calculated on 
the basis of their UV–Vis absorption: ε280 nm(HSA) = 36,850 M − 1 cm− 1, 
ε280 nm(AGP) = 24,140 M − 1 cm− 1 (Beaven et al., 1974; AlAjmi et al., 
2020; Zsila and Iwao, 2007). 

Slightly acidic stock solutions (c = 0.2‒1 mM; pH ~ 3) of the FGFR 
inhibitors were prepared, except KP2692, that could be dissolved in 
water (c = 1 mM) and their concentrations were determined based on a 
weight-in-volume basis. In HSA binding experiments these stocks were 
diluted with water to get the working solutions (c = 200 μM). 

2.2. UV–vis spectrophotometric studies: determination of pKa values 

An Agilent Carry 8454 diode array spectrophotometer was used to 
obtain UV–vis spectra in the interval 190–1100 nm, the path length (l) 
was 0.5, 1.0 or 2.0 cm. The spectrophotometric titrations were per-
formed with samples containing 10–100 μM compound over the pH 
range 1.0–11.5 at 25.0 ± 0.1 ◦C and an ionic strength of 0.10 M (KCl). 
All compounds were titrated twice and at least 20 titration points were 
collected for each titration. The titrations were performed with 
carbonate-free KOH solution (0.10 M) and its exact concentration was 
determined by pH-potentiometric titrations. The electrode system was 
calibrated to the pH = − log[H+] scale by means of blank titrations 
(strong acid vs. strong base; HCl vs. KOH), similar to the method sug-
gested by Irving et al. (Irving et al., 1967). Proton dissociation constants 
together with the individual molar absorbance spectra were calculated 
with the computer program HypSpec (Gans et al., 1996). The program 
requires the following input data: measured spectra together with the 
corresponding pH and analytical (total) concentration of the com-
pounds; species matrix, with approximate protonation constant(s) and 
the absorbing species need to be defined. Newton-Raphson iterative 
method is used to obtain protonation constant(s) with standard de-
viations and molar spectra of the individual species. 

2.3. Lipophilicity 

Distribution coefficients (DpH) of the compounds were determined by 
the traditional shake-flask method in n-octanol/buffered aqueous solu-
tion generally at pH 2.00 (0.01 M HCl), and pH 7.40 (PBS) at 25.0 ±
0.2 ◦C as described previously (Enyedy et al., 2011). For NIN DpH was 
determined at various pH values in order to calculate the pKa of the 
drug: pH = 5.60 (20 mM MES buffer, 0.1 M KCl); pH = 6.21, 6.72, 7.19, 
7.69 (20 mM phosphate, 0.1 M KCl); pH = 8.13, 8.61, 9.06, 9.62, 10.04 
(20 mM borate buffer, 0.1 M KCl). The ligand was dissolved in n-octanol 
pre-saturated aqueous solution of the buffer at 10 μM concentrations. 
Then the aqueous sample was mixed with n-octanol in 1:1, 10:1 or 100:1 
vol ratio. Always three parallel measurements were done. After phase 
separation, UV–vis spectrum of the compound in the aqueous phase was 
compared to that of the original stock solution and DpH value of the 
compounds was calculated according to the following equation: 

DpH =

[
Abs (stock sol.)

Abs (aq. phase after separation)
− 1

]

×
V (aq. phase)

V (n− octanol)

2.4. Interaction with serum proteins 

2.4.1. Spectrofluorometric measurements 
Steady state fluorescence spectra were recorded on a Fluoromax 

(Horiba, Jobin Yvon) spectrofluorometer. Samples were measured in 1 
× 1 cm cells at 37 ◦C. Titrations were carried out. Samples usually 
contained (i) 0.5–1 μM protein and various protein-to-compound ratios 
(up to 1:35) were used, or (ii) the compound concentration was constant 
(2–6 μM) and the protein concentration varied between 0 and 78 μM. 
The excitation and emission wavelengths were chosen according to the 
studied system, see Table S1 for details. The conditional binding 

constants were calculated with the computer program HypSpec (Gans 
et al., 1996) as described in our previous works (Dömötör et al., 2013; 
Enyedy et al., 2015). Calculations were always based on data obtained 
from at least two independent measurements. 3D spectra were recorded 
between 250 and 500 nm excitation and 280–650 nm emission wave-
lengths with an increment of 5 nm. Corrections for self-absorbance and 
inner filter effect were necessary in the steady-state fluorometric ex-
periments since the emitted light was partly absorbed by the com-
pounds. Corrections for self-absorbance and inner filter effect were done 
as described in our former works using the formula suggested by 
Lakowicz (Lakowicz, 2006; Dömötör et al., 2013; Enyedy et al., 2015). 

