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Medication adherence is an important factor in inflammatory bowel disease therapy, which includes 
regular supplementation of malabsorbed vitamins. Absorption of folic acid is limited due to the 
damaging of the gastrointestinal tract, which can increase the chances to develop megaloblastic 
anaemia and colorectal cancer. In this work, 5‑aminosalicylates (mesalazine, balsalazide, sulfasalazine 
and olsalazine) and folic acid were characterized regarding their pharmacokinetic related properties 
(hydrophobicity, phospholipid and plasma protein binding) using the biomimetic chromatographic 
approach. Despite the high binding percentage of 5‑aminosalicylates for human serum albumin 
(> 61.44%), results have shown that folic acid binding to human serum albumin protein is far greater 
(69.40%) compared to α1‑acid‑glycoprotein (3.45%). Frontal analysis and zonal elution studies were 
conducted to provide an insight into the binding of folic acid to human serum albumin and potential 
competition with 5‑aminosalicylates. The analytical method for the simultaneous determination of 
assay in proposed fixed‑dose combinations was developed and validated according to ICH Q2 (R1) 
and FDA method validation guidelines. Separation of all compounds was achieved within 16 min 
with satisfactory resolution (Rs > 3.67) using the XBridge Phenyl column (150 × 4.6 mm, 3.5 µm). High 
linearity (r > 0.9997) and precision (RSD < 2.29%) was obtained, whilst all recoveries were within the 
regulatory defined range by British (100.0 ± 5.0%) and United States Pharmacopeia (100.0 ± 10.0%).

Inflammatory bowel diseases (IBD), including Crohn’s disease and ulcerative colitis, are chronic inflammations 
of the gastrointestinal tract. The incidence and prevalence of IBD are increasing worldwide, however, the etiol-
ogy is not precisely  defined1. Although therapeutic goals to achieve mucosal healing and deep remission require 
early therapy with novel biologics and small molecules, there are subgroups of patients that can benefit only from 
5-aminosalicylate  treatment2. 5-aminosalicylates are a group of anti-inflammatory drugs including mesalazine 
(MSZ) and its prodrugs balsalazide (BSZ), sulfasalazine (SASP) and olsalazine (OSZ) (Fig. 1).

Daily intake of multiple drugs during the therapy of IBD is mandatory due to the malabsorption of vitamins, 
mostly as a consequence of damaged tissue in the gastrointestinal tract. Deficiency of important vitamins, such 
as folic acid (FA) (Fig. 1), which is necessary for the normal functioning of the human body, can lead to the 
development of megaloblastic anaemia and colorectal  cancer3,4. With the rise of fixed-dose combinations (FDCs) 
the potential risk to fail the adherence should be  minimized5. FDC presents a single formulation containing two 
or more different active pharmaceutical ingredients, where the safety and efficacy of the novel combination is 
not compromised compared to every product  separately6.

To improve the quality of IBD patients’ lives, FDCs are proposed in collaboration with Clinical Hospital 
Centre Zagreb. The four formulations would consist of each 5-aminosalicylate combined with FA (MSZ + FA, 
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BSZ + FA, SASP + FA, OSZ + FA). Proposed FDCs would contain therapeutic doses of each drug in order to ensure 
the maintenance of the remission state and to supplement the malabsorbed FA.

The development of FDCs is driven by several factors, among which is the investigation of the physicochemi-
cal properties of each drug. Reversed-phase columns can offer a great alternative to the conventional methods 
for hydrophobicity determination, where on the other hand, biomimetic columns with immobilized endogenous 
structures, such as artificial membrane (IAM), human serum albumin (HSA) and α1-acid-glycoprotein (AGP) 
can give additional information regarding the drug behaviour once it enters the human body, such as cell mem-
brane permeability and plasma protein binding (PPB)7. The pharmacokinetics of drugs is mainly influenced by 
the interaction of drugs with the plasma proteins. HSA, being the most abundant protein in plasma (35–50 g/L), 
and AGP (0.6–1.2 g/L) are major binding agents for most of the  drugs8,9. Frontal analysis and zonal elution studies 
are well-known approaches in characterization of drug binding to plasma proteins which include the application 
of high-performance affinity chromatography (HPAC) with the use of biomimetic columns to monitor binding 
behaviour of  drugs10. So far, it has shown to be a successful method for getting an insight into drug binding and 
possible competition on both HSA and  AGP8,9. The ability of high throughput biomimetic measurements reduces 
the required time and resources in gaining important information about active pharmaceutical ingredients and 
their interactions early on in the drug development process.

