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50% of the meal emptied by the gastric compartment, liquid meal administered) [8]. In order 82 

to improve the gastric environment simulation, a milk-based medium called Fed State 83 

Simulated Gastric Fluid (FeSSGF) was developed. This medium consists of 3.5% fat milk, 84 

diluted with acetate buffer at 1:1 ratio [6, 9]. Three FeSSGF versions with different pH values 85 

have been used so as to mimic the three phases of gastric digestion with the pH values being 86 

6.4, 5.0 and 3.0 for the early, middle and late phases respectively [10]. Despite its limited ability 87 

to simulate the gastric fed conditions at each point of ingestion, middle phase FeSSGF is used 88 

as a compromise for the reflection of the sum of gastric physiological events during ingestion 89 

[10]. Unlike aqueous media, laborious techniques are usually required for extraction of drug 90 

from these milk-based media. A study where the extraction process was avoided [11] used an 91 

ion selective electrode (ISE) sensor system with two electrodes constantly in the dissolution 92 

vessel offering the possibility of a continuous dissolution profile. The method though was 93 

limited to the analysis of ionised drugs, it required a complicated correction of the baseline and 94 

was unable to analyse compounds of extremely low aqueous solubility.  95 

Protein precipitation is the most frequently used sample clean-up technique, in which 96 

an organic reagent is added to the milk-based medium, followed by a centrifugation and a 97 

filtration step. Organic reagents like acetonitrile (added at 1:1 [12] and 1:2 [13, 14] 98 

medium:reagent ratios), isopropanol (1:1 ratio [15]) and ethyl acetate (1:4 ratio [16]) have been 99 

successfully used so far, but the rationale regarding the selection of the optimum reagent has 100 

not been yet clarified.  101 

Solid phase extraction (SPE) is another extraction technique widely used for the 102 

extraction of drugs from heterogeneous media and biological fluids such as whole blood [17], 103 

plasma [18], urine [19], and milk [20], often preceded by a protein precipitation step. SPE 104 

cartridges consist of a polypropylene tube with the sorbent placed between two porous frits. 105 

Most cartridges are either comprised of bonded silica phases, similar to the material of the 106 
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Cartridge, 37-55 µm Particle Size and Oasis HLB 1 cc Vac Cartridge, 30 mg Sorbent per 154 

Cartridge, 30 µm Particle Size) from Waters, UK.  155 

2.2. Instrumentation  156 

All samples were analysed in an HPLC system consisting of an Agilent 1200 series 157 

binary pump (G1312A), an Agilent 1200 series DAD detector (G1315D), an Agilent 1200 158 

series autosampler (G1329A), an Agilent 1200 series controller (G1316A) and a Chemstation 159 

software (Agilent Technologies, Santa Clara, United States).  160 

A pH meter Mettler-Toledo AG (model SevenCompact pH/Ion S220, Schwerzenbach, 161 

Switzerland), a centrifuge Hereus Biofuge Primo R (Thermo Scientific, Hanau, Germany), a 162 

vortex mixer Rotamixer (HTZ, Chesire, UK) and, a UV-Vis Thermo Spectronic Helios Gamma 163 

spectrophotometer (Thermo Scientic, UK) were used. 164 

2.3. Fed state medium selection 165 

Fed State Simulated Gastric fluid (FeSSGF) was selected as the working medium due 166 

to its simplicity in its preparation and stability for 72 h [10]. Its buffer capacity, osmolality and 167 

surface tension values are in total closer to the values measured in vivo after the administration 168 

of a standard meal than the equivalent properties of milk, which has been extensively used as 169 

a gastric fed state medium in dissolution studies [24]. Finally, as it is less viscous than milk, its 170 

handing and loading/elution from the SPE cartridges was feasible without back pressure.  171 

2.4. Medium preparation  172 

Fed State Simulated Gastric Fluid (FeSSGF) was prepared according to Jantratid et al. 173 