Time-resolved fluorescence measurements on PON and KP2692 were 
carried out on the same fluorometer equipped with a DeltaHub TCSPC 
controller using NanoLED light sources N-300 or N-360 (Horiba Jobin 
Yvon). The resolution of the system was 25 ps. See details on the in-
strument settings in Table S2. Ludox® (from Sigma-Aldrich) was used as 
scatter solution to obtain the instrument response function (IRF). On the 
basis of blank measurements, no background subtraction was necessary. 
The software DAS6 (version 6.6.; Horiba, Jobin Yvon) was used for the 
analysis of the experimental fluorescence decays. The fluorescence in-
tensity (Int.) decay over time is described by a sum of exponentials, 

Int.(t) =
∑n

i=1
αiexp

(
− t
τi

)

(1)  

where αi and τi are the normalized amplitude (Σαi = 1) and lifetime of 
component i respectively. 

From these parameters, the fraction of emitted light (f) by each 
component i can be calculated through the Eq. (2). 

fi =
αiτi

∑
(αiτi)

(2) 

The quality of the fit was judged from a χ2
R value close to 1.0 (χ2

R ≤

1.20) and a random distribution of weighted residuals. Decay curves 
always were recorded for three independent samples and standard de-
viations were calculated for the three measurements. 

3. Results and discussion 

3.1. Proton dissociation processes and lipophilicity of the TK inhibitors 

The proton dissociation constants (pKa) were determined by UV–vis 
spectroscopic titrations and in some cases by n-octanol/water partition 

Table 1 
Proton dissociation constants (pKa) of the studied inhibitors determined by 
UV–Vis spectrophotometrya, calculated distribution (%) of the species in 
different protonation states at physiological pH (pH 7.40) and the n-octanol/ 
water distribution coefficients (logD7.4)b at pH 7.40 {T = 25 ◦C; I = 0.1 M (KCl)}.   

PON KP2692 NIN ERD 

pKa(H3L3þ) – 2.77 ± 0.01 – – 
pKa(H2L2þ) 2.74 ± 0.01 5–7 – 1.88 ± 0.01 
pKa(HLþ) 7.8c 8.9 ± 0.1c 8.2 ± 0.1d 

8.1 ± 0.1e 
9.10 ± 0.01  

Protonation states at pH 7.40 (%)  
H2L2þ 0 0.4–28 0 0 
HLþ 71 70–96 82 98 
L 29 2–3 18 2 
n-Octanol/water distriubution 
logD2.0 +0.59 ± 0.05 –1.00 ± 0.05 –0.01 ± 0.02 +0.24 ± 0.05 
logD7.4 >3.5 +2.7 ± 0.2 +3.1 ± 0.2 +2.7 ± 0.2  

a Standard deviations were calculated based on the titration points of two 
titrations. 

b Standard deviations are calculated from three measurements. 
c Reported in Ref (US Food and Drug Administration, 2012);. 
d Estimated on the basis of UV–vis titrations. 
e Calculated from n-octanol/water distribution constants determined at 

various pH values. 

O. Dömötör et al.                                                                                                                                                                                                                               



European Journal of Pharmaceutical Sciences 192 (2024) 106651

4

experiments and are collected in Table 1. The studied compounds have 
exclusively basic functional groups, the neutral structures shown in 
Fig. 1 are the completely deprotonated forms of these substances, having 
very limited solubility. 

Two pKa values could be determined for ERD; the UV–vis spectra in 
Fig. 2 show characteristic changes between pH 1–3 and 8–10. The first 
deprotonation (pKa(H2L2+) = 1.88 ± 0.01) can be attributed to the 
pyrazolium group. The second deprotonation (pKa(HL+) = 9.10 ± 0.01) 
is followed by a less pronounced spectral shift (see Figs. 2 and S1) and 
occurs due to the deprotonation of the secondary ammonium functional 
group. Individual molar spectra are plotted in Figure S1. This later 
constant agrees well with the value (pKa = 9.2) reported without any 
reference by Perera et al. (Perera et al., 2017). 