From the analytical point of view, each developed formulation requires sufficient quality control methods. 
Various techniques such as  spectrophotometry11,  HPLC12–15, differential pulse  voltammetry16 resonance light 
scattering  method17 and high-performance thin-layer  chromatography18 were reported through the years for 
assay determination of 5-aminosalicylates and FA in their formulations. However, there is only one published 
paper related to the simultaneous determination of MSZ and FA using the electroanalytical  approach19. Up till 
now, no developed methods were reported for the simultaneous determination of all four 5-aminosalicylates 
and FA in a single analytical method.

The aim of this work is to apply different chromatographic techniques and biomimetic HPLC measurements 
to provide an insight into pharmacokinetic related drug properties. On the other hand, the development and 

Figure 1.  Structures of: MSZ (1), FA (2), BSZ (3), SASP (4) and OSZ (5) at physiological pH (pH = 7.4).
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validation of a single assay method for simultaneous determination of 5-aminosalicylates and FA in four in-house 
prepared FDCs will be approached according to the current guidelines defined by the pharmaceutical regulatory 
authorities. In the end, multiple 5-aminosalicylate and FA related drug products that are marketed in Europe for 
treatment of IBD will be tested using the developed method.

Methods
Reagents and chemicals. MSZ (100.0%), FA (90.7%) and OSZ (100.0%) sodium European Pharmaco-
poeia certified reference standards, BSZ disodium US Pharmacopoeia reference standard (100.0%), SASP Brit-
ish Pharmacopoeia Chemical Reference Substance (99.6%) and 5-acetylmesalazine internal standard (≥ 98.0%) 
were all provided by Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile, ethanol, methanol and 2-propanol (all 
HPLC grade solvents), sodium hydroxide pellets (≥ 98.0%), formic acid for HPLC (98 – 100%), phosphate-buff-
ered saline tablets (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4 
at 25 °C), potassium phosphate monobasic and potassium phosphate dibasic (HPLC grade) were also obtained 
by Sigma-Aldrich. For preparation of in-house FDCs and quality control following products were purchased: 
Pentasa by Ferring Pharmaceuticals (Saint-Prex, Switzerland), Salofalk by Dr. Falk Pharma GmbH (Freiburg, 
Germany), Mesalazin-Kohlpharma by Kohlpharma GmbH (Merzig, Germany), Folacin by JGL (Rijeka, Croa-
tia), Premid by Almirall S.A. (Barcelona, Spain), Salazopyrin by Recipharm Uppsala AB (Uppsala, Sweden) 
and Dipentum by Waymade PLC (Basildon, Essex, UK). Excipients for preparation of placebo used in method 
validation as well as its composition is presented in Supplementary Table S1. Placebo blend was prepared accord-
ing to the information available in literature regarding the use of excipients in preparation of pharmaceutical 
 products20.

Stock and working solutions. Standard solutions of 5-aminosalicylates and FA for drug hydrophobicity 
and phospholipid affinity determination, frontal analysis and zonal elution studies were prepared in a concentra-
tion of 50 µM by dissolving the standards in 20 mM phosphate buffer (pH 7), as well as series of mobile phases 
containing FA in concentrations of 1, 5, 10, 15 and 20 µM. For the development of assay method, stock solutions 
of MSZ (250 µg/mL), FA (10 µg/mL) and internal standard (IS) (250 µg/mL) were prepared by dissolving the 
standards in ultrapure water (40 °C). Stock solutions of SASP (250 µg/mL), OSZ (125 µg/mL) and BSZ (375 µg/
mL) were prepared by dissolving the standards in 5 mM NaOH. For method validation prepared placebo blend 
was dissolved in both water and 5 mM NaOH in the concentration of 1.0 mg/mL. Working solutions (mixtures 
of each 5-aminosalicylate with FA in the proposed ratio) were prepared by spiking the placebo solution with the 
standard solutions. The final working solutions contained 100 µg/mL of MSZ, 100 µg/mL of SASP, 50 µg/mL of 
OSZ, 150 µg/mL of BSZ, 100 µg/mL of IS and 0.2 µg/mL of FA. All solutions were freshly prepared before analy-
sis, filtered through 0.20 μm polyethersulfone filters and stored in amber glassware.