[10], by mixing 3.6% fat milk and acetate buffer pH = 5 (17.12 mM CH3COOH, 29.75 mM 174 

CH3COONa, 237.02 mM NaCl in the medium) at a 1:1 volume ratio. For the preparation of 1 175 

L of medium, 500 mL milk and 480 mL buffer were mixed under constant stirring using a 176 
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2.10. Statistical Analysis 287 

Comparisons were performed in order to assess significant changes in drug recovery 288 

using different precipitation reagents, medium:reagent ratios, drug concentration, different SPE 289 

cartridges and elution volumes. For protein precipitation, % absolute recovery and correlation 290 

with added protein precipitation reagent, (FeSSGF:reagent ratio) and drug concentration were 291 

evaluated in the context of a multiple way Analysis of Variance (ANOVA) (Statgraphics v. 292 

XVI, StatPoint Technologies Inc, US) with a post-hoc Bonferroni test. In solid phase 293 

extraction, effect of different elution volumes and cartridges on drug % absolute recovery were 294 

compared using a two-tailed t-test. (Statgraphics v. XVI). Comparisons where p < 0.05 295 

suggested a statistically significant difference.  296 

The absolute % drug recovery using different protein precipitation or SPE protocols 297 

was correlated to drug physicochemical properties by partial least squares (PLS) regression 298 

using the XLSTAT software (Microsoft, US). The parameters evaluated were: lipophilicity 299 

(log P), log aqueous solubility in mg/mL, drug unionised fraction at pH = 5, acid/base 300 

properties and drug protein bound fraction in plasma proteins (drug bound fraction to plasma 301 

proteins was used as an indicator of protein affinity due to the lack of available data in milk 302 

proteins in the literature). The physicochemical properties selected as independent variables 303 

were decided on the basis of their potential effect on drug distribution in the aqueous and lipid 304 

phases of the medium and its interaction with milk proteins. PLS regression analysis was 305 

performed with % recovery of the three reagents used for the extraction of the 20 model 306 

compounds being the dependent variable. Selected interactions were also included in the model 307 

(log P*log aqueous solubility, log P*acid/base properties, aqueous solubility*drug unionised 308 

fraction, aqueous solubility*acid/base properties, unionised fraction*acid/base properties). The 309 

model quality was evaluated on the square of the coefficient of determination (R2) and 310 

goodness of prediction (Q2). R2 and Q2 values close to 1 refer to a model of good fit and 311 
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drug absolute recovery as far as organic reagents were concerned. With the exception of 384 

itraconazole, for which the % absolute recovery increased from approximately 78% to 99.9-385 

106.6% when decreasing the FeSSGF:organic reagent ratio from 1:1 to 1:2, 1:3 and 1:5, all 386 

organic reagents resulted in % absolute recovery > 80% at all ratios used (Figure 2). A higher 387 

amount of organic solvent may increase the percentage of drug recovered by reducing solvation 388 

of the proteins in the aqueous medium, causing their precipitation. The statistical analysis 389 

showed that the ratio in which the precipitation reagent was added was statistically important. 390 

Reported p values for 4/6 drugs used in the pilot study were < 0.05 with the recoveries of 391 

metoprolol tartrate and danazol not being affected (p = 0.86 and 0.66 respectively) by the 392 

amount of precipitation reagent added (Figure 2). For the other drugs, 3 or 5 parts of protein 393 

precipitation reagent added in 1 part of FeSSGF resulted in higher % drug recovery than 1 part 394 

of reagent added to 1 part of FeSSGF prior to vortexing and centrifugation (Figure 1; red parts 395 

of the contour plot). Even though the differences among the protocols with different ratios were 396 

statistically significant, the difference may not always be practically important, as in most cases 397 

the method efficiency threshold set for the study (50 % absolute recovery) was met. Nifedipine 398 

is given as an example; the addition of 1 part of methanol in 1 part of FeSSGF, recovered 399 

approximately 101% of the drug, while addition of 5 parts recovered approximately 107% 400 