PON has one lower pKa belonging to the heteroaromatic ring system 
(pK(H2L2+) = 2.74 ± 0.01), which fits well to the value reported in the 
product monograph: pKa = 2.77 (US Food and Drug Administration, 
2012). The deprotonation of the piperazinium moiety in PON takes 
place between pH 7 and 8 (Figure S2(a)). This second pKa could not be 
determined by UV–vis titration (Figure S2(b)) and n-octanol/water 
partition due to precipitate formation when the neutral species is 
formed. According to the product monograph, although no technique 
and ionic strength were indicated, this value is pKa = 7.8, which was 
quoted in Table 1 (US Food and Drug Administration, 2012). This cor-
responds well to the constant reported for the 1-methyl-piperazinium 
group in a thiosemicarbazone derivative (pKa = 7.90, I = 0.1 M KCl) 
and in cyclizine (pKa = 8.05) (Bacher et al., 2015; Australian Thera-
peutic Goods Administration). For KP2692 the lower pKa of the heter-
oaromatic ring system (pK(H2L2+) = 2.77 ± 0.01) is nearly identical to 
PON. Furthermore, two additional pKa values were expected for KP2692 
based on the analogy of the ethylenediamine moiety to N-methyl-
ethylenediamine (pKa1 = 7.04, pKa2 = 9.98, I = 0.1 M KCl) (Mathuber 
et al., 2020). One pKa could be determined in lipophilicity measure-
ments: pKa = 8.9 ± 0.1 (Table 1, Figure S3). This measurement also 
indicates a deprotonation step between pH 5–7, which however could 
not be accurately determined by the available techniques. ChemAxon 
predicts a pKa of 6.52. However, the reliability of the prediction has to 
be questioned if the predicted values for the other compounds are taken 
into account (Table S3) (MarvinSketch, 2020). 

NIN possesses also a methyl-piperazinium group (Fig. 1) and 
precipitated in titration experiments between pH 7–9 where the neutral 
species is formed (Figure S4). As Fig. 3 shows, the lipophilicity, namely 
the n-octanol/water distribution coefficient (DpH) of NIN rises a few 
hundred times by the deprotonation of the piperazinium moiety; this 
phenomenon allowed us to determine a pKa(HL+) = 8.1 ± 0.1 for NIN 
(Table 1), this is in reasonable agreement with the reported (but not 
referred) value pKa = 7.9 (Roth et al., 2015). 

The knowledge of the relevant proton dissociation constants allowed 
us to compute fractions for the actual protonation states at pH 7.40 

(Table 1) and at various pH values (Figure S5) At pH 7.40, the neural L 
forms are present in different ratios for PON, NIN and ERD. In the case of 
PON, this quantity is relatively uncertain, however, using the reported 
second deprotonation at pKa = 7.8 (US. Food and Drug Administration, 
2012) the neutral form is present in 29%. For NIN and ERD these 
amounts are 18% and 2%, respectively. KP2692 is mainly protonated 
and the amount of the neutral form is only between 2 and 3%, however 
the ratio of HL+ and H2L2+ species are uncertain. At a typically gastric 
pH of 1–2, all of the studied compounds are present in protonated forms 
(see Figure S5). The presence of protonated charged species at acidic pH 
enabled us to prepare stock solutions of the inhibitors of 500 µM at pH 
2–3, hence the use of organic solvents (e.g. DMSO) could be avoided in 
the protein binding assays. 

The lipophilicity of the studied drugs has been rarely reported in the 
literature (US Food and Drug Administration, 2012). Table 1 comprises 
the logarithm of distribution coefficients (logDpH) determined at pH 2.0 
and 7.4. PON and ERD appear to prefer the non-polar solvent at pH 2.0, 
NIN distributes approximately equally between the two phases, while 
KP2692 is rather hydrophilic. At pH 7.4 all of the title compounds are 
fairly lipophilic (logD7.4 ≥ +2.7). 

3.2. Fluorescence properties of the inhibitors 

The knowledge of the fluorescence properties of the three FGFR in-
hibitors is important as protein binding studies often use fluorescence- 
based techniques. These data are collected in Table 2. Among the 

Fig. 2. Absorption spectra of ERD recorded in the pH range between 0.99 and 
11.56 {c = 40 µM; I = 0.1 M (KCl), t = 25 ◦C}. 

Fig. 3. Distribution coefficients (▴) of NIN determined in n-octanol/aqueous 
systems at various pH values plotted together with the calculated molar fraction 
of the neutral L form (dashed green line) {I = 0.1 M (KCl); t = 25 ◦C}. 

Table 2 
Fluorescence characteristics of the studied molecules such as the excitation (λEX) 
and emission (λEM) maxima, relative intensities (rel. Int.) determined at the 
listed wavelengths and at the same slit widths together with the fluorescence 
lifetime values (τ)a obtained at pH 7.4 and 37 ◦C.    