Preparation of in‑house FDCs and samples for quality control of commercially available 
drugs. In-house FDCs used for method development were prepared by using commercially available 5-ASA 
drugs for treatment of IBD. Ten randomly chosen MSZ and SASP tablets and OSZ and BSZ capsules content 
were weighed and separately ground to a fine powder. For preparation of FDCs, an amount of powdered tablet 
or capsule equal to 500 mg of MSZ, 500 mg of SASP, 250 mg of OSZ and 750 mg of BSZ was mixed with the 1 mg 
of FA standard to achieve the desired ratio (Supplementary Table S2). The amount of each prepared FDC powder 
was weighed and transferred into an individual 10 mL amber volumetric flask and dissolved in water for MSZ/
FA mixture and in 5 mM NaOH for other mixtures. An appropriate amount of IS solution was added, flasks were 
filled to the mark and sonicated for 15 min to provide complete solubilization. Solutions were centrifuged, fil-
tered through a 0.2 µm polyethersulfone injection filter and diluted to achieve the concentrations equal to those 
of working solution described in previous section.

For quality control of commercially available 5-ASA and FA drugs, an amount of powdered tablets or capsules 
were weighed and transferred in 10 mL volumetric flask with the addition of IS and properly diluted with water 
for drugs containing MSZ and in 5 mM NaOH for other drugs to achieve the final concentrations of 100 µg/mL 
of MSZ, 100 µg/mL of SASP, 50 µg/mL of OSZ, 150 µg/mL of BSZ, 100 µg/mL of IS and 0.2 µg/mL of FA, which 
represents the 100% concentration level of calibration curve.

RP‑HPLC hydrophobicity method. All HPLC measurements were carried out on an Agilent 1100 series 
HPLC system (Agilent Technologies, Waldbronn, Germany) coupled with a diode array detector (DAD). Sys-
tem control, data collection and data processing were accomplished using ChemStation for LC 3D software by 
Agilent Technologies. RP-HPLC hydrophobicity determination was carried on Symmetry C18 reversed-phase 
column (150 × 4.6 mm, 3.5 µm particle size) obtained by Waters (Milford, MA, USA), with phosphate-buffered 
saline and methanol as mobile phase. The flow rate was set at 1.0 mL/min with the injection volume of 10.0 
µL whilst the column temperature was maintained at 25.0 ± 0.1 °C. To obtain hydrophobicity, the log k values 
were calculated using retention times of investigated compounds (tR) and retention time of sodium nitrate as 
unretained compound (t0). All compounds were eluted starting with higher fractions of methanol in the mobile 
phase (60%) followed by measurements with 5% methanol reduction after each following run. At least five dif-
ferent concentrations of methanol in the mobile phase were applied for each standard substance and all measure-
ments at each methanol fraction were performed in triplicates. For highly lipophilic compounds such as SASP, 
OSZ and BSZ measurement were performed until 25% of methanol in mobile phase due to the long retention 
times at lower methanol fractions in mobile phase, whilst measurements including MSZ and FA were carried 
until 5% and 10%, respectively. Column equilibration time of 20 min was necessary after every change of mobile 
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phase. Finally, log kw C18 value, describing hydrophobicity, was obtained by calculating the y-intercept of the 
regression line in a plot of log k vs. methanol fraction in the mobile phase.

Biomimetic studies. The affinity of analytes for immobilized phospholipids was measured using the 
immobilized phosphatidylcholine column (IAM.PC.DD2, 100 × 4.6 mm, 300 Å pore size, 10 μm particle size) 
which was obtained from Regis Technologies (Morton Grove, IL, USA). The same HPLC conditions, mobile 
phases and calculation approaches were used for evaluation of IAM affinity, as in determining hydrophobicity 
with the RP-HPLC column.

Binding percentage of analytes to plasma proteins  (PPBHSA and  PPBAGP) was determined using the procedure 
described in our previously published  paper21.