(Figures 1, 2). The same protocol by using 10% w/v TFA resulted in 26% and 72% values 401 

respectively. It is obvious that in the first case selection of a 1:5 ratio would not improve the 402 

extraction method but it would result in a loss of sensitivity, due to a bigger dilution of the 403 

medium with methanol. In the second case though, the difference is notably important and 404 

therefore for a compromise, % recovery, desired method sensitivity and HPLC method 405 

compatibility with the medium have to be considered. 406 

Drug concentration had an effect on the percentage recovered using organic or aqueous 407 

solvents for protein precipitation. For the hydrophilic base (metformin), the % recovery values 408 
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3.2.2. Effect of cartridge 545 

The results of the complete study where the cartridges and elution conditions selected 546 

were applied for all of the model compounds are presented in Figure 7a. tC18 cartridges can 547 

generally be used for a range of compounds from moderately polar to non-polar. Non-polar 548 

parts of the analyte develop Van der Waals interactions with the C18 non-polar groups of the 549 

sorbent, leading to selective retention of the analyte of interest, before its elution with an 550 

appropriate elution solvent. HLB was another type of sorbent used in this study and is a co-551 

polymer comprised of two different monomers; one hydrophilic (N-vinylpyrrolidone) and one 552 

hydrophobic (divinylbenzene). The use of HLB cartridges has also been found to be effective 553 

for both polar and non-polar compounds [86]. 554 

For compounds of log P values between 1.95 and 4, there was no clear pattern as to 555 

which should be selected in favour of the other for optimum % recovery values using log P as 556 

a selection criterion. Nevertheless, the use of one or the other cartridge (tC18 or HLB) in 557 

compounds of moderate lipophilicity (log P 2-4) recovered a minimum value of 69.5% of the 558 

initial compounds in FeSSGF for the optimum protocol at each case (Figure 7a). MK-C1, a 559 

compound on the verge of the threshold set for moderate lipophilicity (log P = 4) was poorly 560 

recovered in all cases 1.76 ± 0.33% and 0.15 ± 0.0 %for tC18 and HLB cartridges respectively. 561 

Its recovery was not improved despite protocol modification (tC18 and elution with MeOH, 562 

recovery = 8.80 ± 0.61). 563 

For most hydrophilic and lipophilic compounds, HLB was proven more effective, as it 564 

increased the % recovery values of the compounds which could not be effectively extracted (< 565 

15% absolute recovery) using tC18 cartridges (metformin hydrochloride, paracetamol, 566 

atovaquone, itraconazole, MK-C1, MK-C2, MK-C4), but not always to a great extent. For the 567 

drugs which could not be effectively extracted with the protocol used with tC18 cartridges, a 568 
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switch to HLB achieved a meaningful improvement in extraction performance only for 569 

paracetamol and MK-C2 (Figure 7a).  570 

SPE was incompatible with the extremely lipophilic model drugs studied. Using the 571 

current protocols, the recoveries of drugs of extreme lipophilicity (log P > 5) were higher with 572 

the use of HLB cartridges but still relatively low (5.7 ± 0.2%, 27.9 ± 0.7%, 22.1 ± 3.5% and 573 

0% against 1.9 ± 0.1%, 0 %, 15.3 ± 0.2% and 0% for tC18, for atovaquone, itraconazole, 574 

lapatinib, and MK-C4 respectively (Figure 7a). Previous studies with extraction of itraconazole 575 

with HLB cartridges from biological matrices demonstrated higher recovery values than the 576 

ones presented in this study. Although HLB cartridges have been more successfully used for 577 

extraction of itraconazole, these studies were in blood, [87] plasma [88] and surface waters 578 

[89] and the cartridges could be incompatible with the fed state medium used. The modification 579 

proposed in the methodology did not improve the recovery of the drug.The low recoveries of 580 

the extremely lipophilic compounds and the lack of pattern in terms of cartridge selection for 581 

the extraction of the moderately lipophilic compounds could indicate that the critical parameter 582 

for SPE optimisation is not the log P value of an API, but the type of interactions it develops 583 

with components (lipids, proteins) of the milk-based matrix. For atovaquone, 5 mL MeOH 584 

were also tested with tC18 cartridge giving somewhat better results but still low recovery values 585 