PON KP2692 NIN ERD 

alone λEX (nm) 305 305 390 385b  

λEM (nm) 475 475 490 520  
rel. Int.c 1.00 0.64 0.004 0.008  
τ (ns) 4.6 ± 0.1 4.7 ± 0.1 < 0.2 < 0.2 

with HSA c λEX (nm) 305 305 405 385  
λEM (nm) 455 455 525 475  
τ (ns) 10.8 ± 0.1 10.9 ± 0.1 < 0.2 < 0.2 

with AGP c λEX (nm) 305 305 400 385  
λEM (nm) 440 435 525 517  
τ (ns) 11.2 ± 0.2 11.4 ± 0.2 – –  

a Lifetime values and standard deviations are calculated from three indepen-
dent measurements. 

b ERD has a second excitation maximum, λEX (nm) = 280 nm, here the 
emission maximum is the same as in the table. 

c Calculated at the listed excitation and emission maxima, and normalized for 
the same concentration. Measured in the presence of 10 equiv. protein. 
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three molecules, PON and KP2692 display measurable fluorescence 
emission in aqueous solution as it is shown in Fig. 4 for PON. Similar 
parameters were reported in ethanol, and cell uptake of PON could be 
visualized in confocal fluorescence microscopy as well (λEX = 340 nm, 
λEM = 468 nm) (El Sharkasy et al., 2022; Englinger et al., 2020). Emis-
sion spectra were recorded at various pH values and fluorescence life-
time measurement were conducted. Fluorescence lifetime data confirm 
a single exponential and very similar decay of PON and KP2692 at pH 
7.4; τ(PON) = 4.6 ± 0.05 ns, τ(KP2692) = 4.7 ± 0.05 ns (see Figure S6 
for the fitted decay curve of PON). NIN and ERD exert nearly negligible 
fluorescence in acidic aqueous solution and at pH 7.4 (see Figures S7 and 
S8). The measured intensities are more than two orders of magnitude 
lower (by using the same slit widths and comparable concentrations) in 
comparison to PON. 

3.3. Protein binding studies 

The generally poor water solubility of the studied compounds was 
the main limiting factor for the investigation of the protein binding of 
PON, KP2692, NIN and ERD. Ultrafiltration was not feasible, because 
>85% of the TKIs were stuck to the filter. The same problem most likely 
occurs with the membrane when using equilibrium dialysis. Similarly, 
the attempt to conduct capillary electrophoresis frontal analysis assays 
failed due to the lack of sensitivity of the UV–vis detector in the required 
low micromolar concentration range (1–20 μM). However, spectroflu-
orometry was able to provide insight in to the protein binding of these 
molecules via the application of a multitude of techniques. The inter-
action with AGP and HSA could be followed via protein quenching ex-
periments and the intrinsic fluorescence of the inhibitors, furthermore 
site marker displacement studies were made as well. Furthermore, 
UV–vis spectrophotometry was proven to be a useful technique in the 
case of the NIN – HSA system. 

3.3.1. Steady state fluorescence studies via the intrinsic fluorescence of the 
proteins and the FGFR inhibitors 

The 3D fluorescence spectra in Fig. 5 recorded for the HSA – PON 
system depict the effect of HSA on the fluorescence of PON and vice 
versa. The fluorescence of the protein that originates mainly form the 
single tryptophan (Trp-214) and several tyrosines (Tyr, 18 moieties) is 
slightly quenched upon addition of the inhibitor, while PON becomes 
more fluorescent in the presence of HSA. Similar behavior was found 
with the other three inhibitors (see Figure S9 for HSA – NIN) and when 
AGP was used instead of HSA. The emission maxima of the TKIs were 
shifted to various extents upon binding to the proteins, which are listed 
in Table 2. The excitation maximum on the other hand, changed only in 
the case of NIN. The emission peak of PON, KP2692 and ERD showed 
hypsochromic shift (20–45 nm) when bound to HSA, while NIN 

displayed a considerable bathochromic shift (35 nm). The AGP binding 
induced similar changes on spectra of PON, KP2692 and NIN, while only 
little shifting was observed in the case of ERD (520 nm → 517 nm). 
Although, blue-shift of emission maxima is often attributed to the 
binding in hydrophobic cavities of macromolecules, caution is needed 
here, since little is known about the charge and intermolecular in-
teractions of the bound drugs (Valeur, 2001). The increase of intrinsic 
fluorescence of the TKIs in all cases suggests that these molecules are 
bound in pockets protected from water molecules. This phenomenon 
and the quenching of both proteins allowed to follow the binding in-
teractions from both: the side of the protein and the small molecules. 
The kinetics of the protein binding was fast (took less than 1 min) in all 
cases; therefore, titrations were carried out. 