Frontal and zonal elution studies were carried out on HSA (Chiralpak-HSA, 50 × 4.6 mm, 5 μm particle size) 
biomimetic column obtained by ChromTech (Cedex, France). Elution of 5-aminosalicylates was achieved with 
a series of mobile phases consisting of 20 mM potassium phosphate buffer (pH 7.0) (A) and iso-propanol (B) 
with the FA addition of 0, 1, 5, 10, 15 and 20 µM. Isocratic elution with the flow rate of 1.8 mL/min for HSA was 
applied for all compounds, where for the elution of MSZ organic modifier was excluded due to the low reten-
tion of MSZ, whilst 30% (v/v) of iso-propanol in mobile phase was mandatory due to the unacceptably high 
retention times of 5-aminosalicylate prodrugs. Injection volume was set at 10.0 µL and the measurements were 
carried out at 25.0 ± 0.1 °C.

Simultaneous determination of 5‑aminosalicylates and FA. Same chromatographic system and 
software for data processing was used as in previous sections. Simultaneous chromatographic separation of 
5-aminosalicylates and FA was achieved on an XBridge Phenyl column (150 × 4.6 mm, particle size 3.5 µm) 
obtained by Waters (Milford, MA, USA) maintained at 25.0 ± 0.1  °C with the flow rate of 1.0  mL/min. The 
mobile phase consisted of ultrapure water as mobile phase A and methanol as mobile phase B, both acidified 
with formic acid up to 0.2% (v/v). A sample volume of 10.0 µL was injected into the system and eluted using the 
following gradient program: 0–2 min, isocratic 5% B; 2–3 min, linear gradient 5–25% B; 3–7 min, isocratic 25% 
B; 7–9 min, linear gradient 25–70% B; 9–11 min linear gradient 70% B; 11–12 min, linear gradient 70–95% B; 
12–16 min isocratic 95% B. Analysis time was 16 min while total run time was 20 min to allow re-equilibration 
of the stationary phase. MSZ and FA were detected at 300 and 285 nm respectively, whilst OSZ, SASP and BSZ 
were detected at 320 nm.

Method was validated according to ICH Q2 (R1) “Validation of analytical procedures: text and methodol-
ogy”22 and Food and Drug Administration (FDA) “Analytical Procedures and Methods Validation for Drugs 
and Biologics”23. Solutions of placebo spiked with the standard solutions were used to replicate the matrix of the 
real sample. Visual examination of obtained chromatograms was performed and the peak purity factors were 
calculated. The linearity of the method was examined in the range of 50% up to 150% of nominal concentration 
on five concentration levels (50%, 75%, 100%, 125% and 150%). IS was used for calculating the surface ratio 
between analysed compound and IS and same principle was used through all calculations concerning peak area. 
Limit of detection (LOD) and limit of quantification (LOQ) were calculated as a signal to noise ratio 3:1 and 
10:1, respectively. The precision of the method was studied as repeatability by analysing six individually prepared 
samples within the one day and intra-day precision by individually preparing and analyzing three samples each 
day for three consecutive days. All samples were analysed at 100% concentration level and results are expressed 
as RSD (%). The accuracy of the method was tested as a recovered amount of the analyte compared to the known 
concentration in the sample. Recoveries were tested on three levels; the lowest point is equal to 50%, medium to 
100% and highest to 150% concentration level. Finally, small changes in temperature (± 1 °C), flow rate (± 5%), 
mobile phase composition (± 1%) and formic acid addition to mobile phase (± 0.05%) were applied to the method. 
Changes in retention times and peak areas were calculated to determine the robustness of the developed method 
and all changes were expressed as RSD (%).

All calculations regarding the method validation such as linearity, recovery and all RSD values were done 
using Microsoft Excel software. All data generated and analysed during this study are included in the article and 
in supplementary information file.

Results and discussion
RP‑HPLC hydrophobicity and phospholipid‑binding determination. All analytes, except MSZ, 
have shown strong interaction for the RP-C18 column. Linear relationships (r ≥ 0.99) between log k values and 
the volume fractions of methanol were found for all compounds. All log k values are the average of three meas-
urements, with RSD (%) values lower than 0.99% (Table 1). Positive hydrophobicity parameters were obtained 
for all analytes with MSZ being highly hydrophilic (log kw C18 = 0.37) compared to all three prodrugs which have 
high hydrophobicity (log kw C18 ≥ 3.01), whilst FA has shown moderate hydrophobicity (log kw C18 = 0.99).