(17.5 ± 0.6 %) (Figure 8). The poor SPE recovery values for the specific drug, along with the 586 

low % recovery when MeOH was used in protein precipitation, supports the initial hypothesis 587 

that strong interaction with components of the fed state medium could be the main obstacle 588 

which has to be surpassed for effective extraction. In the cases of lapatinib, MK-C1, MK-C2, 589 

MK-C3 and MK-C4, 100% methanol was used as elution solvent in order to increase the 590 

protocol efficiency with tC18 cartridges with the stronger elution volume improving the 591 

percentage of drug eluted significantly in all drugs apart from MK-C3. Drug analysis results 592 
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regression model for HLB, with the difference being the negative correlation between log P 643 

and extraction efficiency, which was only present for unionised drugs in the working pH (log 644 

P*union fr interaction, Figure 9). The positive effect of aqueous solubility and its interaction 645 

with log P can be attributed to the more effective elution of polar compounds, when eluted with 646 

MeOH.  647 

3.2.4. Designing a roadmap for effective sample treatment using solid phase extraction 648 

In summary, tC18 and HLB cartridges can be effectively used for drugs of low to 649 

intermediate lipophilicity (log P = 0-5) while for extremely hydrophilic compounds, the use of 650 

C8 cartridge and the omission of the washing step (where possible) were the most effective 651 

options (Figure 10). In the whole range of compounds, it was shown that both HLB and tC18 652 

cartridges can be used, with HLB being more efficient for highly soluble drugs and also for 653 

weak acids, which are fully unionised at the working pH. Therefore, for highly soluble or 654 

weakly acidic compounds with a log P value between 0 and 5 the use of HLB cartridges is 655 

suggested. For drugs of extreme lipophilicity (log P > 5), increasing the strength of the elution 656 

solvent to 100% organic content usually increased the amount of drug recovered, but in certain 657 

cases recovery did not exceed 10-20% despite the attempted modifications of the initial 658 

protocol. Taking that into consideration, we suggest the use of 100% MeOH as elution solvent 659 

for compounds of extreme lipophilicity (using either one of the cartridges). HLB is suggested 660 

as the SPE cartridge of choice for the same reason as in compounds of moderate lipophilicity. 661 

For extremely lipophilic compounds (log P < 0), alternative cartridges could possibly be used 662 

(e.g. C8) for maximum efficiency, and if the medium permits, the washing step after sample 663 

loading in order could be omitted so as to maximise the amount of compound still retained on 664 

the cartridge before the elution step. Due to the high variability and poor recovery results 665 

obtained for many of the drugs across the range of lipophilicity studied, we have concluded 666 

that solid phase extraction, used as is, without a prior purification step is not an adequately 667 
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cartridges and b. elution volumes (b) (* p< 0.05, ** p < 0.01, *** p < 0.001, two-sided t-test). 1030 

The dashed line represents the acceptable limit proposed for mean % recovery.  1031 

Figure 8 % recovery values of model drugs, in cases where the SPE protocols had to be 1032 

modified (< 50% recovery obtained with the initial analytical methodologies) The bar charts 1033 

represent the drugs where modifications of the standard SPE protocols led to improved % 1034 

recovery values. 1035 

Figure 9 Variable importance in the projection (VIP) plot with the variables classed according 1036 

to their importance of the response (left) for the selected SPE protocols. Standardised 1037 

coefficients corresponding to the variables (and their interactions) studied. Green colour 1038 

denotes coefficients of VIP values > 1, which are considered influential to the response value 1039 

(right).  1040 

Figure 10 Roadmap of solid phase extraction conditions selected for maximum % drug 1041 

recovery from the fed gastric medium. 1042 
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