Fig. 6(a) shows a representative example, where the emission band 
of PON was followed upon addition of AGP. The fluorescence of PON 
increases and the emission maximum shifts to shorter wavelength (see 
Table 2). The protein itself has no contribution to the fluorescence of the 
sample under the applied conditions. Binding constant logK’ = 5.4 ± 0.1 
was calculated with the HypSpec software (Gans et al., 1996) and the 
fitted titration curve is in good agreement with the experimental data 
points (Fig. 6(b)). The calculated binding constants for the protein – TKI 
systems are listed in Table 3. About one order of magnitude lower 
binding affinity of PON was found with HSA (logK’ = 4.6 ± 0.1) in 
comparison to AGP. Protein quenching experiment could not be made 
with PON, because precipitate formation was observed when its con-
centration was above 8 μM in the samples. Tayyab et al. reported a very 
similar quenching constant of K’ = 4.57 × 104 (logK’ = 4.66) at 35 ◦C 
(Tayyab et al., 2019), although they used no further specified amount of 
DMSO in the measurements. In the NIN – HSA titration (Fig. 7) the 
emission intensity of NIN increased dramatically and the protein had 
only a small contribution to the measured signal. This contribution 
however was taken into account in the calculations and a logK’ = 4.5 ±
0.1 could be computed. The bound form is about 50-fold more fluores-
cent compared to the free NIN. ERD showed somewhat higher binding 
affinity towards HSA (logK’ = 5.0 ± 0.1). HSA and AGP quenching ex-
periments were also conducted with NIN and ERD. An example is shown 
in Fig. 8 for the HSA – ERD system. Table 3 comprises the binding 
constants obtained by the two methods (intrinsic fluorescence of the 
TKIs and protein quenching). The calculated quenching constants are 
somewhat higher for NIN and ERD in comparison to the ‘intrinsic’ 
values. There are also literature data reported for the HSA – NIN, HSA – 
ERD and AGP – NIN systems; quenching constant K’= 1.04 × 103, 2.875 
× 104 and 1.2 × 103 (logK’ = 3.02, 4.46, 3.08) were calculated, 
respectively (Alam et al., 2016; Amir et al., 2021; Abdelhameed et al., 
2016). The double logarithmic linearization method, which was applied 
to obtain binding constant in these papers is a general problem, because 
it assumes the convergence of the quenching curves to zero intensity, 
that is often not the case in HSA and AGP quenching experiments (see 
Fig. 8). This leads to an underestimation of the binding constant, also 
visible in relation to our constants listed in Table 3. At the same time, the 
whole picture is further complicated, since correction for self-absorption 
and inner filter effect was not done, and 2 mM NIN stock solution was 
prepared in 20 mM phosphate (pH 7.4) for HSA quenching, which is 
unlikely due to the poor solubility of NIN at this pH value. (Alam et al., 
2016; Amir et al., 2021; Abdelhameed et al., 2016). These are most 
probably the reasons why the reported values strongly differ from here 
presented results (Table 3). 

3.3.2. Site marker displacement studies at site I of HSA 
The quenching curve in Fig. 8 for the HSA – ERD system tends to 

saturation and a logK’ = 5.3 ± 0.1 could be computed. At the same time, 
the magnitude of the decrease is not significant, indicating that the 
binding takes place not necessarily at binding site I. Very similar results 
were obtained for the HSA – NIN system. Therefore, warfarin displace-
ment experiments were made with ERD, NIN and PON. Warfarin is a 
well-known site I marker of HSA. It could not displace NIN and ERD from 

Fig. 4. Fluorescence excitation (λEM = 460 nm), emission (λEX = 305 nm) and 
UV–vis absorption spectra of PON recorded at pH 7.4 in PBS {cPON = 7 μM; t 
= 37 ◦C}. 
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their binding site and vice versa (see Figures S10 and S11). In the case of 
PON the competition could neither be confirmed nor excluded 
(Figure S12). 

3.3.3. Fluorescence lifetime measurements on the protein binding 
Fluorescence lifetime experiments were carried out for the HSA – 

PON system. Lifetime experiments may provide information on the 
number of emitting species with different lifetimes and their quantita-
tive contribution to the measured steady-state fluorescence intensity. 
PON has a lifetime τ = 4.6 ns (Table 2), however in the presence of HSA 
(Fig. 9), the decay curves are less steep and two lifetime components 
could be determined. The first one is identical with the lifetime of free 
PON, while the second one τ2 = 10.8 ± 0.1 ns belongs to the protein 
bound form (see Figure S13). The presence of only one lifetime for the 
bound form strongly suggest the presence of one single binding site on 
HSA. While the lifetimes do not depend on the PON-to-HSA ratio, the 

amplitudes (αi), change in favor of the bound form. Amplitude values are 
difficult to interpret as direct quantitative indicators, therefore frac-
tional intensities were calculated on the basis of Eq. (2). Fig. 9(b) show 
the fractional intensities of free and HSA-bound PON in the PON – HSA 
titration. The end of the titration curve is dominated by the fluorescence 
of the bound form. Rather similar behavior was obtained for the KP2692 
– HSA system. Unfortunately, no lifetime measurements were applicable 
for the HSA – NIN and HSA – ERD systems as the lifetimes of the protein- 
bound forms are below the detection limit of the instrument <0.2 ns). 