On the other hand, the development of IAM chromatography added new perspectives for the use of chro-
matographic techniques in the profiling of new drugs, combining simulation of the cell membrane environment 
with rapid and reliable measurements. Our previous investigations encouraged us to apply this chromatographic 
system on 5-aminosalicylates and FA. Linear relationships (r ≥ 0.94) between log k IAM values and the volume 
fraction of methanol were found for all compounds. The presented finding showed lower degree of interaction 
with phosphatidylcholine than with octadecyl group for both 5-aminosalicylates (log kw IAM ≤ 2.77) and FA 
(log kw IAM = -0.37). This phenomenon might be due to the presence of sterically exposed charged moieties on 
the phospholipid chains. Furthermore, a moderate linear correlation between hydrophobicity (log kw C18) and 
lipophilicity data (log kw IAM), obtained by HPLC, was observed (r = 0.91). It is possible that the unexpectedly 
high affinity of MSZ for the IAM column (log kw IAM = 0.17) was due to its small size and consequently ability to 



5

Vol.:(0123456789)

Scientific Reports |        (2020) 10:20838  | https://doi.org/10.1038/s41598-020-77654-2

www.nature.com/scientificreports/

penetrate within the phospholipid monolayer. All log k values are the average of three measurements with RSD 
(%) values lower than 3.55% (Table 1).

Plasma protein binding studies. PPB has a noteworthy role in modulating the effective drug concen-
tration at the pharmacological target. The mentioned concentration as well as consequential pharmacological 
activity of drugs may be influenced by co-administered drugs due to potential competition for the same binding 
site on plasma proteins.

HSA, the most abundant plasma protein, has binding sites capable of binding xenobiotics with a preference 
for acidic and neutral compounds. All obtained values are the average of three measurements (RSD values lower 
than 0.53%). High HSA binding affinity for all compounds (more than 61%) due to the presence of fully ionized 
carboxyl groups in the structure of investigated compounds (pKa values of all compounds are not higher than 
3.37) is very important finding (Table 1). On the other hand, AGP shows the preference for basic and neutral 
compounds. All obtained values are the average of three measurements (RSD values lower than 1.08%). Accord-
ing to obtained results, a high affinity for AGP, similar to that of HSA, was observed for SASP and OSZ (higher 
than 90%). Somewhat lower affinity for AGP than for HSA was found for BSZ (14% lower), while MSZ and FA 
show quite low affinity for AGP (Table 1). Furthermore, it is worth pointing out that the linear correlation in a 
plot of  PPBHSA vs. log kw C18 (r = 0.99), as well as in the plot of  PPBAGP vs. log kw C18 and (r = 0.98) was observed for 
5-aminosalicylates and FA. The obtained results imply that hydrophobic forces are generally predominant in the 
binding mechanism. Drug binding to the HSA usually occurs in Sudlow site I or II, which is a hydrophobic cavity 
that is capable of holding multiple drug molecules. As well as HSA, AGP also has a wide central hydrophobic 
pocket that occurs as a main binding site for the ligand  molecules24,25.

Observed high affinity of 5-aminosalicylates and FA for HSA protein led to further studies using frontal 
analysis and zonal elution methods to get an insight into FA binding on HSA and possible binding competition 
between FA and 5-aminosalicylates for the same place on HSA protein.

Based on considerations above, frontal analysis was approached using FA which was run through the HSA 
column to monitor the saturation of FA specific binding sites. As the mobile phase containing FA is applied 
through the column, the detector signal increases due to the saturation of HSA binding sites, which results in 
a specific breakthrough curve. Breakthrough curves were obtained for each applied concentration (1, 5, 10, 15 
and 20 µM) and were used to create a double-reciprocal plot of apparent FA moles required to reach the equi-
librium (1/mLapp), vs. concentration of FA that was applied (1/[A]) as illustrated in Fig. 2a. Double-reciprocal 
plot (Fig. 2b) shows great linearity (r > 0.9999), even with high applied concentrations, implying that the FA has 
a single type of binding site on the HSA.