3.3.4. UV–vis spectrophotometric study on the protein binding of NIN 
As Table 2 shows, the excitation maximum of NIN was sensitive to 

the presence of HSA or AGP, this raises the possibility that the interac-
tion could be followed via the UV–vis absorbance spectra of NIN as well. 
In Fig. 10 the absorption band of NIN changed tendentiously upon 
addition of HSA and a bathochromic shift is seen in the absorption 
maximum. This phenomenon allowed us to calculate an albumin bind-
ing constant of 4.6 ± 0.2, which stands in very good agreement with the 
constants determined in fluorometric experiments. With AGP the spec-
tral changes were not that obvious, consequently no binding constants 
were calculated. Abdelhameed et al. also intended to follow the inter-
action of AGP and NIN by UV–vis. However, they followed the absorp-
tion band of AGP at 280 nm, where also the added NIN absorbs (see 
Figure S7) which would require the calculation of difference spectra 
which was not done (Abdelhameed et al., 2016). The other three TKIs 
were not suitable for this kind of study, because the absorption band of 
ERD is not sensitive to the protein binding, while the absorption of PON 
and KP2692 overlaps with that of the protein band in high extent. 

In all, the binding constants listed in Table 3 show, that the four TKIs 
favor AGP binding over HSA, the calculated binding constants are 
generally one order of magnitude higher for the AGP – TKI systems. This 
behavior can be explained easily by structural features. AGP prefers to 
bind molecules with basic groups, which are present in the studied in-
hibitors, while albumin prefers more likely neutral or negatively 

Fig. 5. Three-dimensional fluorescence spectra of the HSA – PON system {cHSA = 2.0 μM; cPON = 6 μM; pH = 7.4 (PBS); t = 37 ◦C}.  

Fig. 6. (a) Fluorescence emission spectra obtained by the titration of PON with AGP, the spectrum of AGP (12 μM) is plotted as well for comparison, and (b) the 
intensity changes at λEM = 460 nm together with the binding curve computed on the basis of the determined binding constant (logK’ = 5.4 ± 0.1) {cPON = 1.9 μM; 
cAGP = 0–11 μM; λEX = 310 nm; pH = 7.4 (PBS); t = 37 ◦C}. 

Table 3 
Conditional binding constants (logK’)a of the compounds on HSA and AGP 
determined on the basis of protein quenching, intrinsic fluorescence of the drugs 
and UV–vis titrations, and bound quantities (%) of 1 µM compounds in the 
presence of the single proteins in physiological concentration {cHSA = 630 µM, 
cAGP = 15 µM; pH = 7.40 (PBS); 37 ◦C}.   

PON KP2692 NIN ERD 

HSA     
protein quenching – 4.6 ± 0.1 4.7 ± 0.1 5.3 ± 0.1 
intrinsic fluorescence 4.6 ± 0.1 4.5 ± 0.1 4.5 ± 0.2 5.0 ± 0.1 
UV–vis – – 4.6 ± 0.2 – 
bound% (cdrug = 1 µM) 96 96 95 >99 

AGP     
protein quenching – 5.7 ± 0.1 5.5 ± 0.1 7.1 ± 0.1 
intrinsic fluorescence 5.4 ± 0.1 5.5 ± 0.1 5.2 ± 0.1 6.9 ± 0.1 
bound% (cdrug = 1 µM) 78 85 76 >99  

a Standard deviations were calculated based on the data points of two 
titrations. 
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charged small molecules (Peters, 1996; Fanali et al., 2012). Considering 
the highly lipophilic character of the studied compounds, the binding 
towards lipoproteins HDL, LDL and VLDL is also possible. The blood 
concentration of these particles is typically lower than 2 μM. At the same 
time due to the high hydrophobicity (mainly caused by triglycerides and 
cholesteryl esters) and large size (7–13 nm diameter) they can accom-
modate high quantities of drugs. Such binding interactions are well 
documented among others for cyclosporine A, amphotericin B, and the 
antidepressants amitriptyline and imipramine (Wasan and Cassidy, 

1998). Clinical studies reported on the correlation between hyper-
triglyceridemia and lower activity of cyclosporine A or decreased 
nephrotoxicity of amphotericin B. Similarly, the in vivo variability in 
patient’s response to the above-listed antidepressants may be at least in 
part due to varying plasma lipid levels (Wasan and Cassidy, 1998). To 
the best of our knowledge there are no data about the interaction of 
PON, NIN or ERD with lipoproteins available. Consequently, to elucidate 
their impact on the serum protein binding distribution would be of high 
interest for future studies. 

Fig. 7. (a) Fluorescence emission spectra obtained by the titration of NIN with HSA, the spectrum of HSA (dashed orange line, 78 μM) is plotted as well for 
comparison, and (b) the intensity changes at λEM = 500 nm together with the intensities of HSA alone {cNIN = 5.0 μM; cHSA = 0–78 μM; λEX = 390 nm; pH = 7.4 (PBS); 
t = 37 ◦C}. 