The slope and intercept of the obtained curve were used for calculation of the equilibrium constant (Ka) and 
moles of binding sites (mL) for FA-HSA specific interaction, using the Eq. (1):

The obtained value of moles of binding sites (mL = 2.34 (± 1.16) × 10–7 mol) was further used for calculation 
of binding constant (Ka) which equals 1.64 (± 0.03) × 104 M−1; the values in brackets represent 95% confidence 
intervals. Hence, the obtained binding constant is specific for the conditions used and is determined using the 
HPAC method for the FA-HSA system for the first time. Previous studies using different techniques have shown 
comparable binding constants ranging from 0.53 to 9.7 × 104 M−126–30.

Having determined that FA has site-specific binding on HSA protein, a zonal competition study was con-
ducted to examine the possible competitive binding between 5-aminosalicylates and FA. A mobile phase with 
FA in different concentrations (ranging from 0 to 20 µM, with 5 µM increments in each mobile phase) was run 
through the biomimetic column to saturate the FA specific binding sites. Upon saturation of all FA specific 
binding sites, a small fraction of examined compound, in this case each 5-aminosalicylate, was injected into the 
system at each applied FA concentration and the retention times were monitored. Obtained retention times were 
used to calculate the retention factor k, whose reciprocal value was used in a plot of 1/k vs. FA concentration 
in the mobile phase. Change in retention time with the increments of FA would imply that there is a competi-
tion for the same binding site on HSA between FA and 5-aminosalicylates. Linear dependency (r > 0.991) was 
obtained with a positive slope for each 5-aminosalicylate. Linear correlation implies that there is no positive or 
negative allosteric modulation on HSA protein due to the binding of FA. Furthermore, low values of the slopes 

(1)
1

mLapp
=

1

mL × Ka × [A]
+

1

mL

Table 1.  Experimental parameters obtained by chromatographic techniques. a log kw C18 and log kw IAM values 
with the accompanied 95% confidence interval. bPPBHSA (%) and  PPBAGP (%) values with accompanied RSD 
(%).

Analyte log kw C18
a log kw IAM

a PPBHSA (%)b PPBAGP (%)b

MSZ 0.37 ± 0.19 0.17 ± 0.02 61.44 ± 0.51 6.22 ± 1.08

FA 0.99 ± 0.31 − 0.37 ± 0.14 69.40 ± 0.53 3.45 ± 0.61

BSZ 3.01 ± 0.09 1.20 ± 0.11 91.64 ± 0.04 77.60 ± 0.58

SASP 3.71 ± 0.24 2.77 ± 0.23 93.62 ± 0.05 96.36 ± 0.13

OSZ 3.25 ± 0.09 1.69 ± 0.17 96.00 ± 0.03 90.33 ± 0.20



6

Vol:.(1234567890)

Scientific Reports |        (2020) 10:20838  | https://doi.org/10.1038/s41598-020-77654-2

www.nature.com/scientificreports/

(0.0004–0.0019) imply that the competition of the 5-aminosalicylates for the same binding site is very low. 
With the statistical analysis of the slope of the regression line, whether it is equal or different from zero we can 
confirm the above stated. With the regression analysis (95% confidence interval) all obtained P-values of slopes 
were higher than 0.05, ranging from 0.09 to 0.13. With P-values > 0.05 we can accept the null hypothesis, stating 
that the slope is not different from 0. This could be explained by the fact that FA binds to a different site on HSA 
compared to the rest of 5-aminosalicylates. According to the findings in the literature, FA binds to a site located 
in Domain I on HSA protein whilst SSZ binds to Domain IIb and BSZ and MSZ bind to Domain  IIIa31–33. To 
the best of our knowledge, this is the first study on possible competitive binding between 5-aminosalicylates 
and FA using frontal analysis approach. Altogether these results indicate that the obtained results are in favour 
of further development of fixed-dose combination implying that there will be no interactions of FA with any of 
5-aminosalicylates if taken simultaneously in a single formulation.

Simultaneous assay method development. Our preliminary study has shown that column chemis-
try and mobile phase composition will have a major impact on method performance, such as peak resolution, 
retention time and tailing factor, due to the considerable difference in analyte hydrophobicity. Reversed-phase 
columns, XBridge C18, 150 × 4.6 mm, particle size 5 µm column by Waters and Zorbax SB C8, 150 × 4.6 mm, 
particle size 5 µm by Agilent Technologies, were tested. Due to the high polarity of MSZ, poor retention was 

Figure 2.  (a) Breakout curves obtained with frontal analysis, (b) double-reciprocal plot of apparent FA moles 
(1/mLapp), versus applied concentration of FA (1/[A]).
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observed (k = 0.08) with gradient elution starting with low levels of organic solvent (less than 5% of methanol) 
in the mobile phase, whilst high hydrophobicity of prodrugs resulted in a wide peak with prominent peak tailing 
(tailing factor, TF > 3.87). Best results in terms of retention factor, reproducibility, complete separation and peak 
shape were obtained with XBridge Phenyl (150 × 4.6 mm, particle size 5 µm) by Waters. The π–π interaction 
between phenyl groups bonded on silica and aromatic rings present in the analytes resulted in higher retention 
of MSZ. Therefore, this column was chosen as the most suitable for future research.