Fig. 8. Fluorescence emission spectra of HSA in the absence and presence of 
ERD, the inserted figure shows the changes of the measured intensity together 
with the fitted curve (blue line) at λEM = 340 nm. {cHSA = 1.0 μM; cERD = 0–35 
μM; λEX = 295 nm; pH = 7.4 (PBS); t = 37 ◦C}. 

Fig. 9. (a) Fluorescence intensity decay of PON in the absence and presence of HSA in various concentrations; IRF: instrument response function recorded for 
Ludox®; (b) deconvoluted emission intensities of the HSA-bound (●) and free PON (▴) together with the total, steady state intensities (◆) {cPON = 4 μM; cHSA =

0–64 μM; λEX = 300 nm; λEM = 460 nm; pH = 7.4 (PBS); t = 37 ◦C}. 

Fig. 10. Absorption spectra of NIN in the presence of HSA in various concen-
trations, the spectra are subtracted by the absorption contribution of HSA; inset: 
the absorbance changes at 370 nm {cNIN = 5.0 μM; cHSA = 0–78 μM; ℓ = 2 cm; 
pH = 7.4 (PBS); t = 37 ◦C}. 
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3.4. Model calculations on the blood speciation of the approved drugs 

Finally, the different binding preferences at physiological and 
pathological conditions were investigated through model calculations. 
Using the bound fractions of the investigated drugs calculated at phys-
iological protein (630 µM HSA or 15 µM AGP) and 1 µM ligand con-
centration in Table 3 the differences between the TKIs are not significant 
for the HSA binding (95–>99%). The higher affinity for AGP is 
compensated for its 24-times lower concentration in blood plasma in 
contrast to albumin. As expected the highest protein binding is calcu-
lated for ERD as for HSA and AGP alone. In order to obtain a more 
detailed picture on the serum protein binding of these molecules it is 
necessary to look at ternary systems where (i) the total concentration of 
the respective drugs corresponds to the clinical values and (ii) the 
concentration of the two proteins varies within the physiological and 
pathological levels. Additionally, it is more realistic to show the free 
concentration of the drugs instead of the bound, because according to 
the free drug hypothesis the free fraction is responsible for the thera-
peutic effect (Summerfield et al., 2022; Rosenbaum, 2017). As 
mentioned in the introduction HSA is a negative acute phase protein, 
which concentration may decrease in inflammation from 630 μM to as 
low as 360 μM. AGP on the other side, is a positive acute phase protein, 
its concentration can increase threefold (45 μM) of the normal level 
(Smith and Waters, 2019; Peters, 1996; Fanali et al., 2012; Bteich, 
2019). The total drug concentrations used for the calculations are 
average levels found in clinical literature (cPON = 140 nM, cNIN = 60 nM, 
cERD = 1500 nM) (Wind et al., 2019; Hanley et al., 2022; Ogura et al., 
2015; Dallinger et al., 2016; Scheers et al., 2021; De Zwart et al. 2021). 

Fig. 11 shows the calculated free concentrations of each drug. For 
PON at physiological HSA and AGP concentrations (right front corner in 
Fig. 11(a)), the free concentration is 4.7 nM. In acute phase reaction the 
protein concentration changes only slightly to 5.3 nM free PON con-
centration. Changes in the amount of HSA and AGP compensate each 
other: the PON released from albumin will be bound by the higher 
amount of AGP in acute phase conditions (Table S4). Because of the 
well-comparable binding constants, the same behavior is expected for 
KP2692. Also the case of NIN is similar, with practically no change in the 
amount of free drug between physiological (cfree = 2.3 nM) and patho-
logical (cfree = 2.3 nM) conditions. The two drugs show also dose line-
arity (see Figure S14), that agrees well with the result of 
pharmacokinetic studies (Schmid et al., 2018; Hanley et al., 2022). The 
situation is different for ERD, where the free ligand concentration is 
distinctly dependent on the amount of AGP, but much less on HSA. Due 
to a difference of almost two orders of magnitude between the calculated 
binding constants, ERD binds much stronger to AGP than to HSA. Our 
calculations show that the concentration of ERD is almost halved (cfree 
= 4.5 nM → 2.3 nM, Fig. 11(c)) at three-fold elevated AGP concentra-
tion, which is not compensated by the additional small amount of free 
drug from lower HSA levels (Table S4). This later model agrees very well 
with the results of a detailed population pharmacokinetic studies (see 
Figure S15) (Dosne et al., 2020; Li et al., 2020). Li and coworkers has 

pointed out that free fraction of ERD is significantly lower in cancer 
patients, whose AGP levels are generally elevated, in contrast to the 
healthy population (0.32% vs. 0.51%) (Li et al., 2020). The prediction 
shows ca. 0.4% and 0.15% free ERD at physiological (10–15 µM) and 
pathological (40–45 µM) levels, respectively. The clinical data confirm 
the reliability of the here presented model calculations, that albumin is 
not an important factor in the serum protein binding of ERD. Cancer 
patients with elevated AGP levels may require higher ERD doses as it 
would be expected from studies assessed on healthy volunteers. 

4. Conclusions 

In this work in vitro serum protein binding of three approved FGFR 
inhibitor anticancer drugs, PON, NIN and ERD as well as the experi-
mental inhibitor KP2692 was investigated by means of spectrofluoro-
metric and UV–vis photometric techniques. In addition to the protein 
binding assays, proton dissociation processes, lipophilicity at various pH 
values and fluorescence properties were also studied. All four drugs 
contain basic amine groups, accordingly the completely deprotonated 
forms are neutral. The deprotonation constants were determined by 
UV–vis titrations and n-octanol/water distribution experiments between 
pH 1 and 11.5. At pH 2.0, which corresponds to the gastric pH, they are 
present as mono-, bi- or trivalent cations which ensures relatively good 
solubility of these orally administered compounds (≥500 µM). At pH 7.4 
(pH of the blood) still the HL+ forms are the major species (70–98%), but 
the presence of the neutral forms for PON and NIN are also considerable 
(29% and 18%, respectively). Accordingly, the solubility of the two 
drugs is reduced to a few micromoles. 

The actual protonation states correlate with the lipophilicity. The n- 
octanol/water distribution of the four drugs shows similar tendencies at 
pH 7.4, all of them are highly-to-extremely lipophilic (logD7.4 ≥+2.7). 
At pH 2.0 PON and ERD are rather lipophilic than hydrophilic, NIN is 
amphiphilic at this pH while KP2692 is fairly hydrophilic (logD2.0 =

–1.00). 
PON and KP2692 are fluorescent in aqueous solution, this fluores-

cence does not depend considerably on the pH of the medium. Fluo-
rescence lifetimes were determined for both compounds in PBS buffer. 
NIN and ERD display almost negligible fluorescence between pH 2 and 
11, and their fluorescence lifetimes were too short (τ≤0.2 ns) for ac-
curate determination. 

The literature on the HSA and AGP binding constants of the marketed 
drugs was rather sparse and data are not very well comparable to each 
other, additionally no AGP – PON and AGP – NIN binding data were 
found. The serum protein binding of KP2692 as a new drug candidate 
was first investigated in this work. Steady-state and time-resolved 
measurements, as well as fluorescence quenching and site marker 
displacement experiments were carried out. The binding constants ob-
tained by different techniques are in reasonably good agreement with 
each other. All the compounds bind to HSA and AGP, but with strong 
differences in affinities. AGP is favored over the albumin binding in all 
cases, the calculated binding constants are about one order of magnitude 

Fig. 11. Surface map representation calculated on the free concentration of (a) PON, (b) NIN and (c) ERD by variation of the HSA and AGP levels. The average of 
binding constants listed in Table 3 were used for the calculations. {cPON = 140 nM; cNIN = 60 nM; cERD = 1.5 μM}. 
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higher when the drugs interact with AGP. This phenomenon is most 
probably due to the observation that AGP prefers the binding of small 
molecules possessing basic or even positively charged functional groups, 
while HSA transports more likely molecules of acidic character. ERD 
showed exceptional high affinity towards AGP (logK’ = 6.9–7.1) and 
also its albumin binding was higher (logK’ = 5.0–5.3) in comparison to 
the other three FGFR inhibitors (logK’ = 4.6 in average). 

HSA is a negative acute phase protein and hypoalbuminemia is a 
typical accompanying symptom of chronic inflammation and tumor 
diseases. Patients with cancer often have increased serum concentra-
tions of the positive acute phase protein AGP. In association with these 
changes the affinity and the capacity of each plasma protein has to be 
taken into account both at physiological and pathological conditions 
when modeling plasma protein binding. Blood distribution of PON, NIN 
and ERD was modelled under physiological and pathological conditions 
using the binding data determined in this study. These models showed 
that for PON and NIN, increased binding to AGP is mostly compensated 
by the reduced albumin levels and concomitant lower albumin binding. 
Similar behavior is expected with KP2692 as well. However, in the case 
of ERD HSA has much less effect on the free drug fraction and AGP levels 
play a more important role. Our model explains well the clinical ob-
servations and the free blood concentration of ERD with half as much in 
cancer patients as compared to healthy individuals. With the present 
work, we also aimed to point out that simple and cheap in vitro distri-
bution studies can be reliable predictors of the serum protein binding in 
cancer patients and unveil possible challenges with the pathological 
serum protein content. 
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