Gradient elution, starting with a low percentage of organic modifier (5%), was necessary to achieve satisfac-
tory retention of MSZ (k = 0.248) but also to elute prodrugs in acceptable time (k ≥ 6.078). As it was expected, 
acidified mobile phase (0.2% (v/v) formic acid, pH = 2.34), compared to neutral or alkali, had the advantage 
of creating an environment in which retention of polar acidic analyte such as MSZ (k = 0.337) was more eas-
ily achieved. Peak tailing of all peaks, including prodrugs, was minimized (TF < 2.26) as well as resolution 
maximized (Rs > 3.67). Therefore, a 0.2% (v/v) addition of formic acid was chosen as an additive in both mobile 
phases. Optimal wavelengths were chosen for the detection of each analyte: MSZ was detected at 300 nm, IS, 
BSZ, SASP and OSZ at 320 nm and FA at 285 nm. Injection volume of 10.0 µL was chosen as optimal to achieve 
the best sensitivity without overloading the column or detector. To minimise the error of the injector IS was 
introduced. The chromatograms of mix standard solutions and each 5-aminosalicylate/FA FDC are presented in 
Fig. 3. System suitability test, as proof of method quality and applicability, was used by analysing seven replicate 
injections of standard solutions at 100% concentration level to determine the parameters such as retention and 
relative retention time, number of theoretical plates, retention factor and tailing factor (Supplementary Table S3).

Method validation. As mentioned above the method was validated according to the current ICH Q2(R1) 
and FDA  guidelines22,23. Solutions of placebo spiked with the standard solutions were used for method valida-
tion. Satisfactory resolution between adjacent peaks was achieved as resolution factor was higher than 1.5 All 

Figure 3.  Chromatograms of: (a) mixed standard solution including MSZ (1), FA (2), BSZ (3), SASP (4), 
OSZ (5) and IS; and in-house FDCs (b) MSZ + FA; (c) BSZ + FA; (d) SASP + FA and (e) OSZ + FA at 100% 
concentration level (Chromatographic conditions: XBridge Phenyl column (150 × 4.6 mm, particle size 3.5 µm) 
and the mobile phase consisted of ultrapure water (A) and methanol (B), both acidified with formic acid up to 
0.2% (v/v)).
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peak purity factor values were greater than 999.7 and it was observed that there are no interferences between 
excipients in placebo solution and analyte peaks. Correlation coefficients obtained by linear regression analysis 
were all above 0.9997 indicating satisfactory linearity of method. Low LOD (0.01 µg/mL) and LOQ (0.03 µg/mL) 
values indicate that method is suitable for quantifying low concentrations of FA (Table 2).

All samples for precision evaluation were prepared as described in section “Stock and working solutions” and 
analysed at 100% concentration level (results are expressed as RSD (%) (Supplementary Table S4)). Obtained RSD 
(%) values were lower than 0.70 for 5-aminosalicylates and lower than 2.29 for FA, implying that the method 
satisfies the repeatability test but also remains precise during the longer period. Slightly higher RSD (%) values 
related to FA are due to its low concentration in prepared samples. Accuracy of the method was expressed by cal-
culating the recovery percentage on three levels as described above. Consistent analytical recovery (98.9–101.8%; 
RSD ≤ 2.6%) was obtained over the investigated concentration range implying that the method is accurate in the 
whole range of the calibration curve (Supplementary Table S4).

The analytical method robustness was expressed as RSD (%) values of changes in retention times and peak 
areas. Put together, all obtained values of RSD (%) were below 4.87% implying that selected analytical parameters 
did not affect precision and accuracy of the method.

Analysis of marketed drugs. Finally, the developed method was successfully applied to determine the 
assay of MSZ, BSZ, SASP, OSZ and FA in tablet and capsule formulations available in Europe that are used in the 
treatment of IBD. Recoveries were expressed as a percentage of the recovered sample compared to the labelled 
claim. All obtained results are presented in Table 3. Thus, the results of analysis of market drugs (recoveries range 
from 98.7 to 102.5% with the RSD (%) ≤ 1.9) evidenced high extraction efficiency, reproducibility and reliability 
of the novel method. It is evident from these results that assay of investigated formulations of MSZ, SASP and FA 
lie within the limits specified in British Pharmacopeia (BP) requirements (95.0–105.0% of the stated amount)34. 
It is important to emphasize that assay results obtained from the analysis of BSZ capsules were well within the 
limits specified in United States Pharmacopoeia (USP) (90.0–110.0%)35. On the other side, OSZ does not have a 
finished product monography in either BP or USP.

The developed and applied method provides a simple solution for analysis of multiple 5-aminosalicylates 
and folic acid within a single run, thus eliminating the exceptionally time-consuming process of mobile phase 
change and system preparation as it would be necessary if different methods for each analyte were used, which 
is also in accordance with the principles of green chemistry. The simplicity of the method lays in the usage of 
non-buffered mobile phases that are easily prepared, which makes this method usable with mass spectrometry, 
as well as in its capability of analysing multiple samples with complex matrices consisting of various excipients 
without compromising method selectivity.

Conclusions
With the use of conventional and biomimetic columns an insight into pharmacokinetic related drug properties 
was achieved. High correlations between measured hydrophobicity values and drug permeability and PPB were 
obtained. The obtained drug properties provided useful information for upcoming development stages such as 

Table 2.  Method calibration data. a r—Pearson correlation coefficient. bsE—standard error of estimate. cLOD 
calculated as a signal to noise ratio (3:1). dLOQ calculated as a signal to noise ratio (10:1).

Analyte Linearity range (µg/mL) Equation ra sE
b LOD (µg/mL)c LOQ (µg/mL)d

MSZ 50–150 y = 0.0120 x + 0.0079 0.9999 0.0063 0.10 0.33

FA 0.1–0.3 y = 0.0533 x + 0.0012 0.9997 0.0001 0.01 0.03

BSZ 75–225 y = 0.0196 x + 0.0024 0.9997 0.0246 0.05 0.16

SASP 50–150 y = 0.0261 x + 0.0210 0.9998 0.0181 0.04 0.14

OSZ 25–75 y = 0.0261 x + 0.0130 0.9999 0.0037 0.02 0.08

Table 3.  Results of analyses of marketed formulations (n = 3).

Commercial formulation Manufacturer Active substance Labelled amount (mg) Found amount (mg) Found/labelled (%) RSD (%)

Pentasa Ferring Pharmaceuticals, Saint-Prex, 
Switzerland MSZ 500 499.50 99.9 1.6

Salofalk Dr. Falk Pharma GmbH, Freiburg, 
Germany MSZ 500 493.70 98.7 1.5

Mesalazin-Kohlpharma Kohlpharma GmbH, Merzig, Germany MSZ 500 511.60 102.3 0.2

Folacin JGL, Rijeka, Croatia FA 5 4.99 99.7 1.6

Premid Almirall S.A., Barcelona, Spain BSZ 750 756.75 100.9 1.9

Salazopyrin Recipharm Uppsala AB, Uppsala, Sweden SASP 500 510.55 102.1 0.6

Dipentum Waymade PLC, Basildon, Essex, UK OSZ 500 512.30 102.5 1.9
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formulation optimization and in vitro pharmacokinetic studies. FA was successfully characterized regarding the 
HSA binding properties using frontal analysis and no interactions between FA and any of the 5-aminosalicylates 
were observed with the zonal elution studies. Furthermore, the analytical method for assay determination in 
proposed FDCs was successfully developed, including easy and simple sample and mobile phase preparation. The 
developed method was successfully validated and applied to in-house prepared FDCs as well as to commercially 
available products marketed in the European Union for IBD treatment. With further studies, proposed 5-ami-
nosalycilates and FA based FDCs could find potential application in treatment of inflammatory bowel diseases.

Data availability
All data generated or analysed during this study are included in this published article [and its supplementary 
information files].
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